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Abstract
Estrogens have been found to improve memory and reduce risk of dementia, although conflicting
results such as failure of estrogen replacement therapy for treatment of Alzheimer’s disease (AD)
also has been reported. Only recently, our published human brain studies showed a depletion of
brain estrogen in women with Alzheimer’s disease, while other studies have demonstrated
cognitive impairment believed to be caused by inhibition of endogenous estrogen synthesis in
females. To investigate whether the shortage of brain estrogen alters the sensitivity of response to
estrogen replacement therapy, we have used genetic and surgical animal models to examine the
response of estrogen treatment in AD neuropathology. Our studies have shown that early
treatment with 17β-estradiol (E2) or genistein could reduce brain amyloid levels by increasing Aβ
clearance in both APP23 mice with genetic deficiency of aromatase (APP/Ar+/−), in which the
brains contains non-detectable levels of estrogen, and in APP23 mice with an ovariectomy (APP/
OVX), in which the brains still contain certain levels of estrogen. However, only APP/Ar+/− mice
showed a great reduction in brain amyloid plaque formation after E2 or genistein treatment along
with downregulation of beta secretase (BACE1) mRNA and protein expression. Our results
suggest that early and long-term usage of E2 and/or genistein may prevent AD pathologies in a
dependent manner on endogenous brain estrogen levels in aged females.
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Women are diagnosed with Alzheimer’s disease (AD) at a greater rate than men, which is
partially associated with a sharp reduction in estrogen levels during menopause in addition
to the fact that women live longer than men in general (1–2). Studies have demonstrated a
better verbal memory in women with longer endogenous estrogen exposure (3–4), while
blockage of estrogen syntheses impairs cognitive function in breast cancer patients that have
been treated with an aromatase inhibitor (5). Similarly, postmenopausal women treated with
17β-estradiol (E2), a natural form of estrogen, showed improvement on learning and
memory functions (6–7), while conjugated equine estrogen (CEE), a synthetic form of
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estrogen, caused reduction of cognitive activities and increased risk of dementia as reported
in various clinical trials, including the Women’s Health Initiative (WHI) studies (8–11). As
E2 is a natural form of estrogen that exists in the human body while CEE is not, it is
unknown whether the E2 response is influenced by endogenous estrogen levels, especially
brain estrogen in aged females.

AD pathology is characterized by deposition of β-amyloid peptide (Aβ), which is generated
from amyloid precursor protein (APP) by β-secretase (BACE1) and γ-secretase activity
(12–14). While elevated BACE1 activity has been found in AD patients (15–17), our
published studies have demonstrated elevated BACE1 activity associated with brain
estrogen depletion in female AD patients and in a transgenic mouse model of AD (18).

Aβ can be cleared/degraded by insulin-degrading enzyme (IDE) and neprilysin (NEP).
Overexpression of IDE in APP transgenic mice reduces Aβ levels and Aβ plaque density in
the brain (19–20), and meanwhile, brain estrogen deficiency inhibits IDE activity in female
APP transgenic mice (18). Likewise, other studies have shown that estrogen can also
promote NEP, a key amyloid-degrading enzyme in the brain (21–22), and ameliorate the
reduced NEP activity in the brain of ovariectomized rats (23–24).

Since clinical trials started to test the effects of estrogen on cognition (25–28), various forms
of natural estrogens have been available for treatment. Some of the most common are 17α-
estradiol, an estrogen that exhibits relatively low activity; genistein, a soybean-based
estrogen receptor agonist/antagonist (29–30); and black cohosh, another phytoestrogen that
displays selective estrogen receptor modulator properties without binding to estrogen
receptors (31). Here, we examined whether endogenous brain estrogen levels alter the
sensitivity in response to estrogen treatment, which may help to prevent or delay AD
neuropathology.

