1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Adv Pharmacol. 2012 ; 64: 327-371. doi:10.1016/B978-0-12-394816-8.00010-6.

Estrogen Regulation of Mitochondrial Bioenergetics:
Implications for Prevention of Alzheimer’s Disease

Jia Yao” and Roberta Diaz Brinton™T#

*Department of Pharmacology and Pharmaceutical Sciences, School of Pharmacy, University of
Southern California, Los Angeles, CA, USA

TNeuroscience Program, University of Southern California, Los Angeles, CA, USA

*Department of Neurology, Keck School of Medicine, University of Southern California, Los
Angeles, CA, USA

Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease with a complex and progressive
pathological phenotype characterized first by hypometabolism and impaired mitochondrial
bioenergetics followed by pathological burden. Increasing evidence indicates an antecedent and
potentially causal role of mitochondrial bioenergetic deficits and brain hypometabolism coupled
with increased mitochondrial oxidative stress in AD pathogenesis. Compromised aerobic
glycolysis pathway coupled with oxidative stress is first accompanied by a shift toward a
ketogenic pathway that eventually progresses into fatty acid oxidation (FAO) pathways and leads
to white matter degeneration and overproduction and mitochondrial accumulation of f-amyloid.

Estrogen-induced signaling pathways converge upon the mitochondria to enhance mitochondrial
function and to sustain aerobic glycolysis coupled with citric acid cycle-driven oxidative
phosphorylation to potentiate ATP (Adenosine triphosphate) generation. In addition to potentiated
mitochondrial bioenergetics, estrogen also enhances neural survival and health through
maintenance of calcium homeostasis, promotion of antioxidant defense against free radicals,
efficient cholesterol trafficking, and beta amyloid clearance.

Significantly, the convergence of E2 mechanisms of action onto mitochondria is also a potential
point of vulnerability when activated in diseased neurons that exacerbates degeneration through
increased load on dysregulated calcium homeostasis. The “healthy cell bias of estrogen action”
hypothesis examines the role that regulating mitochondrial function and bioenergetics play in
promoting neural health and the mechanistic crossroads that lead to divergent outcomes following
estrogen exposure. As the continuum of neurological health progresses from healthy to unhealthy,
S0 too do the benefits of estrogen or hormone therapy.

I. Introduction: Alzheimer’s Disease—Unlimited Cost/Limited Windows of
Therapeutic Opportunity

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease and the leading
cause of dementia among the aged population. It is estimated that 5.4 million people are
currently living with AD in the United States, and this number is projected to at least double
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by the year 2050 (Alzheimer’s Association, 2011). Additionally, the prevalence of AD
increases exponentially with age in people aged 65 or older (Hansson et al., 2006). The
majority of AD patients (about 67%) are women (Alzheimer’s Association, 2011) partially
because there are more women than men in the oldest segment of the population (V. W.
Henderson & Brinton, 2010). Additionally, loss of ovarian hormones associated with
menopause in mid-to-late life has been linked to increased risk for AD in women (Brinton,
2008b; V. W. Henderson & Brinton, 2010).

The disease is symptomatically characterized by progressive memory deficits, cognitive
impairments, and personality changes, which can be attributed to deteriorating synaptic
function and the subsequent loss of neurons in vulnerable regions of the brain, including the
neocortex, the limbic system, and the subcortical regions (Fassbender et al., 2001). From a
histopathological view, AD is characterized by senile plaques and neurofibrillary tangles
(NFTSs) in the medial temporal lobe and cortical areas of the brain (Hansson et al., 2006).
AD has been categorized into two major forms: familial AD (FAD) and late-onset AD
(LOAD; also termed sporadic AD, or SAD) with the latter being the leading cause of
dementia in the elderly. FAD is an autosomal dominant disorder with onset before 65 years
of age. The majority of FAD cases have been attributed to mutations in three genes: amyloid
precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) (K. Chen et al.,
2007). In contrast, the complete etiology of LOAD has yet to be fully elucidated, although
age has been recognized as the greatest risk factor.

Currently, no treatment exists to prevent, modify, or halt the progression of AD (Golde et
al., 2011; Schneider et al., 2011). Available drugs approved by FDA only offer moderate
and temporary symptom relief (Golde et al., 2011). Therapeutic developments for AD,
particularly LOAD, have been largely impeded by limited understanding of disease etiology.
The prevailing “amyloid cascade” hypothesis, which was first introduced by Hardy and
Higgins in 1992 and has been enriched over the past decade, emphasizes the neurotoxic
characteristics of f-amyloid (AB) as the main contributor to disease progression. This
hypothesis proposes that the deposition of Af initiates a cascade of events, including the
formation of NFTs, prolonged inflammatory responses, increased oxidative stress and
mitochondrial dysfunction, which eventually lead to cell death and dementia (Armstrong,
2011; Hardy, 2006; Hardy & Higgins, 1992; Sommer, 2002). While this “amyloid cascade”
hypothesis proposes a unified etiopathogenic mechanism for both FAD and LOAD, findings
from both basic research and clinical observations indicate that a far more complex
mechanism underlies LOAD. Recent studies indicate that in LOAD both A deposition and
NFTs, rather than being the cause of the disease, may be reactive products that arise from
increased vulnerability to genetic and environmental risk factors as a function of aging
(Armstrong, 2011; Gibson & Shi, 2010; Pimplikar, 2009; Simon et al., 2010). Moreover,
candidates that directly target amyloid pathways, either through passive immunotherapy
against AB (Bapineuzumab) (Prins et al., 2010) or via inhibition of pathways involved in AB
generation (Tarenflurbil, Semagacestat, or Flurizan) (Imbimbo & Giardina, 2011), failed to
achieve efficacy in recent clinical trials, indicating the therapeutic limitation of amyloid-
specific strategies. Increasing evidence suggests that AD, particularly LOAD, is a
multifaceted disease that could at least be partially attributed to a decline in mitochondrial
function and altered brain metabolic activity.

Il. Role of Mitochondrial Bioenergetics in Alzheimer’s Pathogenesis

A. Mitochondrial Dysfunction and B-Amyloid

The fundamental role of mitochondria in cellular bioenergetics and survival is well
established (Brinton, 2008a; Magistretti, 2006; Wallace, 2005). In addition, the evidence for
mitochondrial dysfunction as a pivotal factor in age-associated neurodegenerative diseases
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such as Alzheimer’s and Parkinson’s continues to mount (Brinton, 2008b; Moreira et al.,
2006; Moreira et al., 2010, 2011; Mosconi, Mistur, Switalski, Brys et al., 2009; Swerdlow &
Khan, 2009). Perturbations in mitochondrial function have long been observed in samples
derived from clinically confirmed AD patients, including altered mitochondrial morphology,
compromised enzyme complexes in the tricarboxylic acid cycle, and reduced cytochrome-c
oxidase (COX) activity (Blass et al., 2000; Cardoso et al., 2004; Gibson et al., 1988; Parker,
1991; Perry et al., 1980; Sorbi et al., 1983). Later, the “cybrid model” of AD, generated by
transferring mitochondrial DNA (mtDNA) from human AD patients into cell cultures that
are devoid of endogenous mtDNA (p° cells), exhibited characteristics that recapitulated
previous findings from clinical AD specimens. These findings included decreased
mitochondrial mobility, increased oxidative stress, decreased COX activity, decreased
mitochondrial membrane potential, and increased AB production, thereby providing further
evidence for involvement of mitochondria and mtDNA in AD etiopathogenesis (Khan et al.,
2000; Swerdlow, 2007). Increasing evidence indicates that mitochondria are direct targets of
AB. AP has been demonstrated to accumulate within mitochondria and interact with a
mitochondrial protein, AB-binding alcohol dehydrogenase (ABAD), resulting in decreased
COX activity and increased oxidative stress (Lustbader et al., 2004; Reddy & Beal, 2008;
Takuma et al., 2005). Further, the AB-induced neurotoxicity requires functional
mitochondrial respiratory chain enzyme complexes (Cardoso et al., 2001) and is exacerbated
in synergy with mitochondrial dysfunction in AD cybrid models (Cardoso et al., 2004).

