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Abstract
Accumulating evidence suggests that mitochondria are important targets for the actions of
estrogens and studies indicated that localization of ERβ in neuronal mitochondrial ERβ (mtERβ)
might directly affect neuronal mitochondrial function in vitro. However, it is unknown what
expression levels and how important of mtERβ in the human brain, particularly in the brain with
Alzheimer’s disease (AD). In the present study, by using rapidly autopsied human brain tissue, we
found that the frontal cortices of female AD patients exhibited significantly reduced mtERβ, along
with reduced mitochondrial cytochrome C oxidase activity, and increased protein carbonylation
compared to that in normal controls. The correlation between the mtERβ expression and
mitochondrial cytochrome C oxidase activity in the female human brain is significant. To
understand the possible mechanisms of mtERβ in AD-related mitochondrial dysfunction, using
ERβKO mice as a model, we found that lacking of ERβ enhanced brain reactive oxygen species
generation and reduced mitochondrial membrane potential under Aβ peptide insult compared to
brain mitochondria from wild-type control mice. Our studies for the first time, demonstrated
neuronal mtERβ expression in the human brain and the deficiency of mtERβ in the female AD
brain is associated with the dysfunction of mitochondria. Our results from ERβKO mice
demonstrated that ERβ depletion-induced mitochondrial dysfunction is mediated through
increasing reactive oxygen generation and reduction of mitochondria membrane potential. These
results indicate that ERβ depletion has the ability to impair mitochondrial function in mice and
reduction of brain mtERβ may significantly contribute to the mitochondrial dysfunction involved
in AD pathogenesis in women.
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Introduction
Evidence suggests that mitochondrial dysfunction and oxidative damage are involved in the
pathogenesis of Alzheimer’s disease (AD) [1–2]. Defects in cytochrome C oxidase or
complex IV (COX), the fourth complex in the mitochondrial electron transport chain, have
been shown to be associated with AD[3]. Mitochondria are critical for meeting the high
energy demands of the brain, but they also generate the majority of intracellular reactive
oxygen species (ROS), which can cause oxidative damage to important cellular structures.
Several studies have found that increases in ROS and oxidative stress are involved in age-
related degenerative diseases like AD. More importantly, oxidative damage has been found
to occur as one of the earliest events in the neuropathogenesis of AD, even before the onset
of significant plaque pathology[3].

Estrogen has been shown to suppress mitochondrial oxidative stress, regulate energy
metabolism, and regulate the expression of mitochondria-involved anti-apoptotic proteins
like the bcl-2 family and bcl-xL, which suggests that brain mitochondria may be major
targets of estrogen action in the central nervous system[4–7]. Estrogen is an established
modulator of neuronal viability against a variety of insults in cultured cells, including
oxidative stress and β-amyloid peptide (Aβ) [4–6]. Studies have found that many of these
protective effects can be blocked by an estrogen receptor (ER) antagonist, ICI-182780 [5, 8],
suggesting an ER-mediated mode of estrogen action.

Estrogen receptors (ERα and ERβ) are believed to be ligand-activated transcription factors
belonging to the nuclear receptor superfamily [7, 9]; however, recent work has supported the
idea that a second pool of ERα and ERβ, localized to the plasma membrane, also contributes
to the actions of estrogen[10–12]. Unlike ERα, which clearly plays a major role as a
transcription factor in the reproductive system and development for both males and females,
the function of ERβ remains unclear. Very interestingly, recent reports have confirmed the
localization of ERβ in the mitochondria of epithelial cells, ligament cells and murine
neurons [13–17]. In rat primary cortical and hippocampal neurons, ERβ colocalizes almost
exclusively with mitochondria and does not translocate into the nucleus upon E2 treatment
[17], suggesting that estrogen can directly affect mitochondrial function through
mitochondrial ERβ (mtERβ).

In this study, we examined the ERβ expression and localization patterns in brains from
women with AD compared to those from age-matched, non-demented (ND) women. We
then analyzed the correlation between mitochondrial ERβ expression and mitochondrial
function. To explore the relationship between ERβ and brain mitochondrial function more
directly, we compared mitochondrial function and tolerance to amyloid insult in brain
mitochondria from female transgenic ERβ-knockout mice to those from age-matched, wild-
type (WT) control mice.

