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Abstract
A ‘critical window of opportunity’ has been proposed for efficacy of ovarian hormone
intervention in peri- and postmenopausal women. We sought to address this hypothesis using a
long-term ovariectomized non-human primate (NHP) model, the cynomolgus macaque (Macaca
fascicularis). In these studies, we assessed the ability of 17β-estradiol and equol to regulate
markers of hippocampal bioenergetic capacity. Results indicated that 17β-estradiol treatment
significantly increased expression of mitochondrial respiratory chain proteins complex-I and –III
in hippocampus when compared to non-hormone-treated animals. Expression of the TCA cycle
protein succinate dehydrogenase α was decreased in animals treated with equol compared to those
treated with 17β-estradiol. There were no significant effects of either 17β-estradiol or equol
treatment on glycolytic protein expression in hippocampus, nor were there significant effects of
treatment on expression levels of antioxidant enzymes. Similarly, 17β-estradiol and equol
treatment had no effect on mitochondrial fission and fusion protein expression. In summary,
findings indicate that while 17β-estradiol induced a significant increase in several proteins, the
overall profile of bioenergetic system proteins was neutral to slightly positively responsive. The
profile of responses with the ERβ-preferring molecule equol was consistent with overall
nonresponsiveness. Collectively, the data indicate that long-term ovariectomy is associated with a
decline in response to estrogens and estrogen-like compounds. By extension, the data are
consistent with a primary tenet of the critical window hypothesis, i.e., that the brains of
postmenopausal women ultimately lose their ability to respond positively to estrogenic
stimulation.
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Introduction
The brain accounts for 25 percent of the body’s total glucose utilization and 10 percent of
the body’s total energy expenditure. Neurons are the most metabolically active cells in the
brain (Irwin et al, 2008), and they require high substrate bioavailability (for review, see
Simpkins et al, 2008) and proper mitochondrial enzymatic function to produce the
substantial amounts of ATP needed for action potentials and synaptic plasticity (Kostanyan
and Nazaryan, 1992). As mitochondria are the organelles responsible for the production of
90 percent of the total cellular ATP, optimal mitochondrial functioning is thus critical to
neuronal function (for review, see Cadenas and Davies, 2000). Brain hypometabolism is a
well-known antecedent to several neurodegenerative conditions, including Huntington’s
disease (Ciarmiello et al, 2006), Parkinson’s disease (Eberling et al, 1994), and Alzheimer’s
disease (Reimen et al, 2004). This provides strong evidence that decreased mitochondrial
function is associated with and can lead to development of neurodegenerative disease.

It is estimated that 5.3 million Americans are currently suffering from Alzheimer’s disease
(AD) (Alzheimer’s Association, 2010); of these, approximately 68% are women (see
Brinton 2008 for review; Brookmeyer et al, 1998; Gao et al, 1998). At menopause, women
experience a dramatic drop in circulating levels of endogenous estrogens, including 17β-
estradiol (Boron and Boulpaep, 2009). While a common perception is that more women
suffer from AD due to their increased longevity (Alzheimer’s Association, 2010), basic
research indicates that the increased incidence of AD in women may be associated with this
decline in ovarian hormone levels after menopause. Loss of ovarian hormones has been
shown to lead to decreases in brain glucose bioavailability (Mosconi et al, 2007),
mitochondrial bioenergetics and function (for reviews, see Brinton, 2008 and Brinton, 2009;
Irwin et al, 2008; Yao et al, 2009), and synaptic transmission and cognitive function (for
review see Brinton, 2009; Foy et al, 2008a; Foy et al, 2008b; Zadran et al, 2009). In
addition, loss of ovarian hormones increases beta amyloid generation in rodents and mouse
models of AD (for review see Pike et al, 2009; Yao et al, 2009; Yao et al, 2010; Zheng et al,
2002).