While the neurotoxic mechanisms of AB converge upon mitochondria, compromised
mitochondrial function, particularly a decline in mitochondrial bioenergetics and an increase
in oxidative stress, propagates the degenerative process by further increasing Af generation.
This creates a vicious cycle in which excessive Ap accumulation and sustained
mitochondrial dysfunction synergize to activate a cascade of neurodegenerative pathways
(Cardoso, Santana et al., 2004; Silva et al., 2011; Swerdlow et al., 2010; Swerdlow & Khan,
2009).

B. Mitochondrial Bioenergetic Deficits in AD

Multiple levels of analysis and experimental paradigms, ranging from in vitro cell model
systems and genomic analyses in animal models to postmortem autopsy of human brain and
human brain imaging, indicate that dysfunction in glucose metabolism, bioenergetics, and
mitochondrial function are consistent antecedents to development of Alzheimer’s pathology
(Gibson & Shi, 2010; Hauptmann et al., 2009; Nicholson et al., 2010; Yao et al., 2009). A
decline in brain glucose metabolism and mitochondrial function can appear decades prior to
the onset of histopathological and/or clinical features and thus may serve as a biomarker of
AD risk as well as a therapeutic target (Mosconi et al., 2008; Mosconi & McHugh, 2011,
Mosconi et al., 2009; Mosconi et al., 2009; Reiman et al., 2004). Studies using multiple
preclinical in vitro and in vivo AD models have demonstrated a decline in mitochondrial
function prior to the development of Alzheimer’s pathology, including decreased
mitochondrial respiration, decreased metabolic enzyme expression and activity, decreased
cerebral glucose metabolism, increased oxidative stress, and increased mitochondrial AR
load and ABAD expression (Chou et al., 2011; Diana et al., 2011; Du et al., 2010;
Hauptmann et al., 2009; Nicholson et al., 2010; Yao et al., 2009). The decline in
mitochondrial function deteriorates with AD progression (Lustbader et al., 2004; Takuma et
al., 2005). Consistent with basic science findings, multiple positron emission tomography
(PET) studies also report antecedent abnormality in cerebral glucose utilization decades
prior to the onset of AD, particularly in the hippocampal and entorhinal cortical regions (De
Santi et al., 2001; Ishii et al., 1997; Mosconi et al., 2008; Mosconi et al., 2009; Reiman et
al., 2004; Rosenbloom et al., 2011; Spulber et al., 2008). This distinct pattern of brain
hypometabolism predicted the cognitive decline in normal aging (Mosconi et al., 2008) or
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the progression of patients from mild cognitive impairment (MCI) to AD (Chetelat et al.,
2003) with high accuracy. Recent clinical studies revealed a significant overlap between
brain regions that exhibited abnormal glucose metabolism and regions that are most
vulnerable to development of AD pathology (Bero et al., 2011; Vaishnavi et al., 2010;
Vlassenko et al., 2010), providing further evidence of the association between disrupted
glucose metabolism and AD pathogenesis.

C. Bioenergetic Deficits and Oxidative Stress

Impairment of mitochondrial bioenergetics and oxidative phosphorylation are closely
associated with increased free radical production and consequent oxidative damage. As the
major source for cellular reactive oxygen species, mitochondria generate free radicals
(superoxide anion, O,7) and hydrogen peroxide (H,0O5) as by-products of oxidative
phosphorylation (Dumont et al., 2010; Lin & Beal, 2006). It is well documented that
oxidative damage to mitochondrial membranes and proteins impairs mitochondrial oxidative
phosphorylation efficiency and results in increased electron leak, increased H,O» levels and
higher oxidative stress (Beal, 2005; Reddy & Beal, 2008). Key enzymes involved in
mitochondrial bioenergetics, such as pyruvate dehydrogenase (PDH) and a-ketoglutarate
dehydrogenase (aAKGDH), are often the targets of oxidative modifications. This leads to
deceased enzyme activity, decreased efficiency of mitochondrial electron transport, and
increased production of free radicals (Park et al., 1999; Starkov et al., 2004).

Higher oxidative stress is characteristic of AD brains (Atamna & Frey, 2007; Gibson & Shi,
2010): in AD patients, significant increases in lipid peroxides, 8-oxoguanine, and oxidized
amino acids, have been identified in vulnerable brain regions (Nunomura et al., 2004;
Reddy, 2006). In preclinical AD animal models, increased generation of H,O, and elevated
oxidative damage to cellular components has also been shown to precede the development
of AD pathology (Nunomura et al., 2009; Pratico et al., 2001; Rhein et al., 2009; Trushina &
McMurray, 2007; Wang et al., 2005; Yao et al., 2009). Interestingly, an increase in oxidative
stress has been demonstrated to increase AP production in vitro and in vivo (Moreira et al.,
2007; Nunomura et al., 2001; Zhang et al., 2007).

D. Alternative Fuel Sources and White Matter Degeneration in AD

In parallel to the decline in brain glucose metabolism, white matter hyperintensities are also
an early hallmark of AD (Kuczynski et al., 2010; Zhang et al., 2007). Defined as an
alteration in white matter integrity, these hyperintensities are first observed in the cingulum
bundle, uncinate fasciculus, and superior longitudinal fasciculus of MCI patients (O’Dwyer
etal., 2011). These regions are integral structures in the brain’s default mode network, a
system that is active when an individual is not engaged in goal-oriented activities or is at a
resting state while awake. In addition to a loss in white matter integrity, patients with MCI
have characteristic hypometabolism of the prefrontal and posterior cingulate cortices, and
also major components of the default mode network (O’Dwyer et al., 2011; Villain et al.,
2010; Vlassenko et al., 2010). Interestingly, the connectivity between these cortices is
provided by the superior longitudinal fasiculus, a region where hyperintensity positively
correlates with the observed hypometabolism (Kuczynski et al., 2010). This loss in white
matter integrity could be a direct result of the bioenergetic shift in these two cortices,
indicating a switch from the use of ketone bodies supplied from the peripheral ketogenic
organ, the liver, to ketone bodies resulting from local myelin breakdown via fatty acid
oxidation (FAO) by astroglia (Morris, 2005) (Fig. 1). Alternately, lesions in white matter
integrity may be caused by inadequate lipid synthesis due to competition between
consumption of ketones/acetyl-CoA for bioenergetics and lipid synthesis (Morris, 2005).
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Considering the role of the cingulum bundle in connecting the hippocampal formation to
both the prefrontal cortex and the posterior cingulate cortex, the degeneration of this white
matter tract in addition to the hypometabolism of the prefrontal and posterior cingulate
cortices results in the early atrophy of the hippocampus (Risacher et al., 2009; Whitwell et
al., 2007) as well as impaired memory symptomatic of AD (Villain et al., 2010).

The default mode network’s heavy reliance on glucose to perform aerobic glycolysis makes
synaptic transmission especially susceptible to bioenergetic deficits (Vaishnavi et al., 2010;
Vlassenko et al., 2010). Recently, it has been found that amyloid beta deposition and
abnormal aerobic glycolysis are present in AD in a strikingly similar pattern, specifically in
the default mode network (Vlassenko et al., 2010). Mitochondrial dysfunction results in a
series of changes that contribute to Ap accumulation in mitochondria, including impaired
oxidative phosphorylation, uncoupled electron transport chain, compromised ATP synthase,
and COX inhibition (Manczak et al., 2006; Readnower et al., 2011; Young & Bennett,
2010). The fact that white matter degeneration is also selectively localized to the default
mode network converges on a mechanistic pathway that links Af localization and activation
of phospholipase A2 (PLA2). PLA2 subsequently activates sphingomyelinase, which in turn
breaks down the myelin sheath to generate fatty acids that can be used in ketogenic energy
production. The region-specific association between white matter degeneration, brain
hypometabolism and A accumulation provides compelling evidence in support of a
bioenergetic mechanism that unifies both compromised glucose metabolism and white
matter catabolism in AD pathogenesis.