Materials and methods
Chemicals

2,6-dichloroindophenol indophenol (DCPIP), tetramethoxypropane, cytochrome C,
decylubiquinone, 5,5′,6,6′- tetrachloro -1,1′,3,3′- tetraethylbenzimidazol-carbocyanine
iodine (JC-1), dichlorofluorescein-2,7-diacetate (DCF-DA) were purchased from Sigma
Chemical Co. (St. Louis, MO). Aβ1-42 and Aβ25-35 were purchased from Anaspec Inc.
(Fremont, CA). Other chemicals were all analytical grade reagents from local vendors.
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Human Brains
Human brain tissues were obtained from autopsies of subjects enrolled in the Banner Sun
Health Research Institute Brain Donation Program [18]. AD was clinically diagnosed using
the criteria of the National Institute of Neurological Disorders and Stroke–Alzheimer’s
Disease and Related Disorders Association (NINCDS–ARDRDA) and was subsequently
confirmed postmortem by neuropathologist examination. Postmortem intervals for brain
samples averaged 2.8 h (range, 2–3.5 h). Both AD and ND control subjects were Caucasian
females (mean age, 85.88±3.76 y and 85.50 ±5.81 y, respectively, n=8 for each group).
Frozen frontal cortex samples were used for all studies. None of the participants in our study
had a history of estrogen replacement therapy.

Experimental Mice
Mice were maintained in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals[19]. Heterozygous female ERβ transgenic mice (ERβ
+/−) were crossed with homozygous ERβ knockout mice (ERβ−/−) to obtain litter-matched
ERβ+/− and ERβ−/− mice. Age-matched, C57BL/6 (WT) mice were used as controls. Brain
mitochondria from fifteen mice (females, 10 to 12 months of age, n=5 from each genotype)
were prepared immediately following decapitation as previously described [20].

Isolation of mitochondria from human frontal cortex and mouse brain
Mitochondria from the human frontal cortex were isolated as described previously[20].
Briefly, gray matter of human frontal gyrus were dissected and homogenized in isolation
medium (0.25 M sucrose, 0.5 mM EDTA-K, 10 mM Tris.Cl, pH 7.4), and then centrifuged
2000 g for 3 min. The pellet was processed using a hypertonic solution (4.6 M NaCl and 5
mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol (v/v), pH 7.9) to
obtain the nuclear fraction; the supernatant was carefully decanted followed by
centrifugation at 12,500 g for 8 min to obtain the crude mitochondrial pellet (the supernatant
were collected as the cytosolic fraction), which was resuspended in 3% ficoll medium and
purified by spinning in 6% ficoll medium (6% ficoll, 50 μM EDTA-K, 10 mM Tris, 0.24 M
manitol, 60 mM sucrose). The resultant brown pellet was washed and resuspended to obtain
the brain mitochondrial fraction, stored in −80°C before use. Brain mitochondria from the
mouse samples were isolated using a similar protocol, except that the entire cerebrum was
used. The measurements of oxygen consumption, ROS generation, and mitochondrial
membrane potential were performed immediately following isolation, and the remaining
mouse brain mitochondria were stored at −80 °C for use in the other bioassays. The protein
level of each sample was determined using a Bio-Rad protein assay kit with BSA as
standard.

Immunohistochemistry
Samples of the human frontal cortex were fixed with 4% paraformaldehyde and were
sectioned (30 μm in thickness) coronally with a Leica CA 1900 cryostat. Sections were
incubated with block solution followed by incubation with anti-ERβ (ab3576, 1:200, abcam)
and either anti-NeuN (MAB377, 1:400; Chemicon) or anti-VDAC (ab14734, 1:500, abcam)
primary antibodies, and then fluorescent-labeled with 488 (green) or 594 (red) secondary
antibodies against rabbit IgG or mouse IgG (1:1,000; Invitrogen). To quench auto
fluorescence, sections were dyed with 0.3% Sudan black for 10 min before observation. A
confocal microscope with a 10×and 40× PL FLUOTAR was used to capture images. The
images were processed with Fluoview software (Olympus).
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Western blot
Mitochondrial, cytosolic, and nuclear fractions (50 μg protein/sample) from brain samples
were separated by 10% SDS-PAGE, transferred to PVDF membranes, and blocked with 5%
non-fat milk. The PVDF membranes were incubated with the following primary antibodies
overnight at 4 °C: rabbit anti-ERβ (ab3576, 1:1000, abcam), mouse anti-VDAC (1:2000,
abcam), goat anti-COX 1, 2 (1:1000, sc-23982, sc-23983, Santa Cruz), mouse anti-COX 4
(1:1000, ab14744, abcam) and rabbit anti-PARP (1:1000, Santa Cruz). The membranes were
then incubated with anti-mouse or anti-goat (1:8000, Santa Cruz) IgG labeled with
horseradish peroxidase for 1 h and were visualized using an enhanced chemiluminescence
Western blotting detection system (Millipore).