Through membrane-associated receptors, estrogen activates neuronal PI3K signaling
pathways which converge on the mitochondria to promote mitochondrial bioenergetics (for
reviews see Brinton, 2008 and Brinton, 2009; Mannella and Brinton, 2006). Two emerging
bodies of recent research indicate that there is 1) an increased risk of neurodegenerative
diseases after premenopausal loss of ovarian hormones, and 2) a critical window for efficacy
of estrogen therapy in menopausal women. Epidemiological data regarding cognitive health
in women who underwent bilateral oophorectomy before the onset of natural menopause
indicate a long-term increased risk of many neurological disorders, including dementia
(Rocca et al, 2009). Further, the critical window hypothesis states that estrogen
supplementation initiated early in menopause may have beneficial effects on the
bioenergetic function of the brain; however, estrogen therapy that is initiated several years
post-menopause may be ineffective or even detrimental (for review, see Henderson and
Brinton, 2010). A recent re-analysis of published data conducted by Rocca and colleagues
supported this hypothesis, as they found that estrogen therapy tended to have a
neuroprotective effect when initiated in women soon after the onset of menopause, but was
associated with an increased risk of dementia when initiated many years after menopause
(for review, see Rocca et al, 2010). Together, these data support the notion that hormonal
status can strongly influence cognitive status, and properly-timed hormone therapy is crucial
to maintaining healthy cognitive function.

We have previously shown in rodent models that treatment with 17β-estradiol immediately
following ovariectomy increases the expression of enzymes involved in glycolysis (multiple
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subunits of PDH) and mitochondrial function (tricarboxylic acid [TCA] cycle: decreased
MDH2 and increased aconitase; oxidative phosphorylation: increased expression of
complex-I and V subunits) (Irwin et al 2008; Nilsen et al, 2007). This mechanistic pathway
is critical for the neuroprotective, neurotrophic and bioenergetic functions regulated by
estrogen. Additionally, 17β-estradiol treatment following ovariectomy has been shown to
improve cognitive function in aged non-human primates (NHPs) (Rapp et al, 2003). This
improvement in cognitive function may be a result of estrogen’s ability to reverse age-
dependent decreases in prefrontal cortex dendritic spine density (Hao et al, 2006; Hao et al,
2007). Further, 17β-estradiol is known to enhance neurogenesis in the dentate gyrus of the
hippocampus in adult animals (for reviews see Brinton, 2009; and Galea et al, 2008).
However, it is worth noting that data from rodent models indicates that the ability of
estrogen to induce neurogenesis is dependent on time since ovariectomy; if the rodent was
not exposed to estrogen until 4 weeks after ovariectomy, there was no effect of estrogen
supplementation in neurogenesis (Tanapat et al, 2005). Thus, data from animal models
suggests that post-menopausal estrogen replacement could have beneficial cognitive effects
in women, and it also agrees with the critical window hypothesis.

17β-estradiol has the potential to protect women from the risk of both cardiovascular and
neurodegenerative diseases after menopause (for reviews, see Brinton 2008; Wagner et al,
2002). However, its use is contraindicated in some women because of the increased risk of
endometrial cancer in the absence of a blocking agent such as a progestin (North American
Menopause Society, 2010). Development of selective ER modulators (SERMs) has now
become a therapeutic approach to promote the beneficial effects of ER signaling while
decreasing the adverse effects of 17β-estradiol. One such potential SERM is equol, an ERβ-
preferring agonist (Zhao et al, 2009). Equol is a product of intestinal bacterial processing of
the soy isoflavone daidzein; however, only about a third of humans produce equol after
consuming soy (Lampe et al, 1998). In women who are equol producers, soy foods have
been reported to have cardiovascular benefits including lowering plasma concentrations of
total cholesterol, low-density lipoprotein cholesterol, triglycerides, and lipoprotein(a)
(Setchell et al, 2002). Data indicates that soy may also prevent postmenopausal bone loss in
women who are equol producers (Lydeking-Olsen et al, 2002), and high urinary excretion of
equol has been linked to reduced breast cancer risk in women (Ingram et al, 1997).
Similarly, NHP studies have shown equol to have minimal proliferative effects on the breast
(Wood et al, 2006). Recent studies in the Brinton lab have shown that, in rats, equol
administered in conjunction with select other phytoestrogens is able to increase
mitochondrial respiration (Zhao et al, 2009). This makes equol an attractive candidate for a
post-menopausal hormone therapeutic, particularly for women who are not natural equol
producers.