Results
Brain Estrogen Levels and Plaque Contents Are Different Between in APP/OVX and APP/
Ar+/− Female Mice

Serum and brain samples from a total of 26 female mice (APP/OVX n=8, APP/Ar+/− n=8,
and APP n=10) at an age of 12 months were examined for estradiol levels. Compared to
APP mice, both APP/OVX and APP/Ar+/− mice showed a great reduction of estradiol levels
in the serum with t-test analysis (p=0.046 and 0.039, respectively). However, genetic partial
deletion of aromatase, the key synthase for estrogen, not only reduced peripheral circulation
of estradiol levels, but also decreased brain estrogen synthesis compared to APP and APP/
OVX mice. The total brain estradiol levels were significantly reduced in APP/Ar+/− mice
compared to APP and APP/OVX mice (p=0.008 and 0.006, respectively). There is no
difference in brain estradiol level between APP/OVX mice and APP mice at same age
(Figure 1A). The levels of estradiol in serum and brain from APP control mice at 12 months
(n=10) are 109±15 pg/ml and 6.4±1 pg/mg, respectively. The serum levels of estradiol
detected by RIA in this study are in the range of 49–228 pg/ml as reported in the literature
(39, 40). The difference in the brain estradiol is correlated with amyloid plaque formation
found in the brain of APP/OVX and APP/Ar+/− mice at an age of 12 months (Figure 1B).
APP mice with normal brain estrogen levels (APP/OVX) showed less plaque formation than
those lacking brain estrogen. Our data are again consistent with the hypothesis that brain
estrogen deficiency is a key risk factor for AD in females.
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Early, but Not Late Treatment with E2 or Genistein Prevents Plaque Formation in APP23/
Ar+/− Female Mice

As our previous studies have shown, APP/Ar+/− female mice developed more severe brain
plaques at an earlier timepoint than APP control or APP/OVX female mice (18). Here we
tested whether the APP/Ar+/− mouse or APP/OVX mouse response to treatment is altered
by treatment with different estrogen analogs. For early treatment, at an age of 3 months,
animals were treated with various estrogens at selective dosages based on our previous
experiments (data not published), such as E2 (18.9ug/day), 17α-estradiol (18.9ug/day),
genistein (26ug/day), black cohosh (26ug/day) or placebo for 9 months. At an age of 12
months, all animals were sacrificed and tissues were harvested. As plaque formation in the
brain is one of the hallmarks for AD pathology, we detected the effects of estrogen
treatments on plaque formation using immunohistochemistry analysis. As shown in Figure
2, at 12 months APP/OVX and APP/Ar+/− mice treated with placebo, black cohosh or 17α-
estradiol developed extensive plagues, while the APP/Ar+/− animals that received E2 or
genistein treatments developed fewer plaques than placebo treated mice. With a total of 8
APP/Ar+/− mice for each treatment, 50% of the mice with E2 treatment developed no
plaques and the remaining showed reduced plaque formation. For the genistein treatment, 5
of the 8 APP/Ar+/− mice (62%) showed reduced plaque density compare to the placebo
treated mice. The size of Aβ plaques also indicates the severity of Aβ pathology. We used
morphometric analyses on the brain sections immuno-stained with Aβ antibody 6E10.
Results showed that large (>20 µm diameter), medium (10–20 µm diameter) and small (<10
µM) sized Aβ plaques in the entorhinal cortex (Fig. 2B) were significantly reduced in
APP23/Ar+/− mice treated with E2 or genistein, indicating that in E2 and genistein
treatment, not only reduces overall Aβ plaque number, but also decreases plaque size.

For late treatments, animals received the same treatment as described above, but started at a
later age (9 months) when extensive plaques had already begun to form in the brain. There is
no reduction of plaque formation was found in any group. As shown in figure 3B, late
treatment of E2 or genistein did not alter the total number of plaques in APP/OVX or APP/
Ar+/− mice. However, as shown in figure 3A, E2 treatment reduced the number of small
plaques in the hippocampal CA3 region while genistein treatment made no reduction of
plaques in any region of hippocampus.

Early Treatment with E2 or Genistein Reduces Aβ1–42 Concentration in Brain
To examine whether the E2 and/or genistein administration would alter plaque-associated
Aβ peptide expression, we examined levels of Aβ40 and Aβ42 in the brain. Both E2 and
genistein treatments in APP/OVX and APP/Ar+/− mice lowered Aβ42 levels 80% and 60%
compared to the placebo treated mice (Figure 4), while only APP/Ar+/− mice showed a
reduction of both Aβ40 and Aβ42 after treatment. In addition, E2 treatment in APP/Ar+/−
mice showed a significant increase in the ratio of Aβ40/Aβ42 in comparison with placebo
treated APP/Ar+/− mice (3.45 ± 0.30 vs. 1.33 ± 0.25, p<0.05). Again, there was no change
in the ratio of Aβ in the animals that received 17α-estradiol or black cohosh treatment in
age-matched APP/OVX and APP/Ar+/− mice (data not shown).