Measurement of complex II and IV activity and protein carbonyls
Assays of COX and succinate dehydrogenase (SDH, part of complex II) activity were
performed as previously described [21]. Protein carbonyls were assayed using the
Oxyselective kit (Cell Biolabs, Inc., San Diego, CA) according to the manufacturer’s
instructions [22].

Determination of oxygen consumption
Mitochondrial oxygen consumption was determined using a Clark oxygen electrode
(Hansatech, UK). A suspension of brain mitochondria containing 0.25 mg protein was added
to 0.5 ml of assay buffer along with various concentrations of Aβ at 37 °C. The Aβ 1-42
were dissolved in DMSO to maintain soluble form and then diluted to 0.5 mM with PBS,
incubated at 37°C for minimum 60 min to promote aggregation prior use [23]. For
mitochondrial respiration assay, using 5 mM succinate as substrates, the rate of oxygen
consumption was measured prior to and following the addition of 0.5 mM ADP. The rate of
brain mitochondrial oxygen consumption was expressed in nmol O2/min/mg protein
(reflecting the rate of oxygen consumption following the addition of ADP).

Measurement of ROS generation and mitochondrial membrane potential (MMP)
The ROS and MMP determinations were performed as previously described with some
modification [24–27]. Briefly, for the ROS measurement, the mitochondria were suspended
at 200 μg/ml in an assay buffer plus 5 mM succinate and 5 μM DCF-DA. The emission
fluorescence at 530 nm with a 480 nm excitation was kinetically recorded for 30 min. In
order to determine the amount of oxidants generated from per nmol oxygen consumed by
mitochondria, the rate of fluorescence generation was normalized to the corresponding rate
of mitochondrial oxygen consumption as measured by the oxygen electrode following the
addition of 5 mM succinate. For the MMP assay, following the insult with Aβ25-35 or
Aβ1-42, the mitochondria were suspended at 50 μg/ml in an assay buffer plus 5 mM
succinate and 1.5 μg/ml JC-1. The MMP was measured as the fluorescence ratio of 590 nm
to 530 nm.

Results
Reduced ERβ expression in female AD brains

To examine the ERβ expression in brains from female AD patients and gender-and age-
matched ND individuals, we performed immunohistochemistry analysis on a total of 16
individuals (8 AD and 8 ND). Double-staining for ERβ and NeuN in the frontal cortices of
AD and ND women revealed that less ERβ was expressed in neurons in the AD frontal
cortex compared to ND controls at the same brain region. However, we did not find
significant neuron loss in the cortex sections observed (figure 1A) while a significant
reduction of neuronal ERβ expression was found in the AD samples than that in ND brains
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(figure 1B). Co-staining with anti-ERβ and anti-VDAC (mitochondrial marker) antibodies
showed that the ERβ was colocalized with the mitochondria in the ND brain and that the
mitochondrial ERβ expression was much weaker in the AD brain than that in the ND brain
(figure 2).

To further examine the protein expression of ERβ in each brain cell fraction, we performed
western blot analysis on the samples from the female AD and ND frontal cortex (figure 3A).
The PARP and β-actin were employed as nucleus and general marker of the fractions,
respectively. For the mitochondrial fraction, we used VDAC and MFN1 as markers for
mitochondrial out membrane and plasma membrane in this study [28]. The mitochondrial
fraction obtained by density gradient in the present study was purified successfully with
little nuclear remnant. Consistent with our immunohistochemical data, the expression of
ERβ was significantly reduced in the mitochondrial fraction. Moreover, a reduction of ERβ
protein expression was also found in the whole brain lysates, nuclear, and cytosolic fractions
of the AD female brains compared to the ND female brains (figure 3).