A considerable volume of research exists on how hormone therapy affects aging in rodent
models (for review see Brinton, 2005), but less work has been done in NHP models. While
rodent models are a foundation of biomedical research, they are dissimilar enough from
humans in some aspects that our ability to generalize between species is limited. A critical
issue for translational research relevant to aging women’s health is that reproductive
senescence in NHPs is more similar to humans than it is in rodents (Dumitriu et al, 2010;
Shively and Clarkson, 2009). In the current study, we took advantage of an opportunity to
assess the effect of chronic daily exposure to 17β-estradiol or equol after long-term
ovariectomy on glucose uptake and mitochondrial metabolism in the brains of adult female
cynomolgus macaques (Macaca fascicularis). Using hippocampal tissues from these
animals, we investigated expression of proteins involved in glucose uptake, glycolysis, the
TCA cycle, oxidative phosphorylation, antioxidant function, and mitochondrial fission/
fusion.
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2. Results
Female cynomolgus macaques (Macaca fascicularis) were obtained from Indonesia at an
average age of 12 years (equivalent to 36 human years). After a 30-day quarantine, monkeys
were placed into stable social groups of 3–4 animals, and consumed a semi-purified,
atherogenic diet formulated to match a typical North American diet for 8 years (Table 1). At
the start of this current study, monkeys were an average age of 20 (equivalent to 60 human
years), and had been surgically postmenopausal for approximately 4 years. For this study,
monkeys were randomized to one of three hormone treatment paradigms: placebo (control)
(n = 8), oral micronized 17β-estradiol (E2) (1 mg/1800 calories, n = 8), or oral equol (52 mg
S equol/1800 calories, n = 8) (Figure 1). Monkeys received the specified hormone treatment
in addition to their normal diet for 8 months prior to euthanization. This allowed us to study
the effect of hormone treatment after long-term ovariectomy on hippocampal mitochondrial
markers of glucose uptake, bioenergetics, antioxidant capacity, and fission/fusion.
Hippocampal punches encompassing the entire hippocampus (anterior to posterior,
including all sub-regions) were used in these analyses.

Expression levels of the proteins investigated in this study were quantified using Western
blotting, and protein expression levels were normalized to β-actin or β-tubulin. Bar graphs
are presented as an average of the protein levels measured from all samples within each
group; however, it is worth noting that there was a fair amount of within-group variability,
which affected measurements of statistically significant differences between groups. In
certain conditions, variability was due to the fact that some monkeys would show an
increase in enzyme expression, and others would not. In the results presented below, p-
values for significant differences (p < 0.05) and trends (p < 0.35) are presented.

2.1 Effect of post-ovariectomy hormone treatment on expression levels of glycolytic
enzymes

To determine the impact of chronic 17β-estradiol or equol exposure in long-term
ovariectomized NHPs on proteins involved in glucose uptake and glycolysis, expression of
three proteins (glucose transporter-4, the glycolytic enzyme GAPDH, and the pyruvate
conversion enzyme PDH subunit e1α) was assessed. Neither of the hormone treatments had
a significant effect on glucose transporter-4 (Glut-4) protein expression in the hippocampus
(F2, 23 = 3.34, p < 0.054) (Figure 2A). There was, however, a trend towards decreased
Glut-4 expression in hippocampal samples from NHPs which were treated with equol when
compared to those treated with 17β-estradiol (p < 0.059) and compared to control animals
which received only a placebo (p < 0.29). Hormone treatment also had no significant effect
on GAPDH expression in the hippocampus (F2, 23 = 2.02, p < 0.16) (Figure 2B), although
there was a trend towards decreased GAPDH expression in animals treated with 17β-
estradiol compared to controls (p < 0.19). Similarly, there was no significant effect of
hormone treatment on PDHe1α expression in the hippocampus (F2, 23 = 2.35, p < 0.12)
(Figure 2C). There were non-significant trends towards increased PDHe1α expression both
in the 17β-estradiol-treated animals compared to the control animals (p < 0.24) and in the
equol-treated animals compared to the control animals (p < 0.21).

2.2 Effect of post-ovariectomy hormone treatment on expression levels of TCA cycle
enzymes

Expression levels of two enzymes involved in the TCA cycle, isocitrate dehydrogenase
(IDH2) and succinate dehydrogenase (SDHα), were also measured in the NHP hippocampal
samples. Neither of the hormone treatments had a significant effect on IDH2 protein
expression in the hippocampus (F2, 23 = 1.57, p < 0.23) (Figure 3A). However, there was a
trend towards increased IDH2 expression in hippocampal samples from NHPs treated with
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17β-estradiol compared to controls (p < 0.28). Hormone treatment did have a significant
effect on expression levels of SDHα (F2, 23 = 6.18, p < 0.008) (Figure 3B). SDHα expression
was significantly decreased in animals treated with equol compared to animals treated with
17β-estradiol (**p < 0.006). There was a trend towards increased SDHα expression in NHPs
treated with 17β-estradiol compared to control animals (p < 0.25), as well as a trend towards
decreased SDHα expression in NHPs treated with equol compared to control animals (p <
0.31).