Effect of Early Treatment with E2 or Genistein on BACE1 Protein mRNA Expression, as
well as Enzyme Activities in Brains of APP23/Ar+/− Mice

One of our recent studies demonstrated that BACE1 contributes to the early formation of
plaques in APP/Ar+/− mice (18,34). Therefore, we examined whether estrogen treatment
can inhibit expression of BACE1 found in APP/Ar+/− mice. Levels of BACE1 protein,
mRNA, and enzyme activity were measured in both APP/OVX and APP/Ar+/− mice after
early or late estrogen treatments. Placebo-treated APP/Ar+/− mice displayed higher levels of
BACE1 protein expression compared to APP/OVX treated with placebo (Figure 5A).
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Furthermore, early treatment with E2 or genistein reduced BACE1 protein expression in
APP/Ar+/− female mice, but not in APP/OVX mice that received the same treatment.
Treatment with E2 or genistein also reduced BACE1 mRNA levels in comparison to APP/
OVX that showed no change (Figure 5B). A similar reduction in BACE1 activity was also
observed in APP/Ar+/− mice that received long-term E2 treatment from an age of 3 months
(P<0.05) while a smaller decrease was observed in response to genistein treatment (Figure
5C). Black cohosh or 17α-estradiol treatment did not alter BACE1 expression or activity
(data not shown).

To further study the dosage effect of E2 and genistein in terms of estrogen receptor
dependency, we performed additional in vitro experiments as shown in figure 5D. Stable
APP transfected 293 cells were treated with E2 or genistein at 1, 10 and 50uM for 48 hours,
respectively. As shown in figure 5D, our data demonstrated a dose-response curve of E2 and
genistein treatment on downregulation of BACE1 protein expression. A significant
reduction of BACE1 protein levels were only found in high dosages of E2 and genistein (10,
50uM). In addition, we also co-treated the stable APP transfected 293 cells with estrogen
receptor antagonist (ICI 182780, 10uM) with E2 or genistein for 48 hours and found that the
E2-induced down regulation of BACE1 can be reversed by ICI 182780, suggesting an
estrogen receptor-dependent mechanism. However, the genistein-induced down regulation
of BACE1 failed to be blocked by ICI 182780. This may suggest that E2- and genistein-
induced down regulation of BACE1 in vitro is mediated by different mechanisms.

Effects of E2 or Genistein Treatment on Aβ Degradation by Altering in NEP Activity in
Brains

In addition to altered Aβ production, we also examined the action of E2 or genistein
treatment on Aβ clearance. As shown in Figure 6A&B, early treatment with either E2 or
genistein increases NEP protein expression in both APP/OVX (98–102% increase compared
to APP/OVX control) and APP/Ar+/− (201–235% increase compare to APP/Ar+/− control)
mice. In addition, NEP activity was also enhanced by late treatment with genistein in APP/
Ar+/− mice by 114% (Figure 6C). In contrast, no significant changes in IDE protein
expression or enzyme activity were found after any estrogen treatments in any group (Figure
7).

Discussion
Our studies are the first to show that endogenous brain estrogen levels alter the sensitivity of
response to estrogen replacement therapy in female AD transgenic mice. Potential
mechanisms involve regulation of both BACE1 and NEP activity. While some conflicting
reports in hormone replacement therapy from human and animal studies persist, increasing
evidence suggest that endogenous estrogen levels are associated with cognitive function. For
example, proestrus female rats and mice (with high endogenous estrogen level) express less
anxiety and better cognitive function than at other phases of the estrous cycle (with lower
endogenous estrogen level) (41). Studies have also reported that women with longer
durations of reproductive years, and thus have a greater exposure to endogenous estrogen,
show deceleration of cellular aging and reduced risk of cognitive decline (42). Furthermore,
women taking aromatase inhibitors experience very low levels of endogenous estrogen, and
develop cognitive dysfunction, especially short and long-term memory, which is correlated
with estrogen deficiency (43,44). Moreover, a large scale clinical study showed a significant
correlation between endogenous estrogen level and cognitive function in naturally
postmenopausal women (4), suggesting that endogenous estrogen promotes cognitive
function in aged females. Our recent studies have shown that women with lower brain
estrogen levels may have a higher risk in developing AD, suggesting that brain estrogen
could be an important preventative factor (18). However, it is unknown whether some of the
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conflicting reports on estrogen replacement therapy were related to the variation of brain
estrogen levels in the studies.