The ERβ reduction correlated with mitochondrial dysfunction and oxidative stress in
female AD brains

As shown in figure 4, both SDH and COX activities were significantly compromised in
mitochondria isolated from the frontal cortices of the AD group (45% and 32% reduction in
SDH and COX activity compared to the ND group, respectively). To understand the
relationship between mtERβ and mitochondrial function in the AD, we also performed a
correlation analysis between mitochondrial complex activities and expression of ERβ
(mtERβ and total brain homogenate ERβ) as shown in figure 5. Our data as showed in figure
5B, both COX and SDH activities are significant associated with the expression of mtERβ in
the female brain samples combined both AD and ND (p=0.006 and 0.036 for COX and
SDH, respectively). However, the COX activity is not only significantly associated with
mtERβ (p=0.014), but also with the total ERβ (p=0.007) in the AD brain, suggesting a
disease specific effect of ERβ in AD (figure 5B). In contrast, the SDH activity showed a
weak association with mtERβ (p=0.066) but strong correlation with total ERβ (p=0.041) in
the AD brain, indicating a general role of ERβ, rather than mtERβ, in the AD mitochondrial
pathology in the female brain.

To further understand which subunits of COX were involved in the alteration of COX
activity in AD brains, we detected the three major subunits of COX by Western blots. Out
results showed that COX 1, and COX 2, which are encoded by mitochondrial DNA, were
significantly reduced in the AD group compared to the ND group, while COX 4, which is
encoded by nuclear DNA, remained at a constant level (figure 6).

To find out whether oxidative stress is enhanced in AD brain due to mitochondrial
dysfunction, we measured the level of protein carbonylation, which represents the level of
intracellular protein oxidation by ROS. Not surprisingly, elevated levels of protein carbonyls
were found in AD brain compared to ND controls, including in the cytosolic, nuclear, and
mitochondrial cell fractions (figure 7), suggesting that the female AD patients had more
oxidative stress due to mitochondria impairment than that in female ND individuals. To
examine whether the increased protein oxidative damage in AD is related to the SDH, the
only enzyme participates in both citric acid cycle and the electron transport chain in the
mitochondria, we also analyzed the correlation between the level of protein carbonyl and
SDH activity as shown in figure 7C. Our data showed no significant association between the
SDH activity and level of protein carbonylation, suggesting an SDH-independent protein
oxidative damage in the female AD patients.
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Lacking ERβ increased ROS generation and decreased mitochondrial membrane potential
(MMP) in brain mitochondria of ERβ-deficient mice

Our findings from human brain samples, the positive correlation between ERβ expression
and mitochondrial function encouraged us to explore ERβ’s role in regulating mitochondrial
activity. Using ERβ gene knockout mice, we detected brain mitochondrial oxygen
consumption, mitochondrial ROS generation and MMP in WT, ERβ +/− and ERβ −/− mice
(female, 10–12 months, n=5 for each genotypes). Interestingly, the basal level of brain
mitochondrial oxygen consumption showed no difference among the three genotypes of
mice, but treatment with Aβ25-35 (100 μM) caused a great reduction of O2 consumption in
the ER+/− mice compare to that in WT animals (p=0.012, figure 8). All the tested dosages
of Aβ25-35 and Aβ1-42 significantly depressed brain mitochondrial oxygen consumption
compared to non-treated controls for each of the genotypes of mice (P<0.05 in all instances).
Between WT and ERβ −/− mice, no significant difference was found between the responses
to Aβ insult.

To examine the effect of ERβ on Aβ-induced ROS generation, we measured ROS level in
WT, ERβ+/− and ERβ−/− mice. Our results showed that the effects of Aβ1-42 and Aβ25-35
on mitochondrial ROS levels varied by genotype while no difference was found in the
baseline ROS levels among all three genotypes of mice. Treatment of brain mitochondria
with Aβ25-35 (200 μM) resulted in higher ROS production in WT mice compare to vehicle
treatment (P=0.0002). However, mitochondria from ERβ−/− mice was the most sensitive to
amyloid insult; treatment with either Aβ1-42 (10 μM) or Aβ25-35 (200 μM) induced
substantial increases in ROS (vs. ERβ−/− without insult, 72% increase p=0.003 and 195%
increase p=0.01, respectively), and furthermore the increase of ROS in response to 200 μM
Aβ25-35 was double that in WT mice (P=0.05, figure 9). No other difference was found
between WT and ERβ knockout mice with the same level of Aβ insult.