2.3 Effect of post-ovariectomy hormone treatment on expression levels of the enzyme
complexes of oxidative phosphorylation

To determine the impact of chronic 17β-estradiol or equol exposure in long-term
ovariectomized NHPs on oxidative phosphorylation, expression levels of complexes I
through V were assessed. Complex I expression was significantly affected by hormone
treatment (F2, 23 = 3.83, p < 0.038) (Figure 4A). Hippocampal samples from NHPs treated
with 17β-estradiol showed a significant increase in expression levels of complex I compared
to controls (* p < 0.04). Additionally, there was a trend towards increased complex I
expression in the 17β-estradiol-treated animals when compared to the animals treated with
equol (p < 0.18). Complex II expression was not affected by hormone treatment (F2, 23 =
1.42, p < 0.26) (Figure 4B), although there was a trend towards increased expression in the
animals treated with 17β-estradiol when compared to control animals (p < 0.33).
Hippocampal expression levels of complex III were significantly affected by hormone
treatment (F2, 23 = 4.30, p < 0.027) (Figure 4C), and the NHPs treated with 17β-estradiol
showed a significant increase in complex III expression compared to the control animals (*
p < 0.027). There was also a trend towards increased complex III expression in the animals
treated with 17β-estradiol compared to the animals treated with equol, although it was not
significant (p < 0.20).

Complex IV expression was not significantly affected by hormone treatment (F2, 23 = 0.44, p
< 0.65) (Figure 4D), but there was a slight trend towards increased expression in NHPs
treated with 17β-estradiol compared to controls (p < 0.35). It is also worth noting that 17β-
estradiol treatment did cause a large increase in complex IV expression in 4 out of the 8
animals. Hormone treatment had no effect on hippocampal expression levels of complex Vα
(F2, 23 = 0.47, p < 0.63) (Figure 4E), although there was a trend towards increased complex
Vα expression in NHPs treated with equol compared to those treated with 17β-estradiol (p <
0.22).

2.4 Effect of post-ovariectomy hormone treatment on expression levels of antioxidant
enzymes

To determine the effect of hormone treatment on expression levels of antioxidant enzymes
in NHPs after long-term ovariectomy, we measured hippocampal expression of manganese
superoxide dismutase (MnSOD) and peroxiredoxin-V (PRDX-V). There was no significant
effect of hormone treatment on MnSOD expression levels in the NHP hippocampus (F2, 23 =
0.95, p < 0.40) (Figure 5A). There was also no significant effect of hormone treatment on
PRDX-V expression levels in the hippocampus (F2, 23 = 3.08, p < 0.07) (Figure 5B).
However, animals treated with equol showed a trend towards decreased PRDX-V expression
both when compared to control animals (p < 0.31) and when compared to animals treated
with 17β-estradiol (p < 0.07).

2.5 Effect of post-ovariectomy hormone treatment on expression of mitochondrial fission
and fusion proteins

Effects of hormone treatment paradigms on mitochondrial dynamics were measured by
looking at the expression of a protein which promotes fusion (optic atrophy 1; OPA1) and a
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protein which promotes fission (dynamin-like protein; DLP1). Hormone treatment had no
significant effect on OPA1 expression (F2, 23 = 1.49, p < 0.25) (Figure 6A), although there
was a slight trend towards increased expression in NHPs treated with equol compared to
control animals (p < 0.30). Similarly, there was no effect of hormone treatment on DLP1
expression (F2, 23 = 0.20, p < 0.81) (Figure 6B).