In parallel with the decline in glucose metabolism in AD, there is a generalized shift away
from glucose-derived energy production, which is associated with a decrease in the
expression of glycolytic enzymes coupled to a decrease in the activity of the PDH complex
(Blass et al., 2000). Alterations in the brain metabolic profile in AD are further evidenced by
concomitant activation of compensatory pathways that promote the usage of alternative
substrates, such as ketone bodies, to compensate the decline in glucose-driven ATP
generation. We have previously reported that in the female 3xTgAD mouse model,
prepathological decreases in PDH expression and mitochondrial bioenergetics were
paralleled by increased expression of suc-cinyl-CoA:3-ketoacid coenzyme A transferase
(SCOT) and hydroxyacyl-Coenzyme A dehydrogenase (HADHA\) at a young age (3
months). HADHA is a subunit of the mitochondrial trifunctional protein, which catalyzes
the last three steps of mitochondrial -oxidation of long chain fatty acids to generate acetyl-
CoA, whereas SCOT is the key enzyme that converts ketone bodies into acetyl-CoA. The
increase in HADHA and SCOT expression indicates early activation of ketolytic and/or
FAO pathways to compensate for compromised PDH capacity, and to provide alternative
sources of ace-tyl-CoA, to sustain ATP generation (Yao et al., 2010). Consistent with these
mechanistic analyses, clinical observations have also reported a substrate switch that
parallels AD progression. While there is a 100:0 ratio of glucose to other substrates
utilization in young controls, there is a 2:1 ratio in AD patients compared to a ratio of 29:1
in healthy elderly controls (Hoyer et al., 1991).

E. A Bioenergetic-Centric Hypothesis of AD

We have discussed four different but important pathogenic factors of AD, including
decreased mitochondrial bioenergetics, increased oxidative stress, compromised white
matter, and elevated A generation. While each individual aspect focuses on a specific
perspective of AD pathogenesis, the unique temporal-spatial association between these
components indicates a common mitochondrial-centric mechanism that unifies these aspects
into a bioenergetic compensatory network. In healthy aging, the brain exhibits a glucose-
driven metabolic phenotype. The energy-redox axis is tightly coupled and physiological
concentrations of H,O, are maintained by the coordinated activity of endogenous
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antioxidant systems. In contrast, in prodromal AD brains, glucose metabolism is
compromised early in the disease process and creates a bioenergetic crisis, switching the
brain from efficient glucose-driven energy production to less efficient ketone bodydriven
energy production. The compromised bioenergetic state is accompanied and further
exacerbated by elevated oxidative stress, which is associated with increased expression of
enzymes involved in ketogenesis and FAO, such as SCOT and HADHA, as well as
mitochondrial AB accumulation (Young & Bennett, 2010). Further aiding this switch toward
inefficiency is the elevated H,O, production that results from decreased mitochondrial
efficiency and increased oxidative stress. H,O, leads to activation of PLA2, which degrades
the myelin sheath so that it may be used as an additional source of fatty acids in ketogenesis.
Consequently, the release and enrichment of free cholesterol resulting from white matter
degeneration leads to impairment of the lipid-protein bilayer and contributes to
hyperactivation of y-secretase and Ap overproduction (Burns et al., 2003; Petanceska et al.,
2002; Vetrivel & Thinakaran, 2010). Cleavage of APP by y-secretase leads to intraneuronal
AP production and translocation of A to mitochondria (Manczak et al., 2006; Readnower et
al., 2011; Young & Bennett, 2010).

While we posit a stepwise progression of bioenergetic compensatory adaptations, it is more
likely that there is a vicious cycle of exacerbating interactions. Mitochondrial accumulation
of AP would exacerbate the bioenergetic deficits by contributing to decline in the energy-
transducing efficiency. Mitochondrial accumulation of Af would also induce an increase in
ABAD expression, perpetuating the activation of the FAO pathway and the degeneration of
myelin, thereby propagating the transition of brain metabolism into a ketogenic/FAO
phenotype.

lll. Estrogen Action in the Brain-Convergence upon Mitochondrial
Bioenergetics and Brain Metabolism

A. Estrogen-Induced Activation of Signaling Pathways: Convergence upon Mitochondria

Our investigation of estrogen regulation of mitochondrial function was stimulated by our
findings that 17B-estradiol (E,) prevented dysregulation of Ca2* homeostasis by increasing
mitochondrial sequestration of Ca2* while simultaneously sustaining mitochondrial
respiration (Morrison et al., 2006; Nilsen & Brinton, 2003, 2004). Further, we
serendipitously observed years earlier that estrogens increased ATP generation in healthy
hippocampal neurons and sustained ATP generation in hippocampal neurons following
exposure to ABq_4o (Brinton et al., 2000). More recently, we demonstrated that in vitro, E2
increased maximal mitochondrial respiration in neurons and basal and maximal respiration
in glia (Yao et al., 2011). E, pretreatment protected against inhibitors of mitochondrial
electron transport chain in cultured primary neurons (Yao et al., 2011). In addition, in mice
ovariectomy (OVX)-induced loss of estrogen led to significant deficits in mitochondrial
bioenergetics and accumulation of mitochondrial AB, whereas E2 treatment initiated at time
of OV X prevented the OV X-induced deficits (Yao, Irwin et al., 2011). These findings
coupled with our increasing awareness that estrogen-induced signaling pathways converged
upon the mitochondria (Mannella & Brinton, 2006; Nilsen & Brinton, 2003, 2004; Nilsen et
al., 2006), led us to the directly investigate mitochondria as a pivotal convergence point of
estrogen action in neurons (Fig. 2).

In neurons and brain, 17p-estradiol (E2) activates a system of signaling cascades, including
mitogen-activated protein kinase (MAPK) (Arevalo et al., 2011; Nilsen & Brinton, 2003;
Singh, Setalo, Guan, Frail, & Toran-Allerand, 2000), phosphatidylinositol-3-kinase (PI3K)
(Brinton, 2008a; Cheskis et al., 2008; Spencer-Segal et al., 2011), G protein regulated
signaling, c-fos, protein kinase C (PKC) (Cordey et al., 2003), and Ca?* influx (T. W. Wu et
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al., 2005). Each of the pathways has been associated with E2 regulation of neuronal function
and survival. Further, of these E2-inducible signaling pathways, PI3K has the potential for
simultaneously activating the MAPK, PKC, CaZ* influx, and Akt signaling pathways
(Mannella & Brinton, 2006; Simoncini et al., 2000). The outcome of activating these
pathways is the coordinated neuroprotective responses that involve immediate, intermediate,
and long-term responses. Immediate responses involve PKC mediated phosphorylation
events that rapidly open L-type calcium channels to active the Src/ERK/CREB signaling
pathway. In parallel, activation of the PI3K pathway leads to phosphorylation of Akt to
inactivate proapoptotic proteins (Mannella & Brinton, 2006). Intermediate responses are
characterized by translocation of Ca2* pERK and pAKT to the nucleus and activation of the
transcription factor CREB.

B. Estrogen Regulation of Glucose Metabolism

Earlier work from the Simpkins group demonstrated that E, increased expression of glucose
transporter subunits and increased glucose transport in blood—brain barrier endothelium (Shi
& Simpkins, 1997). Later work by Bondy and colleagues confirmed E, regulation of
glucose transporter proteins and that regulation of glucose transporters occurs in neurons in
the nonhuman primate brain (Cheng et al., 2001). In the frontal cortex of ovariectomized
nonhuman primates, E, treatment induced two- to fourfold increases in glucose transporter
proteins Glut3 and Glut4 mRNA and protein (Cheng et al., 2001). Analysis of cellular
localization indicated that E»-induced a marked rise in neuronal Glutl mMRNA levels with no
appreciable effect on vascular Glutl gene expression. Collectively, these data indicate that
E, regulate metabolic functions sustaining the energetic demands of neuronal activation
(Bishop & Simpkins, 1995; Nilsen & Brinton, 2003, 2004; Nilsen et al., 2006; Simpkins &
Dykens, 2008; Simpkins et al., 2005).