Compared with age matched WT mice, MMP declined slightly in brain mitochondria of
ERβ+/− mice (15% loss, p=0.04) and was greatly reduced in ERβ−/−mice (36% loss,
p=0.0045) as shown in figure 10, suggesting a direct impact of ERβ deficiency on brain
mitochondrial function. To examine whether the effect of ERβ on mitochondrial function,
such as MMP, is associated with AD associated amyloid pathology, the isolated the brain
mitochondrial were challenged in vitro with Aβ1-42 or Aβ25-35. MMP of brain mitochondria
declined in a dose-dependent manner in mice of all three genotypes (figure 10). MMP
showed a progressive decrease in ERβ+/− and ERβ−/− mice in comparison with WT mice
with the same Aβ insult, but the effect was not significant, suggesting a non-specific effect
of ERβ on amyloid-induced mitochondria impairment, at least in MMP.

Discussion
While mitochondrial impairment in AD has been well established, recent studies suggest
that mitochondrial dysfunction in the brain appears much earlier than many other
neuropathological changes in AD [3]. As mitochondria play critical roles in maintaining
normal living cells, extensive studies have shown that many molecules could detrimentally
regulate the function of mitochondria, leading to some abnormality or damage of the
mitochondria, including molecules of interest such as amyloid precursor protein[1], β
amyloid[29], sex hormones, including estrogen and estrogen receptors [30,31]

Evidence indicates that women have a higher risk of developing AD than do men[32]. In a
previous study, we found greatly reduced estrogen levels in rapidly–acquired postmortem
brains from women with AD compared with those from age- and gender-matched normal
control subjects [33]. Our results suggested that deficits in brain estrogen significantly
impact AD pathogenesis in females. Using a gene-based approach, we also demonstrated
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that the depletion of endogenous estrogen through aromatase gene knockout in AD-like
transgenic mice causes early onset of neuropathology and increased Aβ deposition
compared to control animals [33]. It is unclear whether the early onset of AD-like pathology
induced by estrogen deficiency is mediated through an estrogen receptor-dependent
mitochondrial impairment pathway.

Here, we first examined the expression of ERβ in the brains of aged female AD patients and
ND controls. Using immunohistochemical staining, we found that neurons from the ND
frontal cortex exhibited extensive ERβ expression (figure 1). However, compared to ND
controls, neurons from the female AD frontal cortex showed very little ERβ expression,
suggesting a reduction of ERβ in female AD brain. To examine whether the reduction of
ERβ in AD is due to the loss of neurons in aged AD patients, we also examined total number
of neurons as well as neurons express ERβ in the frontal cortex of ND and AD. Our data
showed that the ratio of ERβ positive neurons was 40.6 percent and 84.3 percent in AD and
ND, respectively, suggesting the reduction of neuronal ERβ in AD is independent from the
loss of neurons during aging.

While the mechanisms of estrogen action on mitochondria remain unclear, accumulating
studies have shown that estrogen may exert neuroprotective effects via both estrogen
receptor-dependent and -independent forms [32]. It is generally accepted that the majority of
estrogen actions are mediated through ERα and ERβ. While both ERα and ERβ are located
in the nucleus, where they act as important transcription factors, recent evidence has shown
that the majority of ERβ is also located extra-nuclearly and is responsible for various non-
nuclear actions of estrogen [14,17,32, 34,35]. Although previous studies have demonstrated
mitochondrial localization of ERβ in neurons from various mammals[17], little is known
regarding expression and function of ERβ in the mitochondria of human neurons.