3. Discussion
Much of the previous research regarding the effects of 17β-estradiol is based on an
experimental paradigm of short-term ovariectomy and acute estrogen replacement (for
review, see Brinton 2005). Animal models in these experiments experience only a short
delay between reproductive senescence and initiation of hormone supplementation, and
undergo an acute exposure to the hormone before the hormone’s effects are investigated
(Brinton, 2005). Data from these experiments indicate that 17β-estradiol supplementation
after reproductive senescence has numerous beneficial effects on mitochondrial function and
neuronal viability in the brain (Brinton, 2005). This model of hormone exposure, however,
has limited applicability to the range of clinical situations. Our current study, which included
both a long delay between hormone loss and replacement as well as chronic exposure to the
replacement hormone, was constructed so as to more closely model the effects of hormone
supplementation in postmenopausal women initiated after a significant period of estrogen
deficiency. The aim of this study was to determine the outcomes of estrogen treatment
following long-term ovarian hormone depletion (the human equivalent of >12 years post-
menopause) on proteins important in enzymatic, antioxidant, and fission/fusion aspects of
hippocampal mitochondria. Results from this study indicate that after approximately 4 years
of hormone loss in NHP, (a) chronic 17β-estradiol treatment influenced only a small subset
of markers of mitochondrial bioenergetics, and (b) chronic treatment with equol, a low-
affinity estrogenic molecule, has no effect on reversing the decline in mitochondrial
bioenergetics.

Basic and clinical evidence indicate a bioenergetic decline in brain with age and loss of
ovarian hormones (Kadish et al, 2009; Yao et al, 2009). Yao and colleagues (Yao et al,
2009) found that a decline in the bioenergetic capacity of the brain coincided with
reproductive senescence in the mouse. This decline in bioenergetic capacity was evidenced
by a decline in aerobic glycolysis and mitochondrial respiration. In particular, there was a
significant decline in the activity of PDH and complex-IV, indicating that the neurons are no
longer metabolizing glucose and generating ATP efficiently after estrogen depletion. In
addition, a commensurate increase in the expression of enzymes involved in ketogenic
metabolism, including HADHA and SCOT occurred. These findings in the rodent brain
suggest that natural reproductive senescence is associated with a metabolic shift in the brain.
The decline in bioenergetics induced by natural reproductive senescence was comparable to
that induced by 3 month ovariectomy (Yao et al, 2010). These findings in the rodent brain
are consistent with results obtained in the current study in long-term ovariectomized NHP
brain.

In both the WHI and WHIMS studies the women who responded best to hormone
replacement therapies, in terms of reduction in risk of developing cognitive impairment,
were those women who had used hormone therapy prior to menopause or initiated hormone
therapy early in menopause (Zandi et al, 2002). This provides insight into a therapeutic
window of opportunity and suggests that the beneficial effects of estradiol treatment
diminish once this window of efficacy has closed. However, there has been much debate as
to whether decreased efficacy is based on the "healthy cell bias" (for review, see Brinton
2008) or whether the tissues become non-responsive to estradiol therapy via decline and/or
change in ER expression. A change in ER expression and responsiveness to estrogen
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signaling is known to occur during aging: ERα is more highly expressed in the brains of
young female rats than old rats (Adams et al. 2002) and old female rats remain responsive to
estrogen signaling though ERβ (Waters et al., 2011; Zhao et al, 2002). This shift in the ratio
between ERα- and ERβ-mediated signaling in mitochondria could play a role in age-related
changes in responses of the brain to estrogens.

The increase in responsiveness to ERβ-mediated signaling with age would have predicted
greater efficacy of an ERβ-preferring ligand such as equol. However, the data indicate that
equol was largely ineffective and in certain instances induced a trend towards decline. These
findings in the NHP brain are consistent with earlier in vitro and in vivo findings indicating
that individual phytoestrogens, including equol, are ineffective alternatives to 17β-estradiol
(Zhao et al, 2002). In contrast, in vivo data indicate that a combination of ERβ-preferring
phytoestrogens is able to induce responses comparable to 17β-estradiol (Zhao et al, 2009).
The caveat to these studies is that the experimental animal paradigm was one of short-term
ovariectomy and acute hormone exposure in otherwise healthy young rodents. (Zhao et al,
2009)