In addition to facilitating glucose transport into the brain and into neural cells, E;
simultaneously promotes aerobic glycolysis. Evidence derived from rat brain indicates that,
invivo, E; significantly increased glycolytic enzyme activity of hexokinase (soluble and
membrane-bound), phosphofructokinase and pyruvate kinase within 4 h (Kostanyan &
Nazaryan, 1992). The neuroprotective effect of E, is mediated by the coordinated and near
simultaneous activation of both the MAPK and Akt signaling pathways through activation
of PI3K in hippocampal neurons (Mannella & Brinton, 2006) (Fig. 2). Remarkably, the anti-
apoptotic effect of Akt is dependent upon hexokinase association with the voltage-dependent
anion channel (VDAC) of mitochondria (Gottlob et al., 2001). Hexokinases are known to
bind to VDAC to directly couple intramitochondrial ATP synthesis to glucose metabolism
(Miyamoto et al., 2008). Moreover, of the four hexokinase isoforms, only HKI and HKII are
known to associate with mitochondria where they associate with the mitochondrial outer
membrane and bind to VDAC (Gottlob et al., 2001). While it is known that E2 activates Akt
(Mannella & Brinton, 2006; Singh, 2001; Znamensky et al., 2003) and increases HKII
activity (Kostanyan & Nazaryan, 1992), it remains to be determined whether E5 is
promoting the association of HKII and VDAC in neural cells.

Functional impact of estrogen-induced glucose transporter protein would require a
concomitant change in factors regulating glucose metabolism which in turn suggests a role
for insulin or its brain homologue insulin growth factor-1 (IGF1) and its cognate receptor,
IGF-1R. Bondy and colleagues found that IGF-1R mRNA was concentrated in cortical
neurons in a distribution similar to Glut3 and Glut4 (Cheng et al., 2001). In the nonhuman
primate frontal cortex, E2-treated animals showed a significant increase in IGF1 mRNA
without a concomitant rise IGF1 receptor mMRNA (Cheng, Cohen, Tseng et al., 2001). These
investigators went on to elucidate the molecular mechanisms whereby IGF1 regulated
neuronal metabolism by demonstrating that the active, phosphorylated form of Akt/PKB
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was selectively co-localized with the “insulin-sensitive” glucose transporter, Glut4, in IGFI-
expressing neurons. Akt is a major target of insulin signaling in the regulation of glucose
transport via the facilitative glucose transporter (Glut4) and glycogen synthesis in peripheral
tissues. In parallel to these studies of glucose transport and metabolism, Garcia-Segura and
colleagues have for many years demonstrated the synergistic coupling between ERs and
IGF-1R (Arevalo et al., 2011; Cardona-Gomez et al., 2002; Garcia-Segura et al., 2010;
Garcia-Segura et al., 2000; Mendez & Garcia-Segura et al., 2006; Mendez et al., 2006;
Spencer-Segal et al., 2011). Results of their analyses provide substantial evidence for the
role of IGF-1, PI3K to Akt signaling pathway and ER in estrogen-inducible neuroprotection
(Cardona-Gomez et al., 2002; Garcia-Segura et al., 2000; Mendez et al., 2003). Findings of
the neuroprotective actions of the synergy between the ER and insulin/IGF-1 signaling
cascades are particularly relevant to prevention of neurodegenerative diseases. In fact, in AD
patients, compromised brain insulin regulation in brain regions that are vulnerable to AD
pathology, including decreased expression of both insulin and insulin receptors, and
impaired insulin signaling pathways, have been suggested to at least partially account for the
cognitive deficits associated with this disease (Schioth et al., 2011; W. Q. Zhao et al., 2008).
Torres-Aleman and coworkers have demonstrated that low circulating IGF-1 in brain is
associated with greater accumulation of beta amyloid whereas AR burden can be reduced by
increasing serum IGF-1 (Carro et al., 2002). The inverse relationship between serum IGF-I
and brain AB levels reflects the ability of IGF-I to induce clearance of  amyloid from brain,
likely by enhancing transport of A carrier proteins such as albumin and transthyretin into
the brain (Carro et al., 2002).

C. Estrogen Regulation of Mitochondrial Function: Bioenergetic Survival for the Brain

Estrogen-mediated up-regulation of glucose transport and aerobic glycolysis is further
enhanced by estrogen-induced potentiation of mitochondrial bioenergetic function. We
previously conducted a proteomic analysis of brain mitochondria from female rats treated
with E,. Mitochondria, by some estimates, contain up to 1500 proteins (Lopez et al., 2007),
a number that is amenable to examination by two-dimensional gel electrophoresis coupled
with LC-MS/MS protein identification. Results of our proteomic analyses indicated that of
the 499 detected proteins, 66 proteins had a twofold or greater change in expression (Nilsen,
et al., 2007). Of these, 28 proteins were increased in expression following E, treatment,
whereas 38 proteins decreased in expression relative to control. E, regulated protein
expression and activity of key metabolic enzymes including PDH, aconitase, and ATP-
synthase (Nilsen et al., 2007). Overall, Ep-induced marked changes in proteins involved in
cellular energetics, free radical maintenance, metabolism, stress response, and cell survival

(Fig. 3).

In cellular energetics, E, induced twofold increases in key enzymes required for glycolysis.
E, has been reported to increase activity of the key cytosolic glycolytic enzymes
hexokinase, phosphofructokinase, and phosphoglycerate kinase in rodent brain (Kostanyan
& Nazaryan, 1992). In coordination with up-regulated substrate influx from increased
glycolysis, E, increased expression of multiple subunits of the PDH enzyme complex. PDH
is a key regulatory enzyme complex linking the glycolytic metabolism to the citric acid
cycle by transforming pyruvate into acetyl-CoA. In brain, PDH is further responsible for
directing acetyl-CoA either to the tricarboxylic acid cycle (TCA, aka citric acid cycle) or to
the acetylcholine synthesis (Holmquist et al., 2007). The mitoproteome profile induced by
E, is reflective of enhanced glycolytic activity coupled with increased glutamatergic
turnover (increased glutamate dehydrogenase and glutamate oxaloacetate transaminase-2)
(Nilsen et al., 2007). Together, these findings indicate that E, promotes enhanced
mitochondrial utilization of glucose, the main energy source for the brain (Fig. 3).
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In parallel with increased PDH expression and activity, estrogen further increased
expression and activity of proteins required for oxidative phosphorylation and electron
transfer, a result that was consistent with a coordinated response that optimizes glucose
metabolism in brain (Nilsen et al., 2007). E,-induced significant increased activity of
Complex 1V (Nilsen et al., 2007; Yao, Irwin et al., 2011)and the protein expression of its
subunits I-1V (Nilsen et al., 2007), a finding consistent with previous reports (Bettini &
Maggi, 1992; Stirone et al., 2005). The E2-induced increase is particularly relevant given
that reduction in Complex 1V is an early marker of AD (Lin & Beal, 2006). E; also
increased expression of ATP synthase Fla and 3 (Nilsen et al., 2007), which is consistent
with the increase in proteins required for mitochondrial respiration and with our previous
report of estrogen-induced increases in ATP levels in primary neuronal cultures (Brinton et
al., 2000; Yao, Irwin et al., 2011).

E,-induced enhancement of energetic efficiency was paralleled by an increase in free radical
defense systems. Many components of the mitochondrial bioenergetic network are
vulnerable to oxidative stress, which can impair mitochondrial and cellular function as well
as increasing apoptotic vulnerability (Lin & Beal, 2006; Yao et al., 2004). Damaged electron
transport chain complexes compromise ATP synthesis and accelerate the generation of free
radicals, which could cause or exacerbate neuronal degeneration (Lin & Beal, 2006; Yao et
al., 2004). Free radical balance is maintained by reduction of the superoxide anion to
hydrogen peroxidase by superoxide dismutases with the resulting hydrogen peroxide can
then be removed by various peroxidases (Cadenas, 2004). Reduction in reactive oxygen
species contributes to neuroprotection and can reduce the overall stress response. E2
treatment has been demonstrated to protect against H202 and arachidonic acid induced DNA
damage in vitro (Moor et al., 2004; Tang & Subbiah, 1996). In rodent models, both short-
term and long-term E2 treatments prevented the OV X-induced increase in lipid peroxides
(Irwin et al., 2008; Yao, Irwin et al., 2011). Mechanistically, estrogen induces increase in the
expression of a variety of antioxidant enzymes, including peroxiredoxin-V, glutaredoxin,
and MnSOD (Nilsen & Brinton, 2004; Nilsen et al., 2007). In addition, we identified
significant alterations in the expression of two mitochondrial heat-shock proteins (HSPs),
Hsp70 and Hsp60, which are important in the correct import of nascent proteins to the
mitochondrial matrix. The estrogen-induced increase in antioxidants, reduction in free
radicals and substantially lower oxidative damage to mtDNA has been posited to be a major
contributor to the greater longevity of females relative to males. (Borras et al., 2007; Vina,
Borras, Gambini, Sastre, & Pallardo, 2005; Vina, Sastre, Pallardo, Gambini, & Borras,
2006).