To examine whether mtERβ is expressed in neuronal mitochondria from the human brain as
and whether the level of in mtERβ expression correlates with AD pathology, we
investigated the expression and subcellular location of ERβ in the brains from ND and AD
individuals using immunohistochemistry and western blotting. Co-staining the brain samples
with an anti-ERβ monoclonal antibody and the mitochondrial marker VDAC or MFN1
revealed the novel finding that ERβ colocalizes with mitochondria in the brains of normal
aged females and that mtERβ expression is significantly reduced in the female AD brain,
even though the density of mitochondrial staining is similar to that of the ND brain (figure
2). This reduction in mtERβ in AD brain was further confirmed by western blotting, which
demonstrated a significant reduction of ERβ in the mitochondria fraction as well as in all
other cell fractions of the AD brain samples, even in the whole brain lysates, compared to
ND brain samples. These results suggest that the reduction of ERβ in the female AD brain is
not limited to neuronal mitochondria, but is present throughout the cells from frontal cortex.

To further characterize the differences between female AD and ND mitochondria, we
measured complex II and IV activities. Our study found that activity of brain SDH (complex
II) and COX (complex IV) was reduced in the female AD patients compared to the ND
individuals. (figure 4). Our result is consistent with other reports of AD-related impairment
of SDH and COX activity [36,37], and with findings relating to the effects of estrogen on
COX [35]. To understand whether the reduction of mtERβ in AD is associated with
mitochondrial impairment in female AD patients, we examined the correlation between the
complex activity and mtERβ expression in the brain (figure 5). Our data showed for the first
time to our knowledge, a significant association between the reduction of mtERβ expression
and decrease in COX activity in AD brain samples, not in ND human subjects (figure 5B).
However, the COX activity is not only significantly associated with mtERβ, but also with
the total ERβ in the AD brain, not in ND, suggesting a disease specific effect of ERβ in the
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female AD. In contrast, the SDH activity showed a weak association with mtERβ but strong
correlation with total ERβ in the AD brain. Our data suggest that the relationship between
mtERβ and mitochondrial activities in the female AD brain is largely reflected AD
pathology status on both ERβ and COX activity.

In mammalian mitochondrial respiratory chains, COX is made up of 13 subunits. Three of
the subunits (COX 1, COX 2, and COX 3) are encoded by mitochondrial DNA, while the
other 10 subunits are encoded by nuclear DNA, such as COX 4. To further investigate and
understand the molecular changes in COX activity in AD, we examined the levels of
mitochondrial DNA encoded subunits (COX 1 and COX 2) with the expression of a nuclear
DNA encoded subunit (COX 4) from both AD and ND samples. Interestingly, we found
significant decreases only in the subunits encoded by mitochondrial DNA (COX 1 and COX
2), but not in the subunit encoded from nuclear DNA (COX 4). Our results suggest that
COX subunits encoded by mitochondrial DNA are selectively compromised in the female
AD frontal cortex (figure 6). Thus, the impairment of COX activity in AD patients may be
related to an impairment of protein synthesis in dysfunctional mitochondria, and mtERβ
might play roles in regulation of COX activity. Our data corresponds to previous
observations that AD pathology is accompanied by a decrease in expression and activity of
enzymes involved in mitochondrial bioenergetics[38,39], but also demonstrates a possible
linkage between mtERβ and the electron transport chain complex activity in the female AD
brain. In addition to the lowered mitochondrial bioenergetic capacity, decreased COX
activity, overproduction of reactive oxygen species and higher oxidative stress are also
characteristics of AD brains.

To further investigate the oxidative damage due to mitochondrial dysfunction in the female
AD brain, we measured the expression of mitochondrial protein carbonyls, an indication of
protein oxidation in brain mitochondria. As shown in figure 7, the protein carbonyl levels in
the mitochondrial fractions from AD samples were significantly higher than those from the
ND samples. Our data provided additional evidence that female AD patients exhibit
increased oxidative stress, especially mitochondrial oxidative damage, in their brains
compared to ND individuals. In addition, in this present study, we showed no significant
association between the elevated protein carbonylation level and reduced SDH activity in
AD, suggesting a SDH-independent protein oxidative damage in the female AD patients.

Although female AD patients showed a significant reduction of ERβ along with enhanced
mitochondrial impairment in the brain, it is unknown whether it is the ERβ deficiency in
females that promotes this mitochondrial dysfunction exhibited in AD brains. Here, using a
genetic approach, we examined the effects of ERβ on various indicators of mitochondrial
function in female WT, ERβ+/− or ERβ−/− mice. Isolated mitochondria from mouse brain
were treated with or without Aβ, which is associated with neuropathology in AD and were
found to induce mitochondrial impairment [36].