Although results from the current study in long-term ovariectomized NHP brain are
consistent with our previous results in rodents, there is some evidence that estrogen has
different effects in rodent and monkey brains (Kordower et al, 2010). In studies on dendritic
spine induction, aged female rhesus monkeys were shown to have a prolonged window of
estrogen responsiveness after ovarian hormone loss when compared to aged female rats
(Adams et al, 2001; Hao et al, 2003). Thus, there is a possibility that the NHP model in the
current study does not have the same mitochondrial bioenergetic response to 17β-estradiol
as the rodent model used in our previous studies, and that could explain the lack of a
response to 17β-estradiol or equol therapy that we saw in this study. However, there is
research indicating that treatment with 17β-estradiol shortly after ovariectomy upregulates
mRNA and protein expression of glucose transporters Glut3 and Glut4 in the frontal cortex
of NHPs (Cheng et al, 2001). Further studies on the effects of 17β-estradiol or equol
treatment immediately following ovariectomy in NHPs would be necessary to resolve
whether the effects of hormone treatment on mitochondrial bioenergetic function really do
diminish with time post-ovariectomy.

It is worth noting that these monkeys were obtained as adults, and they had likely given birth
to and raised at least one offspring before this experiment was conducted. Research indicates
that both reproductive experience and motherhood can have an effect on hippocampal
structure and function in rats, including decreased neurogenesis early in the post-partum
period in first-time mothers but enhanced hippocampal cell survival in rats which had reared
offspring several times (for review, see Galea et al, 2008). Additionally, rats which had
raised offspring at least once had better spatial working memory than virgin rats (Galea et al,
2008). One study has also shown that the hippocampus is more responsive to late-life
estrogen supplementation if rats have had previous reproductive and motherhood experience
(Barha and Galea, 2009). Thus, there is a potential that previous reproductive experience
may have altered the response of NHP hippocampal mitochondria to post-ovariectomy
hormone therapy in the current study.

In summary, results of these analyses using the long-term ovariectomized cynomolgus
macaque model support the hypothesis of a critical window for responsiveness to estrogen
interventions, after which time these compounds have reduced efficacy. Further, the data
derived from the equol intervention are consistent with numerous studies indicating modest
to no efficacy for low-affinity, natural source estrogenic alternatives (for review, see Zhao
and Brinton, 2007). While limited by potential trans-species specificities, these results
provide suggestive evidence for mechanisms which may be important in functional
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responses to estrogen and support the critical window for efficacy by demonstrating that
neither estrogen nor an estrogen-like compound sustains bioenergetic system function in
brain after long-term ovarian hormone deprivation.

4. Experimental Procedure
4.1 Animals and Experimental Design

Female cynomolgus macaques (Macaca fascicularis) were obtained as adults (average age
of 12 years; equivalent to 36 human years) from Indonesia. Following their arrival, monkeys
were individually housed during a 30-day quarantine, after which they were placed into
social groups of 3–4 animals. Monkeys were housed in these stable social groups and
consumed a semipurified, atherogenic diet for 8 years. The diets were formulated to mimic a
typical diet consumed by people in North America, containing ~0.20 mg cholesterol/calorie
of diet and the protein source was mainly animal based (casein/lactalbumin) (Table 1). At
the start of the study presented here, monkeys were on average > 20 years old (equivalent to
> 60 human years) and had been surgically postmenopausal for approximately 4 years.

For this study, monkeys were randomized to receive one of the following three dietary
hormone treatments in addition to their normal diet: placebo (n = 8), oral micronized 17β-
estradiol (E2) at a human equivalent dose of 1mg/day (n = 8), or oral equol at a human
equivalent dose of 105 mg/day (n = 8) (Table 2). The equol supplement contained a 96.0%
pure racemic mixture of S- and R-equol enantiomers in a 1:1 ratio and was provide by Solae,
a division of Dupont (St. Louis, MO, USA). The amount of equol added to the diet was
based on several previous monkey studies in which isolated soy protein containing ~ 52 mg/
1800 calories of daidzein was fed and found to have beneficial effects on cardiovascular risk
(for review, see Clarkson 2002). A similar amount of total isoflavones has been shown to
have beneficial effects on plasma lipids in women (Merz-Demlow et al, 2000). In monkeys,
nearly all of the dietary daidzein is metabolized to equol during absorption from the
gastrointestinal tract. To adjust for the use of a racemic mixture of R (inactive) and S
(active) equol, a total of 104.8mg of racemic equol/1800 calories was added to the diet
(Appt et al, 2005). A per caloric basis was used to determine the dose of equol in order to
account for metabolic differences between women and monkeys. Estradiol (Estrace®, 1mg
tablets) was administered at a dose equivalent to 1mg/day. The estradiol dose was chosen
because 1mg E2/day or 1mg E2/1800 calories was a typical dose taken by women for
treatment of vasomotor symptoms at the time this study was designed (for review, see
Nelson 2004).