Remarkably, E, regulation of mitochondrial function in neural tissue is closely paralleled in
the vasculature (Duckles, Krause, Stirone, & Procaccio, 2006; Stirone, Duckles et al., 2005).
In vascular endothelium, chronic estrogen treatment increased mitochondrial capacity for
oxidative phosphorylation while simultaneously decreasing production of reactive oxygen
species. In contrast to the emerging data regarding ERp regulation of neural mitochondrial
function, E, regulation of mitochondrial function in cerebral blood vessels is mediated by
ERa (Razmara et al., 2008). Estrogen regulation of mitochondrial function in both neural
and vascular tissue has functional importance for coordinated responses between neural
activity and vascular integrity on the one hand and sustaining neural viability on the other.

E, regulated both mitochondrial and nuclear encoded gene products, requires coordinated
control of mitochondrial and nuclear encoded gene transcription (Nilsen et al., 2007;
Stirone, Boroujerdi, Duckles, & Krause, 2005). Neuronal estrogen receptors have been
detected in mitochondria (McEwen et al., 2001; T. A. Milner et al., 2005; Stirone, Duckles
etal., 2005; Yager & Chen, 2007; Yang et al., 2004). Further, both ERa and ERp can
promote neuroprotection, activate MAPK pathways, and differentially potentiate brain
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mitochondrial function in vitro and in vivo (Irwin et al., 2012). In addition to classical ERs,
membrane sites of estrogen action (MER), which activate the PBK/PKC/Src/MEK/ERK
signaling pathway, activating CREB, have been identified as required for E,-inducible
neuroprotection (Levin, 2001; Mannella & Brinton, 2006; T.W. Wu & Brinton, 2004; X.
Zhao et al., 2005). While the mechanisms whereby ERs coordinate the complex signaling
pathway between the three main compartments: membrane, mitochondria, and nucleus,
remain to be determined (Wagner et al., 2008), it is striking that ERs are perfectly positioned
to coordinate events at the membrane with events in the mitochondria and nucleus (McEwen
etal., 2001; T. A. Milner et al., 2005; T. A. Milner et al., 2008; T. A. Milner et al., 2001,
Yang et al., 2004).

D. Clinical Evidence of Estrogen Regulation of Brain Metabolism In Vivo

As the evidence of estrogen-mediated enhancement in mitochondrial bioenergetics and brain
metabolism continues to mount from basic science discoveries (Lopez-Grueso et al., 2010),
multiple clinical observations further corroborate the critical role of estrogen in sustaining
brain metabolism in human. As part of a 9-year study in the Baltimore Longitudinal Study
of Aging, Resnick and colleagues conducted positron emission topography (PET) to assess
regional cerebral blood flow in a small cohort of women who were estrogen therapy (ET)
users versus women who were not. Results of this analysis showed that ET users and
nonusers showed significant differences in PET-regional cerebral blood flow relative
activation patterns during the memory tasks. ET users showed better performance on
neuropsychological tests of figural and verbal memory and on some aspects of the PET
activation tests (Resnick & Henderson, 2002; Resnick et al., 1998). In a follow-up
longitudinal study from the same cohort of healthy menopausal women, Maki and Resnick
(Maki & Resnick, 2000) found that regional cerebral blood flow was increased in ET users
relative to nonusers in the hippocampus, parahippocampal gyrus, and temporal lobe, regions
that form a memory circuit and that are sensitive to preclinical AD (Maki & Resnick, 2000).
Further these investigators found that the increase in regional cerebral blood flow was
associated with higher scores on a battery of cognitive tests (Maki & Resnick, 2000). In a 2-
year follow-up analysis, Rasgon and colleagues detected a significant decrease in
metabolism of the posterior cingulate cortex among postmenopausal women at 2-year
follow-up who did not receive estrogen whereas those women who were estrogen users did
not exhibit significant metabolic change in the posterior cingulate (Rasgon et al., 2005). In
addition, short-term use of estrogen has been demonstrated to enhance regional blood flow
during cognitive tasks (Joffe et al., 2006; Shaywitz et al., 1999) and to enhance prefrontal-
hippocampal as well as the amygdalar—cortical network connectivity (Ottowitz, Derro et al.,
2008; Ottowitz, Siedlecki et al., 2008). Eberling and colleagues compared regional
metabolism between healthy older women that are hormone users and nonhormone users
and women with AD and found that hormone users exhibited the highest regional metabolic
rate whereas AD patients exhibited the lowest metabolic rate with nonhormone users exhibit
intermediate profile (Eberling et al., 2000). The same group in a follow-up study further
identified that compared to the nonhormone users hormone users exhibited higher metabolic
rate in the inferior frontal cortex and temporal cortex (Eberling et al., 2004). These findings
that estrogen use may preserve regional cerebral metabolism and protect against metabolic
decline in postmenopausal women, especially in posterior cingulate and prefrontal cortex, is
particularly important given that metabolism in this region of the brain decline in the earliest
stages of AD (Liang et al., 2008; Rasgon et al., 2005).

In fact, multiple clinical and epidemiological analyses clearly indicate that hormone therapy
(HT) prior to or at the menopause transition is associated with enhanced memory and
hippocampal function (Maki et al., 2011) and can reduce the risk of AD in postmenopausal
women (Berent-Spillson et al., 2010; V. W. Henderson & Brinton, 2010) whereas women
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not receiving HT following surgically induced menopause are at increased risk for
neurodegenerative diseases, including AD and Parkinsonism (Rocca et al., 2007; Rocca et
al., 2010).

IV. Healthy Cell Bias of Estrogen Action: Consolidation of Clinical
Observations and Basic Mechanistic Discoveries

Clinically, the impact of hormone interventions and the association with risk of AD has been
fraught with controversy. However, this state of controversy is diminishing as a clearer
understanding of the neurobiological mechanisms underlying the disparities in response to
hormone therapies.

A. Prevention versus Treatment Paradigm of Estrogen Intervention

As discussed earlier, decades of basic science investigation of estrogen action in brain and
subsequent observational and clinical trials indicated the benefit of estrogen-based therapies
(Brinton, 2005, 2008a, 2008b; V. W. Henderson & Brinton, 2010; Morrison et al., 2006;
Singh et al., 2008; Wise, 2006; Yao, Chen et al., 2011; Yao, Irwin et al., 2011). Embedded
among these reports were suggestions that the beneficial effects of estrogen were conditional
(Brinton, 2008a, 2008b; S. Chen, Nilsen, & Brinton, 2006; Nilsen & Brinton, 2002; Resnick
& Henderson, 2002; Sherwin & Henry, 2008; Sohrabyji, 2005; K Yaffe, 2003; Zandi et al.,
2002). Results of the widely publicized Women’s Health Initiative Memory Study
(WHIMS) clinical trial drew substantial attention to how conditional ET and HT can be
(Shumaker et al., 2004; Shumaker et al., 2003). Analysis of the model systems used across
the basic to clinical research continuum separate into two broad classes: those that use
prevention interventions in healthy organisms and those that use hormone interventions in
organisms with compromised neurological function (Brinton, 2005, 2008a, 2008b). Basic
science analyses that led to elucidation of the neurotrophic and neuroprotective effects of
estrogen and the underlying mechanisms of action typically used a prevention experimental
paradigm (Brinton, 2005, 2008a, 2008b; Yao, Irwin et al., 2011). The prevention paradigm
relies on healthy neurons/brains/animals/humans as the starting foundation followed by
exposure to estrogen/hormone followed by exposure to neurodegenerative insult. The
prevention paradigm of basic science analyses parallels the human studies of Sherwin and
colleagues who investigated the cognitive impact of ET in women with surgical or
pharmacological-induced menopause (Sherwin, 2009, 2011; Sherwin & McGill, 2003).
Observational, retrospective and prospective, studies are also consistent with the outcomes
of basic science analyses (Brinton, 2005). For the most part, the epidemiological
observational data indicate reduction in risk of AD in women who began ET or HT at the
time of the menopause (Brinton, 2005, 2008b; V. W. Henderson & Brinton, 2010; K. Yaffe
etal., 1998; Zandi et al., 2002). The comparable benefit observed in most observational
studies and basic science analyses suggest that for the most part, the data within the
observational studies were derived from women with healthy neurological status.