To determine the cellular contribution from ERβ to mitochondrial function, we detected the
O2 consumption from freshly isolated mitochondria from mice brains and showed that the
O2 consumption rates in response to vehicle were similar in both WT and ERβ+/− or ERβ−/
− mice, indicating the baseline of O2 consumption was not affected by a direct impairment
of ERβ. When exposed to Aβ, a greater attenuation in state 3 O2 consumption rates was
observed in ERβ+/−, not ERβ−/−, compared to that in WT mice (figure 8). Because our data
showed that only ERβ+/−, not ERβ−/−mice, enhanced sensitivity of response to Aβ in
mitochondria, and based on the that receptors may form ERα (αα) or ERβ (ββ)
homodimers or ERαβ (αβ) heterodimers in many cells [40], the action of ERβ in protecting
against Aβ-induced reduction of O2 consumption might need of participation of ERα,
possible in the form of the αβ heterodimer. In contract to O2 consumption, as shown in
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figure 9, the mitochondria from ERβ−/− mice showed a great increase in ROS generation
after being challenged with high dosages of Aβ1-42 or Aβ25-35 compared to vehicle
treatment. These data suggest that the effect of ERβ on mitochondria structure and function
might be mediated through the formation of homodimers or heterodimers of ER. No ROS
changes were found between WT and ERβ-manipulated mice treated with vehicle. These
findings suggest that depletion of ERβ does not disturb mitochondrial respiration in
physiological normal condition directly, but it may enhance the vulnerability of brain
mitochondria to Aβ-induced mitochondrial oxidative stress, as indicated by decreased
oxygen consumption and increased ROS generation in vitro. These results are in agreement
with recent studies showing that Aβ and Bax (a member of Bcl-2 family) can be transported
from the cytosol into the mitochondria and damage mitochondrial structure and function,
reducing oxygen consumption and increasing ROS levels. Estrogen was shown to prevent
the translocation of apoptosis protein such as Bax from the cytosol to the mitochondria, and
prevent Aβ-induced mitochondrial impairments [41–43]. Although it is unknown whether
the reduced oxygen consumption rates and enhanced ROS generation found in ERβ+/− or
ERβ−/− mice were mediated through the inhibition of translocation into mitochondria, our
study for the first time suggested that ERβ might be involved in the estrogen-induced
neuroprotective actions in AD via regulating mitochondria function in vitro.

While reduction of MMP is an index of mitochondria degeneration due to mitochondrial
membrane collapse [37], we examined the MMP in the mice with or without ERβ
expression. Our data demonstrated that MMP showed a decreasing trend along with the ERβ
depletion (figure 10). This suggests that ERβ might be an essential component of the
neuronal mitochondria and contribute to the maintenance of normal membrane potential.
Consistent with the O2 and ROS dysfunction, MMP exhibited significant loss following
exposure to Aβ in mice of all three genotypes (figure 10). These results suggest that ERβ
might be more involved in retaining normal MMP rather than protecting against Aβ-induced
mitochondria MMP loss.