In this study, we used a unique double transgenic/knockout APP/Ar+/− mice, that exhibits
reduced endogenous estrogen levels and aggravated AD pathology, to study the effects of
various exogenous estrogen treatments on APP processing and plaque formation. First, we
demonstrated that reduction of endogenous estrogen synthesis in APP/Ar+/− mice reduces
endogenous brain estrogen compared to that in APP/OVX mice (see figure 1A). We found
that low brain estrogen levels correlated to more extensive plaque formation in the brain in
APP/Ar+/− mice developed than age-matched APP/OVX mice (see figure 1B). Our data
suggest that lower brain estrogen increases the risk of AD in females and therefore, must be
evaluated in studies of AD in females. Estrogens are primarily synthesized in the gonads and
reach the brain via circulation during the reproductive period, but local endogenous
synthesis of estrogen in the brain is enhanced as a compensatory mechanism after
menopause to maintain physiological levels (45–47). In some cases the brain may fail to
maintain estrogen levels locally after menopause, which has been reported in female patients
with AD (18, 46). Our APP/Ar+/− female mice with lower brain estrogen and more
extensive AD neuropathology serve as a hormone sensitive animal model for the study of
estrogen therapy and its potential mechanisms in preventing AD.

One of the major arguments regarding the WHI study is the starting time of estrogen
treatment, soon after menopause vs. delayed treatment (10). To determine whether the
starting time plays a role, we divided APP/OVX and APP/Ar+/− animals into two major
groups; one that received treatment at an age of 3 months (early), and the other that received
treatment at an age of 9 months (late). For the early treatment group, at an age of 12 months,
APP/Ar+/− mice showed a great reduction of plaque formation after E2 and genistein
treatment compared to placebo treated mice, while no significant change to plaque density
was found in the APP/OVX mice that received the same treatment. No change in the plaque
formation was observed in either APP/OVX or APP/Ar+/− mice that received 17α-estradiol
or black cohosh treatments. Our findings suggest that brain estrogen levels may determine
the response of some exogenous estrogen treatment in AD. However, there is difference in
response to later treatment regardless the level of brain estrogen as shown in figure 3.
Therefore, our data support the hypothesis that beginning estrogen treatment at an earlier
age might be more beneficial to prevent AD.

We also studied the effect of estrogen treatment on APP processing in APP/OVX and APP/
Ar+/− mice. As shown in figure 2, early treatment with E2 or Gen in APP/Ar+/− mice
caused a greater reduction of Aβ40 and Aβ42, and a greater reduction of plaque formation
than that in APP/OVX mice. In contrast, 17α-estradiol or black cohosh treatment did not
have a significant effect on estrogen levels or Aβ and plaque formation (data not shown).
This suggests brain estrogen deficiency enhances the response to the E2 and genistein
treatments by reducing Aβ production in APP/Ar+/− mice.

To further understand the effect of brain estrogen level on APP processing in response to
estrogen treatment, we examined BACE1, one of the major enzymes involved in APP
processing. As shown in figure 5A, BACE1 protein levels were significantly decreased in
APP/Ar+/− mice that received early treatment of E2 and genistein. The effect of E2 and
genistein treatments on BACE1 expression was also found at the transcriptional level as
measured by real time PCR in the APP/Ar+/− mice (figure 5B). Moreover, enzyme activity
of BACE1 was only attenuated significantly by early treatment with E2 in the APP/Ar+/−
mice as shown in figure 5C. To investigate whether the effects of E2 and genistein were
mediated through estrogen receptors, we also treated the stable APP transfected HEK293
cells with E2 (1, 10 50uM) and genistein (1, 10, 50uM) for 48 hours and found that E2 (10,
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50uM) and genistein (10, 50uM) treatments induced a significant down regulation of
BACE1 protein levels (figure 5D). However, pretreated cells with an estrogen receptor
antagonist blocked the reduction of BACE1 levels by E2 treatment, but not by genistein
treatment (figure 5D). Our results suggest that E2-induced down-regulation of BACE1 is
likely mediated through estrogen receptors, but that genistein-induced down-regulation is
mediated through different means. Studies showed that estrogen receptors might be partially
responsible for the differences seen between the various types of estrogen used for
treatment. Genistein binds to estrogen receptor β with low affinity and plays both estrogen-
like and antiestrogen roles in various biological events, including similar neuroprotective
actions in animal studies (30,48,49). Although more vigorous investigations are needed to
further examine these mechanisms, studies suggest that other receptors such as brain-derived
neurotrophic factor (BDNF), may be responsible for the action of genistein (50–52). Our
data suggest that brain estrogen deficiency might increase BACE1 sensitivity to estrogen
treatment, followed by a protective mechanism that inhibits Aβ production and plaque
formation in the brain.