In contrast, studies that fall within the second class, hormone intervention in women with
compromised neurological function, that is, a treatment paradigm, exhibit a mixed profile
(Brinton, 2005, 2008b). This was first evident in the results from the Cache County in which
risk of AD varied with age of HT initiation and duration of use (Zandi et al., 2002). A
woman’s sex-specific increase in risk disappeared entirely with more than 10 years of
treatment with most of the HT-related reduction in incidence reflecting former use. There
was no effect with current hormone replacement therapy (HRT) use unless duration of
treatment exceeded 10 years (Zandi et al., 2002). Efficacy of ET which observed in the early
AD treatment trials which lasted 1.5-2 months (Fillit et al., 1986) was not sustained when
ET for an extended period of time (V.W. Henderson et al., 2000; Mulnard et al., 2000). In a
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randomized double-blind clinical trial of ET in a cohort in aged women, >72 years,
diagnosed with AD, ET resulted in a modest benefit of ET in the short term (2 months) and
adverse progression of disease in the long term (12 months) (V.W. Henderson et al., 2000;
Mulnard et al., 2000). In the WHIMS cohort of women, 65-79 years of age, with no
indicators of neurological disease but with variable health status, no statistically significant
increase in AD risk occurred in the ET/CEE arm of the trial (Shumaker et al., 2004).
However, there was no benefit of ET and there was a clear decline in cognitive performance
over time (Shumaker et al., 2004). In contrast, the combination of CEE + MPA for 5 years
increased the risk of developing AD by twofold (Shumaker et al., 2003) and when the results
of the ET and HT data were combined there was a twofold increase in the risk of AD
(Shumaker et al., 2003). Subsequent post hoc analyses of the WHIMS data suggested that
women who had reported prior hormone user had a significantly lower risk of AD disease
and all-cause dementia during the WHIMS trials (Henderson et al., 2007).

B. “Healthy Cell Bias” Hypothesis of Estrogen Action in Brain and the “Critical Window”
for Estrogen-Based Therapy: Underlying Mechanisms

Collectively, the data suggest that as the continuum of neurological health progresses from
healthy to unhealthy so too do the benefits of ET or HT (Brinton, 2005, 2008b). If neurons
are healthy at the time of estrogen exposure, their response to estrogen is beneficial for both
neurological function and survival. In contrast, if neurological health is compromised,
estrogen exposure over time exacerbates neurological demise. Based on the analyses
reviewed herein, the hypothesis of a “healthy cell bias of estrogen action” is proposed (Fig.
4).

The healthy cell bias of estrogen action hypothesis predicts that ET if initiated at the time of
peri-to menopause when neurological health is not yet comprised, will be of benefit as
manifested as reduced risk for age-associated neurodegenerative diseases such as
Alzheimer’s and Parkinson’s. Further, E; promation of glycolysis and glycolytic coupled
citric acid function, mitochondrial oxidative phosphorylation and ATP generation,
antioxidant and antiapoptotic mechanisms serves as the pivotal pathway by which estrogen
sustains neurological health and defense. In contrast, when activated in diseased neurons,
addition of estrogen, while of modest benefit initially, an effect likely mediated by neurons
not yet affected by the disease, adds to the Ca?* homeostatic challenge with predictable
exacerbation of the degenerative process (Chen et al., 2006). Similar to the “healthy cell
bias” model in basic discoveries, the “critical window or timing hypothesis” has been
proposed in clinical to interpret the disparity in outcomes between studies using the preinsult
prevention paradigm and studies adopting the postinsult treatment paradigm. This
hypothesis posit that the benefits and efficacy of estrogen-based HT depends stringently on
the time of treatment initiation and that estrogen is most efficacious in terms of preserving
cognitive function when administered prior or in the peri-to early menopausal period
whereas estrogen treatment initiated years after menopause has no benefits and may even
pose adverse effect (Sherwin, 2007, 2009, 2011).

Although stated differently, the healthy cell bias of estrogen action and the critical window
hypothesis of clinical estrogen treatment consolidate into a unified underlying mechanism
that it is the dependency upon Ca2* signaling and the requirement for optimal Ca2*
homeostatic mechanisms that we believe is the Achilles heel of estrogen action. Through
activating the P13 kinase signaling pathway, E, promotes influx of Ca* via L-type Ca2*
channels that in turns activates the Src/ERK/CREB cascade (Fig. 2) (Mannella & Brinton,
2006; T. W. Wu et al., 2005; X. Zhao et al., 2005). Estrogen-induction of this Ca2*-
dependent signaling cascade leads to activation of mechanisms of learning and memory and
neural defense (Brinton, 2001; Morrison et al., 2006; Woolley, 2007). Our studies of E,
regulation of intracellular Ca2* dynamics and homeostasis originated in an attempt to
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resolve the paradox of dual regulation of [Ca2*]i by E, in hippocampal neurons after
nontoxic and excitotoxic glutamate exposure (Nilsen et al., 2002). Analyses of [Ca2*]i
dynamics between the cytosolic and mitochondrial compartments revealed that E, caused an
increase in mitochondrial sequestration of [Ca2*]i when neurons were exposed to
excitotoxic glutamate, which was paralleled by attenuation of cytoplasmic [Ca2*]i (Nilsen &
Brinton, 2003). E-induced attenuation was correlated with an increase in Bcl-2 expression,
which could provide a mechanism by which neurons are protected against deleterious effects
of increased mitochondrial [Ca2*] (Murphy et al., 1996; Nilsen & Brinton, 2003). Further,
the increased mitochondrial sequestration of Ca2* induced by E, protected neurons against
adverse consequences of excess cytoplasmic Ca2* and subsequent dysregulation of Ca?*
homeostasis. Despite an increased mitochondrial Ca?* load, E preserved mitochondrial
respiratory capacity (Nilsen & Brinton, 2003).

The above mechanistic studies were conducted in healthy neurons derived from embryonic
hippocampus, we therefore sought to determine whether E, regulation of Ca2* homeostasis
extended to neurons derived from middle-aged and aged rodent hippocampus (Brewer,
Reichensperger, & Brinton, 2006). Results of these analyses were both striking and
consistent with earlier observations. Age-associated dysregulation of [Ca2*]i homeostasis
was prevented by 48 h of prior exposure to E, , a time frame consistent with E,-induced
Bcl-2 expression (Nilsen & Brinton, 2003; T. W. Wu et al., 2005). Embryonic neurons
exhibited the greatest capacity to regulate Ca2* homeostasis followed by middle-age
neurons (Brewer et al., 2006). In neurons derived from aged rat hippocampus, the first peak
of [Ca2*]i was substantially greater than at other ages and the return to baseline Ca2* rapidly
dysregulated with an inability to restore [CaZ*]i following the first glutamate pulse that
persisted throughout the 20 pulses. E, pretreatment of aged neurons profoundly attenuated
the peak [Ca%*]i rise and delayed the age-associated dysregulation of baseline [CaZ*]i,
normalizing responses to those of middle-age neurons treated with E, (Brewer et al., 2006).
In a series of experiments designed to address controversies of ET, we conducted in vitro
experiments designed to simulate the WHIMS trial in a dish. We hypothesized that E,
exposure of healthy neurons in a prevention mode would promote Ca* homeostasis to
prevent ABq_so-induced neurodegeneration whereas E, exposure of degenerating neurons in
a treatment mode would exacerbate AB;_sp-induced Ca%* homeostatic dysregulation (S.
Chen et al., 2006). Results of those analyses indicated that in a prevention mode of
exposure, E, was most effective when present prior to and during ABy_42 insult. In contrast,
E, treatment following AB1_4p exposure was ineffective in reversing Ap-induced
degeneration and exacerbated AP1_42 -induced cell death. We further found that low E,
significantly prevented AB;_so-induced rise in [Ca2*]i whereas high E, significantly
increased [Ca2*] i and did not prevent AB;_so-induced [Ca2*]i dysregulation (S. Chen et al.,
2006). Therapeutic benefit resulted only from low dose E, exposure prior to, but not
following, AB1_4p-induced neurodegeneration. Collectively, these data support a role of low
dose E, in promoting Ca2* homeostasis in healthy embryonic, middle-aged and aged
neurons. Further, the data indicate that once dysregulation of Ca2* homeostasis has
occurred, as in the case of AB1_sp-induced Ca2* dysregulation, exposure to low-dose E is of
no benefit and exposure to high-dose E; is deleterious and exacerbates neural demise. In
addition to the preclinical investigations, multiple clinical studies further confirmed that the
benefit of estrogen-based HT is indeed at least partially dependent on the time of initiation.
Recent analyses by Whitmer and colleagues in a large clinical database revealed that use of
HT in midlife may protect against cognitive impairment whereas HT initiation in late life
could have deleterious effects (Whitmer et al., 2011). In a separate study, Smith and
colleagues reported that early initiation of HT in menopausal women is associated with
increased hippocampal and posterior cingulate cholinergic activity (Smith et al., 2011).
Similarly, Gorenstein et al evaluated the effect of estrogen replacement therapy on verbal
cognitive performance of middleaged postmenopausal women and reported better