After 8 months of hormone treatment, NHP were euthanized and brains were collected, with
the right hemisphere formalin fixed and the left hemisphere cut into 2 mm slices and snap
frozen. Hippocampal punches were taken from the left hemisphere slices to be analyzed by
Western blot. The punches encompassed the whole anterior-to-posterior extent of the left
hippocampus, including all sub-regions, and measured 1 cm thick by 2 mm deep. All
procedures were conducted in compliance with state and federal laws, standards of the U.S.
Department of Health and Human Services, and regulations and guidelines established by
the Wake Forest University Animal Care and Use Committee. Wake Forest University is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.

4.2 Western Blot
Protein was extracted from hippocampal tissues using Tissue Protein Extraction Reagent
(Thermoscientific, Rockford, IL) with phosphatase and protease inhibitors (Sigma, St.
Louis, MO), and protein concentrations were determined with the Bio-Rad Bradford assay.
20–50 mg of protein was loaded per well on 12.5% SDS PAGE criterion gels (Bio-Rad,

Hamilton et al. Page 8

Brain Res. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hercules, CA). Proteins were transferred to PVDF membranes and probed with primary
antibodies as listed in Table 3. Antibodies were then each probed with their corresponding
HRP-conjugated secondary antibody (1:10000 dilution, Vector Laboratories, Burlingame,
CA) for 1 hour at room temperature. All membranes were stripped once for 15–20 minutes
with stripping buffer, and were then re-probed with antibody/secondary antibody as
described above for either another mitochondrial protein or β-actin/β-tubulin. β-actin
(1:5000, mouse) (MS1501, Millipore, Billerica MD) or β-tubulin (1:3000, mouse)
(ABCAM, Cambridge, MA, (AB6046)) was used as a loading control. Bands were
visualized using an ECL kit (Thermoscientific, Pittsburgh PA) followed by a TMB
colorimetric kit (Vector Laboratories, Burlingame, CA). The relative intensities of the
immunoreactive bands were captured using a Molecular Imager ChemiDoc XRS+ System
(Bio-Rad, Hercules, CA) and quantified with Quantity One Analysis Software, Version
4.6.4 (Bio-Rad, Hercules, CA). Expression levels for each sample were normalized to β-
actin levels, with the exception of GAPDH and PDHe1α, which were normalized to β-
tubulin levels due to their bands overlapping in size with β-actin. Following this, all
expression levels were normalized to the average expression level of the control animals for
each protein of interest.

4.3 Statistical analysis
Data are presented as group mean normalized to the control ovariectomy group ± S.E.M.
Statistically significant differences between treatment paradigms were obtained by a two-
tailed one-way analysis of variance (ANOVA) assuming unequal variances, followed by a
Bonferroni post-hoc correction. All statistical analysis was conducted using Origin data
analysis and graphing software (OriginLab Corporation, Northampton, MA).