To examine whether endogenous brain estrogen level alters the response of estrogen
treatment on Aβ clearance, we measured NEP and IDE expression and enzyme activities. As
figure 6 shows, early E2 and genistein treatments increase NEP protein expression and
activity in both APP/OVX and APP/Ar+/− mice, while late treatment of genistein shows a
more moderate increase in NEP enzyme activity compared to placebo treatment only in
APP/Ar+/− mice. Because both APP/OVX and APP/Ar+/− mice showed an elevation of
NEP expression and activities after the early E2 and Gen treatments, our data suggests that
NEP activity might not be responsible for the brain estrogen-related sensitivity to early
estrogen treatment. However, since late genistein treatment increased NEP activity only in
APP/Ar+/− mice, it may suggest that lower brain estrogen level enhances sensitivity to
genistein treatment at older ages via upregulation of NEP activity. In contrast, no effects of
estrogen treatment were found on IDE in neither APP/OVX nor APP/Ar+/− mice (Figure 7).
Together, our data suggest that early treatment with E2 or genistein-induced attenuation of
Aβ42 in APP mice with normal levels of brain estrogen (APP/OVX) is mainly mediated
through an increase of Aβ clearance by an up-regulation of NEP activity. In contrast, the
same treatment in APP mice with lower levels of brain estrogen (APP/Ar+/−) has the
additional effect of down-regulating BACE1 content and activity. Interestingly, our study
showed differences in APP processing between E2 and genistein. Both E2 and genistein are
potent inhibitors of BACE1 protein and mRNA expression and activity (see figure 5), but
genistein has a greater effect on NEP activity, especially for late treatment (see figure 6).
This distinction might be important since E2 may be more beneficial to preventing AD
while genistein could be considered as both prevention and treatment for AD. However,
since late administration of genistein in APP/Ar+/− mice still developed extensive brain
plaque formation, the promotion of NEP activity by genistein treatment at a later time point
does not appear to be sufficient enough to remove preexisting Aβ aggregates (Figure 3).

In summary, our studies have shown that early E2 and genistein treatment, not late
treatment, prevents AD-like neuropathology via regulation of Aβ production and
degradation in the brain, and that lower levels of endogenous brain estrogen increase the
sensitivity of response to estrogen treatment in APP transgenic mice.

Materials and Methods
Animals

All mice were maintained in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Four genetic or surgical animal models were generated for these
studies: sham wild type (WT), sham APP (APP), ovariectomized APP (APP/OVX), and
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APP with genetic deficiency of aromatase (APP/Ar+/−). Generation of the B6, D2-TgN
(Thy1-APP23Swe) line of APP transgenic mice and the aromatase gene knockout (Ar−/−)
line of mice on a C57BL/6 background have been described previously (18). APP transgenic
mice were crossed with aromatase knockout mice, and the resulting APP/Ar+/− offspring
were intercrossed through brother-sister mating to obtain litter matched genotypes. Bilateral
ovariectomies were performed on a total of seventy 3-month-old female APP mice, and
sham surgery (the same surgical procedure except without removing the ovaries as a surgical
control) was performed on a total of twenty APP and WT mice, each. In brief, the
ovariectomy was performed by creating a longitudinal incision on the lower back in the
midline at the level of the last rib. The uterine horns were tied with surgical silk and the
ovaries were cut and removed. The skin incision was closed by interrupted sutures.