Adv Pharmacol. Author manuscript; available in PMC 2014 March 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao and Brinton Page 14

performance of the estrogen group on digit span-forward and on the recall of the easy
stimuli on the verbal-paired associates tests despite the magnitude of benefits is moderate
(Gorenstein et al., 2011).

V. Clinical Implications for Biomarker Identification and Therapeutic
Development for Alzheimer’s Disease

Investigating mechanisms of estrogen action in parallel to identifying events antecedent to
the development of Alzheimer’s pathology that have mechanistic plausibility provide
insights into the basis for disparities between basic science discovery and clinical outcomes.
More generally, results of these investigations raise questions regarding applying preventive
strategies to treatment modalities in the clinical realm and the reliance of healthy model
systems that are abruptly exposed to neurodegenerative insults that typically develop
incrementally, slowly and accumulate over time in the preclinical discovery realm. This is
particularly true for ageassociated neurodegenerative diseases in which the normal aging
brain undergoes dramatic changes that are either unrelated to or are the earliest signs of
neurodegenerative vulnerability (Blalock et al., 2003; Blalock et al., 2004; Miller et al.,
2008; Rowe et al., 2007; Toescu, Verkhratsky, & Landfield, 2004). Efforts to bridge these
gaps in women’s cognitive health are emerging and hold the promise to serve as a model for
mechanistic and translational neuroscience research at the bench and the bedside (Asthana et
al., in press and http://www.nia.nih.gov/Researchinformation/ExtramuralPrograms/
NeuroscienceOfAging/NNA_Conferences/BenchtoB edside.htm).

The real and perceived risks of HT remain and were amplified by results of both the WHI
and WHIMS trials. It is clear that many, but not all, women could potentially benefit from
ET or HT intervention. Biomarkers to identify women appropriate for and which type of
hormone regimen remains largely undeveloped beyond the hot flash (Gleason, Dowling,
Friedman, Wharton, & Asthana, 2011; Yao, Rettberg et al., 2011).

Considering the central role of mitochondrial bioenergetics and brain metabolism in AD
pathogenesis and in estrogen action in the brain, it may well serve as a valid target for both
biomarker development for early identification of the at AD risk population and for
therapeutic development for AD prevention and treatment.

A. Development of Bioenergetic-Centric Biomarkers for AD

Recently, the clinical phases of AD have been expanded to include presymptomatic AD,
during which time an individual appears cognitively normal but is beginning to exhibit some
of the pathological changes of AD (Sperling et al., 2011). Defining this presymptomatic
phase was particularly important for explaining why some individuals have no cognitive
deficits but, upon autopsy, amyloid plaques and NFTSs are present in the brain (De Meyer et
al., 2010; Jack et al., 2008; Knopman et al., 2003; Mintun et al., 2006; Price & Morris,
1999). This provides further confirmation that a successful therapeutic intervention for AD
will require very early identification of prodromal AD patients. Therefore, an area of
concentrated focus within the Alzheimer’s research community is the identification and
validation of biomarkers—biospecimen or neuroimaging variables that can be used to reliably
predict individuals at risk of developing AD. Development of a biomarker profile of AD
would be of great benefit both to clinicians and the drug development community; clinicians
so that accurate diagnoses could be made antemortem, and pharmaceutical companies so
that the efficacy of new drug formulations could be tested (Williams, 2011).

The criteria for a biomarker of AD were proposed in 1998 by the Working Group on
Molecular and Biochemical Markers of AD, and have since become standards for the field.
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The Working Group specified: “the ideal biomarker for AD should detect a fundamental
feature of neuropathology and be validated in neuropathologically confirmed cases; it should
have a diagnostic sensitivity >80% for detecting AD and a specificity of >80% for
distinguishing other dementias; it should be reliable, reproducible, noninvasive, simple to
perform, and inexpensive.” The challenge of developing biomarkers that measure preclinical
AD is that they must be able to discriminate between individuals who have AD pathology
and those who do not, but all while the individuals are still at a cognitively intact stage so
there is adequate time for prevention. As the prodromal stage of AD is known to exist
decades prior to the manifestation of clinical symptoms, this would imply that preventative
measures will require a method for routine screening of all patients in the age range of 50—
65 years. Thus, a useful biomarker would need to be not only specific and sensitive but also
cost-effective, so it would be broadly accessible.

Currently, the most thoroughly studied biomarkers of AD are the levels of three proteins
measured in the cerebrospinal fluid (CSF): amyloid 14> (AB42), total tau protein, and p-
tau, a phosphorylated form of tau protein. CSF levels of AB42 are decreased in AD, which is
predicted to be due to the incorporation of AB42 into amyloid plaques (Blennow,
Vanmechelen, & Hampel, 2001). CSF levels of both total tau and p-tau are increased, likely
due to degenerating neurons releasing these proteins into the CSF (Jack et al., 2010). All
three of these biomarkers have been validated, but changes in CSF levels of these proteins
are likely occurring far downstream of the initial mitochondrial bioenergetic crisis; this
implies that by the time they are measurable, the window for disease prevention may have
already passed.

A recent development in the biomarker field has been the use of neuroimaging. Magnetic
resonance imaging (MRI) can be used to visualize changes in brain structure that are
associated with AD. Longitudinal MRI studies conducted by the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) showed a pattern of temporal lobe atrophy that was
significantly greater in patients who converted from MCI to AD than those who did not
convert (Trojanowski et al., 2010). In addition, loss of hippocampal volume proved
indicative of AD pathology and correlated with the APOe4 allele in FAD (Trojanowski et
al., 2010). Unfortunately, by the time volumetric changes are quantifiable, substantial loss of
grey and white matter has already occurred. Thus, while MRI detection of atrophy is useful
as a diagnostic tool, its utility for prevention of AD is limited.

PET scanning is another neuroimaging method that has been used to study the development
of AD. One type of PET imaging uses radiolabeled molecules which bind and label amyloid
in the living brain. The most thoroughly studied examples of these compounds are
Pittsburgh Compound B (PiB) (Klunk et al., 2004) and 18F-AV-45 (florbetapir) (Wong et
al., 2010). Studies conducted using brain tissue from autopsy-confirmed AD patients show
that PiB binds only to fibrillar amyloid, particularly plagues that are immunoreactive for
AB40 or Ap42 (Ikonomovic et al., 2008). 18F-AV-45 has also been shown to bind
selectively to AB plaques in the postmortem AD brain (Choi et al., 2009). Unfortunately,
amyloid neuroimaging techniques suffer from the same limitations as measurements of CSF
AP42 and tby the time AB42 is aggregated into plaques, the pathogenesis of AD is
established in brain. Additionally, PiB binding is not a 100% reliable biomarker, as there are
cases of autopsy-confirmed AD that failed to show PiB labeling in the brain (Rosen et al.,
2010).