Although further investigation is required, our novel detection of ERβ expression in
neuronal mitochondria in the female human brain, along with the direct correlation of
mtERβ expression with COX activity and the significant decrease of mtERβ and total ERβ
in the AD brain, suggests a possible connection between ERβ and mitochondrial dysfunction
in AD. This hypothesis is supported by our experiments involving transgenic ERβ knockout
mice, which show that ERβ deficiency leads to mitochondrial dysfunction in the brain by
decreasing MMP and increasing mitochondrial vulnerability to Aβ-induced ROS generation.
Together, the results of this study indicate that ERβ deficiency may play an important role in
AD pathogenesis in females by contributing to mitochondrial dysfunction.
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Figure 1.
Reduction of ERβ expression in neurons of female AD patients. The brain sections of frontal
cortex were prepared from postmortem AD and ND brains. Sections were incubated with
anti-ERβ and anti-NeuN (neuronal marker) antibodies, followed by fluorescent-labeled
secondary antibodies (A). The representative pictures were taken from one age-matched
control brain (case No. 96-32, female) and one AD brain (case No. 01-53, female). The
percentage of ERβ positive neurons to total neurons was compared between AD and ND
(B). * indicates P<0.05 compare to ND.
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Figure 2.
Reduction of mitochondrial ERβ in female AD patients. Sections of frontal cortex were
incubated with anti-ERβ and anti-VDAC (mitochondria marker) antibodies, followed by
fluorescent-labeled secondary antibodies. The representative pictures were taken from one
age-matched ND brain (case No. 99-54, female) and one AD brain (case No. 01-34, female).
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Figure 3.
Less ERβ detected in various cell fractions of female AD brains. The mitochondrial,
nuclear, and cytosolic cell fractions from the frontal cortex were prepared, and the levels of
ERβ were measured using western blot. (A) Representative images of ERβ expression in
whole brain lysate, and cytosolic, nucleus and mitochondria fractions with beta-actin, PARP,
VDAC (middle band) and MFN1 (lower band) serving as internal controls. (B) Quantitative
result of ERβ expression in each fraction as well as in the whole brain lysate. *p<0.05 vs.
ND.
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Figure 4.
Reduced brain SDH and COX activities in female AD patients. The brain mitochondria were
prepared from frozen tissues of postmortem brain (AD n=8, ND n=8), followed by
spectrometric determination of SDH and COX activities. Data were standardized with
protein values. *p<0.05 vs. ND.
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Figure 5.
Positive correlation between ERβ expression and activities of COX and SDH in human
brain mitochondria. The correlation analysis was performed between mtERβ expression and
COX or SDH activity in both AD and ND (A). The correlation between the complex
activities and expression of ERβ (mtERβ and total ERβ) were analyzed in AD and ND
independently (B). The density of ERβ blot represented mtERβ or total ERβ expression and
were calibrated with VDAC and β-actin blot, respectively.
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Figure 6.
Decreased expression of mitochondrial DNA encoding subunits of COX relative to nuclear
DNA encoding subunit. Mitochondria were isolated from the frontal cortices of AD and ND
female brains, and the expression of COX 1, 2 and 4 were measured via western blot. (A)
Representative image of COX 1, 2 and 4 blot in brain mitochondria. (B) Density of COX 1
and COX 2 normalized by the density of COX 4. * p<0.05 vs. ND.
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Figure 7.
Increased oxidative stress (protein carbonyls) in AD brain. The cell fractions were prepared
from frozen tissues of postmortem AD and control brains, followed by an assay for protein
carbonyls. (A) Representative images of protein carbonyls blot in mitochondrial, cytosolic,
and nuclear cell fractions. (B) Quantitative result of protein carbonyls in each fraction,
values were normalized with respect to the internal controls of VDAC, beta-actin and PARP
blot. (C) Correlation between carbonyl protein and SDH activity. *p<0.05 vs. ND.
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Figure 8.
Oxygen consumption in brain mitochondria of WT, ERβ+/− and ERβ−/− mice. Brain
mitochondria were isolated from WT, ERβ+/− and ERβ−/− mice (n=5 for each genotype).
Oxygen consumption (state III) was measured with an oxygen electrode following Aβ25-35
or Aβ1-42 insult. * p<0.05, vs. vehicle; # p<0.05, vs. WT with Aβ25-35 (100uM) insults.
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Figure 9.
Higher ROS generation in brain mitochondria from ERβ-knockout mice challenged with
Aβ. Brain mitochondria were isolated from WT, ERβ+/− and ERβ−/− mice (n=5 for each
genotype). Mitochondrial ROS generation was measured with DCFDA staining following
Aβ25-35 or Aβ1-42 insult. * p<0.05 vs. vehicle; # p<0.05, vs. WT Aβ25-35 (200μM) insults.
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Figure 10.
Damaged mitochondrial membrane potential (MMP) in brain mitochondria from ERβKO
mice challenged with β amyloid. Brain mitochondria were isolated from WT, ERβ+/− and
ERβ−/− mice (n=5 for each genotype). MMP were measured with JC-1 staining following
Aβ25-35 or Aβ1-42 insult. * p<0.05, vs. vehicle; # p<0.05 vs. WT vehicle.
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