Estrogen Treatments
For early treatment, at an age of 3 months old, APP/OVX mice (n=40) or APP/Ar+/− female
mice (n=40) were anaesthetized with Pentobarbital Sodium, 50 mg/kg; IP injection,
implanted subcutaneously with a sterilized E2 pellet (1.7mg or 18.9ug/day, n=8 each group),
a 17α-estradiol pellet (1.7mg or 18.9ug/day, n=7 each group), a genistein pellet (24mg or
26ug/day, n=8 each group), a black cohosh pellet (24mg or 26ug/day, n=7 each group) or
placebo pellet (n=10 each group). A total of 10 APP mice received the placebo treatments at
the same age as control groups. All pellets were made for 90-day release by Innovative
Research of America (Sarasota, FL). Pellets were re-implanted every 3 months in order to
maintain hormone levels until tissue harvest at an age of 12 months. For late treatment, a
total of 60 animals (APP/OVX n=30 and APP/Ar+/− n=30) were implanted with the same
pellets at 9 months of age (n=5 for each treatment) until tissue harvest at 12 months of age.
A total of 10 APP mice received placebo treatment at the same age as controls. For in vitro
studies, stable APP transfected HEK293 cells were treated with E2 or genistein at 1, 10 and
50uM for 48 hours, respectively. To study the estrogen receptor dependency, some cells
were also co-treated with estrogen receptor antagonist ICI 182780 at 10uM.

Tissue Preparation and Immunohistochemistry
Mice were anesthetized and their brains quickly removed and bisected. One hemisphere of
brain tissue was fixed with 4% paraformaldehyde for immunohistochemistry, and the other
half was frozen at −80°C for biochemistry and molecular biological analysis. The fixed
tissue was serially sectioned (15–30µm in thickness) in the sagittal plane with a Leica CA
1900 cryostat. Eight to ten sections (about 120µm apart) were immunostained for Aβ (rabbit
anti-Aβ-peptide; 1:250; Zymed, Carlsbad, CA). The images were digitally documented, then
processed with a Leica DMLS complementary software package (MagnaFire SP), and
analyzed by Image-pro Plus Analysis (media Cybernetics) as previously described (32).

Western Blot Analysis
To extract total protein, brain samples were homogenized in buffer containing 1% Nonidet
P-40, 0.1% SDS, 50mM Tris (pH 8.0), 50mM NaCl, 0.05% deoxycholate, and protease
inhibitors (Boehringer Mannheim, Indianapolis, IN). Extracts (40µg protein) were subjected
to polyacrylamide gel electrophoresis, and separated proteins were transferred onto
nitrocellulose membranes, which were then immunostained with the following primary
antibodies: monoclonal anti-BACE (1:100; CalBiochem, San Diego, CA), polyclonal anti-
IDE (1:200; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and anti-NEP (1:100; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). The membranes were incubated with
peroxidase-conjugated secondary antibodies (1:1000; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), and immunoreactive bands were visualized with an ECL system.
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ELISA
Brain tissue from APP, APP/OVX, APP/Ar+/−, and wild-type mice were homogenized in
homogenization buffer (250mM sucrose, 20mM Tris-HCl, pH 7.4, 1mM EDTA, and 1mM
EGTA). An aliquot of the homogenate was dissolved in formic acid and neutralized with a
neutralization buffer (1mM Tris and 0.5M Na2HPO4). Protein concentration was measured
by a protein assay (Bio-Rad Laboratories). For the total Aβ ELISA, the capture antibody
was monoclonal anti-Aβ antibody 4G8 (Chemicon), and the detection antibody was
biotinylated monoclonal antibody anti-Aβ 6E10 (Serotec). Aβ40 and Aβ42 were measured
with an Aβ40 and Aβ42 ELISA kit (Invitrogen). This ELISA system has been extensively
tested and no cross-reactivity between Aβ40 and Aβ42 was observed. Data are presented as
means ± SD of four experiments.

BACE1, IDE, and NEP activity
An aliquot of brain homogenate was further lysed in lysis buffer (10mM Tris-HCl, pH 7.4,
150mM NaCl, 1mM EDTA, 1mM EGTA, 1mM Na3VO4, 10% glycerol, and 0.5% Triton
X-100). BACE1 enzymatic activity assays were performed as previously reported (Li et al.
2004) using synthetic peptide substrates containing BACE1 cleavage site (MCA-Glu-Val-
Lys-Met-Asp-Ala-Glu-Phe-[Lys-DNP]-OH; Biosource International). BACE1 substrate was
dissolved in DMSO and mixed with reaction buffer (50mM HAc and 100-mM NaCl, pH
4.1). An equal amount of protein was mixed with 100µl of substrate, and fluorescence
intensity was measured with a microplate reader (BioTek) at an excitation wavelength of
320nm and an emission wavelength of 390nm (33–34).