Abbreviations

E2 17β-estradiol

DLP-1 Dynamin like protein-1

ER Estrogen receptor

Glut-4 Glucose transporter type 4

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

IDH2 Isocitrate dehydrogenase-2

MDH2 Malate dehydrogenase 2

MnSOD Manganese superoxide dismutase

NHP Non-human primate

OPA-1 Optic atrophy-1

PRDX-V Peroxiredoxin-V

PDHe1α Pyruvate dehydrogenase e1α subunit

SERM Selective Estrogen Receptor Modulator

SDHα Succinate dehydrogenase α

SCOT Succinyl-CoA oxoacid transferase
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Figure 1. Experimental paradigm and diets
A detailed description of the experimental protocol, showing the two hormone treatment
conditions and the control condition.
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Figure 2. 17β-estradiol and equol modulation of glucose uptake and glycolysis
Western blot analysis of Glut-4 (A), GAPDH (B), and PDHe1α (C) expression was
performed on NHP hippocampal samples from both of the hormone treatment paradigms as
well as controls. Expression levels for each sample were normalized to beta-actin levels
(Glut-4) and beta-tubulin levels (GAPDH and PDHe1α). Expression levels were then
normalized to the control animals (controls were set to 100%). Statistically significant
differences were calculated using a two-tailed, one-way analysis of variance (ANOVA)
followed by a Bonferroni post-hoc correction. Hormone treatment did not significant affect
expression levels of these three proteins in the NHP hippocampus. Bars represent % control
± S.E.M., n = 8 for each condition.
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Figure 3. 17β-estradiol and equol modulation of TCA cycle
Western blot analysis of IDH2 (A) and SDHα (B) expression was performed on NHP
hippocampal samples from both of the hormone treatment paradigms as well as controls.
Expression levels for each sample were normalized to beta-actin levels. Expression levels
were then normalized to the control animals (controls were set to 100%). Statistically
significant differences were calculated using a two-tailed, one-way analysis of variance
(ANOVA) followed by a Bonferroni post-hoc correction. Hormone treatment significantly
affected expression of SDHα in the NHP hippocampus. Bars represent % control ± S.E.M.,
n = 8 for each condition, **p<0.01.
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Figure 4. 17β-estradiol and equol modulation of oxidative phosphorylation
Western blot analysis of complex-I (A), complex-II (B), complex-III (C), complex-IV-II (D)
and complex-Vα (E) expression was performed on hippocampal samples from long-term
ovariectomized NHP in both the hormone treatment conditions as well as controls.
Expression levels for each sample were normalized to beta-actin levels. Statistically
significant differences were determined by a two-tailed one-way analysis of variance
(ANOVA) assuming unequal variances, followed by a Bonferroni post-hoc correction. 17β-
estradiol therapy induced an increase in expression levels of complex-I (A) and complex-III
(C) when compared to the control condition. No other significant changes from control were
seen. Bars represent % control ± S.E.M., n = 8 for each condition, *p<0.05.
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Figure 5. 17β-estradiol and equol modulation of antioxidant defense
Western blot analysis of MnSOD (A) and PRDX-V (B) expression was performed on
hippocampal samples from long-term ovariectomized NHP. Expression levels for each
sample were normalized to beta-actin levels. Statistically significant differences were
determined by a two-tailed one-way analysis of variance (ANOVA) assuming unequal
variances, followed by a Bonferroni post-hoc correction. Neither hormone treatment
paradigm induced significant changes from control. Bars represent % control ± S.E.M., n =
8 for each condition.
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Figure 6. 17β-estradiol and equol modulation of mitochondrial fission and fusion
Western blot analysis of OPA1 (A) and DLP-1 (B) expression was performed on
hippocampal samples from long-term ovariectomized NHP. Expression levels for each
sample were normalized to beta-actin levels. Statistically significant differences were
determined by a two-tailed one-way analysis of variance (ANOVA) assuming unequal
variances, followed by a Bonferroni post-hoc correction. Neither hormone treatment
paradigm induced significant changes from control. Bars represent % control ± S.E.M., n =
8 for each condition
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Table 1

Composition of the diets

Ingredient g/100 grams

Control Diet

Casein 9.0

Lactalbumin 9.0

Wheat Flour, self-rising 30

Dextrin 12

Sucrose 12

Alphacel (non-nutrient bulk) 7.9

Lard 5.0

Butter, lightly salted 1.5

Safflower Oil 5.5

Crystalline Cholesterol 0.07

Complete Vitamin Mix 2.5

Modified Ausman-Hayes Mineral Mix #2 5.0

Calcium Carbonate 0.34

Calcium Phosphate, monobasic 0.15

Equol Diet (same base diet + equol) 0.0237

Estradiol (same base diet + 17β-estradiol) 0.220

Composition

Protein (% of calories) 19.8

Carbohydrate (% of calories) 50.9

Lipid (% of calories) 29.4

  Saturated (% of calories) 29.6

  Monounsaturated (% of calories) 29.0

  Polyunsaturated (% of calories) 41.4

Cholesterol (mg/calorie) 0.20

Calcium (mg/1800 calories) 1179

Phosphorus (mg/1800 calories) 1224
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Table 1

Hormone treatment diet paradigms

Protein Cholesterol
(mg/calorie)

Estradiol dose
Human equiv.

Equol dose
Human equiv.

Control diet Casein/lactalbumin 0.20 0 0

Estradiol diet Casein/lactalbumin 0.20 1 mg/day 0

Equol diet Casein/lactalbumin 0.20 0 105 mg/day
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