IDE enzyme activity was measured as described previously (35). In brief, brains were
homogenized in 50mM potassium phosphate buffer, pH 7.3, containing 200µm PMSF and a
protease inhibitors (Sigma-Aldrich). Samples were centrifuged and the supernatant was used
for IDE activity measurement. The hydrolysis of fluorogenic substrate peptides (2µm Abz-G
G F L R K H G Q E D -Dnp in 20mM potassium phosphate buffer, pH 7.3) was measured
by following an increase in fluorescence (excitation at 318nm and emission at 419nm) that
occurred upon peptide bond cleavage. The max velocity of IDE activity was calculated
within the first 20 min and indicated as fluorescence unit/min/microgram protein (36).

For the in vitro NEP activity assay, mouse brains were homogenized in 100mM MES buffer
(pH 6.5) with protease inhibitors (Sigma-Aldrich). Homogenate was centrifuged at 20,000 g
for 45 min to separate the membrane fraction and the supernatant was removed. The
membrane pellet was resuspended in MES buffer before performing an NEP activity assay
as previously described (37).

Quantitative analysis of BACE1 mRNA
Real time quantitative PCR (RT-qPCR) were performed as previously described (38).
Briefly, reactions contained 2 µL of cDNA (20 ng), 10 µL of the 2× Master Mix and 0.5 µL
of 20 µM of each BACE-1 primer (ttcatcaacggctccaact and ctccagggagtcgtcagg), 250 nM of
BACE-1 gene specific probe, 500 nM reference (HPRT) gene primer mix
(cgtgattagtgatgatgaaccag and cgagcaagacgttcagtcct), 250nM reference HPRT gene probe
and DEPC-treated water to a final volume of 20µl. The reaction protocol started with a 2-
min activation step at 50°C, a 10 min template denaturation step at 95°C, followed by 50
cycles of 95°C for 15 sec and 60°C for 20 sec, BACE-1 mRNA fold change (relative to the
hypoxanthine-phosphoribosyl-transferase (HPRT) mRNA was calculated as previously
described (38).
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Estrogen radioimmunoassay (RIA)
The total estradiol levels from brain or serum were examined as previously described (18).
In brief, two hundred microliters of serum or brain homogenate extract were incubated with
100µl of anti-serum for 4 hours at 4°C. [I125]-estradiol was added and incubated for 24
hours at 4°C. Proteins were precipitated and separated after centrifugation and radiation was
counted by a gamma counter. This assay is based on a competitive radioimmunoassay
method. The basic principle of radioimmunoassay is that there is competition between a
radioactive and a non-radioactive antigen for a fixed number of antibody binding sites. The
amount of [I-125]-labeled estradiol bound to the antibody is inversely proportional to the
concentration of unlabeled estradiol present. The separation of free and bound antigen is
achieved by using a double antibody system. A standard curve was produced using five
serum standards, for which the estradiol concentration is known. The estradiol values of the
samples were directly read against this standard curve. The sensitivity of the test for
estradiol was 3.0 pg/ml.

Statistics
Statistical analyses were performed by two-way ANOVA with interactions followed by least
significant difference post hoc analysis (multiple comparisons). Independent variables in the
ANOVAs were genotype (APP/OVX, APP/Ar+/−), form of estrogen treatment (vehicle,
17α-estradiol, 17β-estradiol, black cohosh, genistein), and treatment types (early vs. late)
with post hoc comparisons. Pearson’s correlation coefficients were used for correlation
analyses. The level of significance was set at P< 0.05.
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Figure 1.
Estrogen levels and plaque formation in APP/OVX and APP/Ar+/− mice. (A) The levels of
estradiol were measured by RIA from serum and brain of 12 month old APP/OVX (n=8) or
APP/Ar+/− (n=8) mice. The serum and brain estradiol levels in APP23 mice at age of 12
months (n=10) are 109±15 pg/ml and 6.4±1 pg/mg protein, respectively. (B) The total
number of Aβ plaques were detected and analyzed by immunohistochemical assays in the
cortex of APP/OVX and APP/Ar+/− mice at 12 months of age. There is a correlation
between brain estrogen level and number of plaques as shown in B.
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Figure 2.
Effect of early and long term treatment of various estrogens on brain plaque formation. At
an age of 3 months old, female mice were treated with black cohosh (26ug/day), 17α-
estradiol (18.9ug/day), 17β-estradiol (18.8ug/day), genistein (26ug/day) or placebo
treatment for 9 months. At an age of 12 months, brain tissues were harvested. (A)
Immunostaining for Aβ plaques as shown in dark brown in the images. (B) Statistical
analyses show early E2 and genistein treatments reduced the total number of plaques in the
cortex of both APP/OVX and APP/Ar+/− mice as well as in all sizes as large (>20 µm
diameter), medium (10–20 µm diameter) and small (>10 µm diameter) analyzed by Image-
pro Plus Analysis. * P<0.05 compared to placebo group.
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Figure 3.
Effect of late and short term treatment of E2 and genistein on brain plaque formation. At an
age of 9 months old, female mice were treated with 17β-estradiol (18.8ug/day), Genistein
(26ug/day) or placebo for 3 months. At an age of 12 months, brain tissues were harvested.
(A) Immunostaining of Aβ plaques as shown in dark brown in the images. (B) Plaque count
was performed by Image-pro Plus Analysis (media Cybernetics) with three sizes as large
(>20 µm diameter), medium (10–20 µm diameter) and small (>10 µm diameter). * P<0.05
compared to placebo group.
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Figure 4.
Level of Aβ in APP/OVX and APP/Ar+/− mice with estrogen treatment. Experimental mice
received continuous treatment with placebo, E2 or genistein (Gen) from 3 months old and
tissue was harvested at age of 12 months as described in the method. Brain tissue from total
of 48 mice (n=8 each treatment group) were processed and measured for Aβ40 and Aβ42 by
ELISA kits. Data presented as percentage of placebo treated APP/OVX or APP/Ar+/− mice.
* indicates P< 0.05 compared to placebo treated mice.
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Figure 5.
Effect of 17β-estradiol treatments on β secratase (BACE1) in vivo and in vitro. For in vivo
study, APP/OVX (n=5 each treatment) and APP/Ar+/− (n=6 each treatment) mice received
17β-estradiol (E), genistein (G) or placebo (C) at an age of 3 months until tissue was
harvested at age of 12 months, and BACE1 protein and mRNA levels and activities were
measured as described in methods section. (A) Effects of early treatments on BACE1
protein expression by Western blot. (B) Inhibitory effect of early treatments on mRNA
levels of BACE1 by real-time PCR. (C) Effect of early and late treatments on BACE1
activity expressed by florescent unite per minute (FU/min). (D) For in vitro study, BACE1
protein expression (mean ratios of BACE1/β-actin integrated optical density values, IDV) in
the APP transfected 293 cells treated with 17β-estradiol (E2) and genistein (Gen) for 48
hours with or without estrogen receptor antagonist ICI 182789. * indicates p< 0.05
compared to placebo treated APP/Ar+/− mice or DMSO treated APP transfected 293 cells. #
indicates P<0.05 compared to E2 10uM and 50uM treated cells.
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Figure 6.
Effect of estrogen treatments on Neprilysin (NEP) protein expression and enzyme activities
in APP/OVX and APP/Ar+/− mice. All mice received 17β-estradiol (E), genistein (G) or
placebo (C) as described in the methods. (A) the NEP Western blot images are shown, (B)
the corresponding densitometry analysis of the western blot image is shown, (C) NEP
enzyme activities are shown.* indicates p< 0.05 compared to placebo treated mice. #
indicates P<0.05 compared to APP/OVX placebo treated mice.
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Figure 7.
Effect of estrogen treatment on insulin degradation enzyme (IDE) protein expression and
enzyme activities in APP/OVX and APP/Ar+/− mice. All mice received 17β-estradiol (E),
genistein (G) or placebo (C) as described in the methods. (A) The IDE western blot image is
shown, (B) the corresponding densitometry analysis of the western blot image is shown, and
(C) IDE enzyme activities are shown. No significant differences were found among all
treatments and genotypes.
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