Using fluorodeoxyglucose PET (FDG-PET), a significant body of research indicates that
abnormalities in cerebral glucose utilization appear decades prior to the onset of clinical AD
(de Leon et al., 2001; Mosconi, Mistur, Switalski, Tsui et al., 2009; Reiman et al., 2004).
Further, the decrease in brain metabolism precedes the atrophy detected by MRI (De Santi et
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al., 2001) and predicts a decline in cognitive function (de Leon et al., 2001; Jagust et al.,
2006; Mosconi et al., 2008). A decline in glucose metabolism could be simply due to
decrease in brain mass; however, deficits in brain metabolism exceeded the magnitude of
cortical atrophy (Ibanez et al., 1998). Based on a bioenergetic perspective of the etiology of
AD, brain hypometabolism represents a response to an antecedent shift from utilizing
glucose to requiring the alternative fuels of fatty acids and derived ketone bodies. Thus,
hypometabolism still may be too late in the etiological cascade of events to be used as a
biomarker for AD prevention, but could be applicable to identifying prodromal AD. Indeed,
hypometabolism measured by FDG-PET has been identified as a “gold standard” for early-
stage diagnosis of AD, although this method is hampered by high cost and relative
inaccessibility of the scanning equipment.

Considering the central and antecedent role of mitochondrial bioenergetics in AD
pathogenesis, a biomarker that reliably detects a shift to inefficient mitochondrial
bioenergetics in the brain could provide the earliest indication that an individual is at risk for
AD. Based on the Working Group recommendations that a biomarker be simple to measure
and inexpensive, and our requirement that it be broadly accessible, the most desirable
biomarker would be measurable in blood samples. One such marker could be plasma levels
of ketone bodies. In preclinical models, for example, the 3xTgAD mouse, brain
mitochondrial levels of enzymes involved in ketone body catabolism are upregulated very
early in the disease process (Chou et al., 2011), suggesting a compensatory response that
may be indicative of a shift toward the use of an alternate fuel source due to ineffective
glucose metabolism in brain. Elevated levels of ketone bodies in the plasma would be then
expected to indicate increased ketone generation by the liver in response to the disrupted
brain glucose metabolism (Fig. 1).

Mitochondrial enzyme activity also holds promise as a potential biomarker of preclinical
AD. It is well established that complex IV activity is decreased in platelet mitochondria
isolated from individuals with AD (Bosetti et al., 2002; Cardoso, Proenca et al., 2004).
Additionally, Valla et al reported a decrease in platelet mitochondrial complex IV that was
present in MCI patients as well as patients with AD, suggesting that changes in
mitochondrial complex IV activity may be occurring early in AD pathogenesis (Valla et al.,
2006). Interestingly, it was recently reported that platelet mitochondrial complex IV activity
is reduced in young, cognitively normal individuals who have a maternal history of LOAD
(Mosconi et al., 2011). Mitochondrial DNA is maternally inherited and codes for the
proteins which make up complex 1V, suggesting that some forms of LOAD may result from
a maternally transmitted mitochondrial deficit. Reduced platelet mitochondrial COX activity
has potential as an early marker for individuals with a maternally inherited risk of LOAD.

Activity of mitochondrial enzyme complexes has also been investigated in lymphocytes,
with varying degrees of success. Some studies have found no effect of AD status on
lymphocyte mitochondrial activity (Molina et al., 1997), whereas a recent study showed
increased activity of mitochondrial respiratory chain complexes 11 and IV in lymphocytes
isolated from patients with AD when compared with controls (Feldhaus et al., 2011).
Another study showed that although there was no baseline difference in lymphocyte
mitochondrial enzyme activities between controls and AD patients, those patients who were
treated with the cholinesterase inhibitor rivastigmine showed increased activity of
complexes I, 111, and 1V, indicating that increased mitochondrial efficiency might be
associated with better disease outcome.
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B. Therapeutics Targeting Mitochondria and Bioenergetics for AD Treatment and

Prevention

Alzheimer’s is a neurodegenerative disease with a complex and progressive pathological
phenotype characterized first by hypometabolism and impaired mitochondrial bioenergetics
followed by pathological burden. The progressive and multifaceted degenerative phenotype
of Alzheimer’s suggests that successful treatment strategies need to be equally multifaceted
and stage specific. Increasing evidence indicates an antecedent and potentially causal role of
mitochondrial bioenergetic deficits and brain hypometabolism coupled with increased
mitochondrial oxidative stress in AD pathogenesis. Mitochondrial deficits have been
demonstrated to activate a cassette of neurotoxic events that all contribute to synaptic
dysfunction, pathology development and eventually neuronal loss and cognitive impairment
(Beal, 2005; Reddy & Beal, 2008). Further, deficits in mitochondrial bioenergetics and brain
metabolism exhibit a stage-specific trajectory with disease progression, which was first
evidenced by the decline in glucose uptake and utilization that takes place decades prior to
AD onset, followed by parallel activation of pathways to use alternative fuel substrates,
ketone bodies, to compensate for the decline in glucose metabolism (Yao et al., 2010; Yao et
al., 2009). As disease progresses, exacerbated decline in glucose utilization and exhaustion
of available ketone reservoir leads to further disturbance of mitochondrial function and
activation of FAO pathway that eventually results in white matter degeneration and neuronal
death observed in AD (Bartzokis et al., 2004; Brinton, 2008a; Carmichael et al., 2010;
Kuczynski et al., 2010). This unique trajectory of glucose-ketone-FAO progression of brain
mitochondrial metabolic alteration provides an ideal therapeutic target that is both disease
modifying and stage specific (Fig. 5).

Candidates that potentiate mitochondrial bioenergetics and enhance brain glucose
metabolism are expected to prevent the antecedent decline in brain glucose metabolism,
promote healthy aging and therefore prevent AD. Interestingly, many candidates within this
category are naturally occurring herbals and small cofactors, which often are on the GRAS
(generally recognized as safe) list. R-a-lipoic acid, an important cofactor for key
mitochondrial metabolic enzymes, including PDH, aKGDH, and branched chain a-ketoacid
dehydrogenase (BCKDH), has been demonstrated to up-regulate mitochondrial
bioenergetics, promote glucose metabolism, and suppress oxidative stress due to its potent
antioxidant capacity (Packer & Cadenas, 2011). Resveratrol, a redox active ingredient in
grapes and wine, improves brain energy metabolism and reduces amyloid accumulation in
preclinical animal models (Karuppagounder et al., 2009; Marambaud et al., 2005; O’Dwyer
etal., 2011; Vingtdeux et al., 2008). Both R-a-lipoic acid and resveratrol are currently under
clinical trials for their efficacy in AD prevention and treatment (Packer & Cadenas, 2011;
Wollen, 2010). Other important regulators of mitochondrial metabolic activity include B-
vitamins which are also cofactors of key metabolic/mitochondrial enzymes.

Another class of natural products that are of great potential for AD prevention is the
isoflavones, naturally rich in soy and soy-based diets. These plant derived phytoestrogens
are a class of naturally occurring polyphenolic molecules that structurally resemble the
mammalian estrogen (L. Zhao & Brinton, 2007; L. Zhao et al., 2009) but have a binding
preference for ERp with weaker affinities. High intake of soy-derived phytoestrogens has
been linked to the low prevalence rate of AD in Asia (L. Zhao & Brinton, 2007). Further,
multiple studies demonstrated that phytoestrogens, particularly various forms of isoflavones,
regulate mitochondrial function by modulating mitochondrial oxidative stress (Huang &
Zhang, 2010), activating the Akt signaling pathway, promoting expression of anti-apoptotic
proteins (Xing et al., 2011), and potentiating mitochondrial bioenergetic capacity (L. Zhao et
al., 2009).
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Due to their structural properties, many of these naturally occurring compounds can often
act as free radical scavengers directly. All together, these compounds exhibit potential to
promote brain glucose utilization, potentiate brain metabolic activity, and simultaneously
suppress oxidative damage with relatively low toxicity, which make them ideal candidates
for development of nutraceutical cocktails to promote brain metabolism during healthy
aging and therefore prevent AD.

While the preventive strategy focuses heavily on the enhancement of brain glucose
metabolism, the shift toward an alternative fuel source, ketone bodies, observed in both
preclinical AD models and in AD patients provides a second therapeutic window that targets
the specific glucose—ketone transition stage to sustain brain metabolic activity and therefore
prevent or delay further exacerbation in brain bioenergetic deficits. Ketone bodies are
mainly synthesized in the liver through FAO and are well documented to serve as alternative
energy substrates for the heart, muscle, and brain. Ketogenic pathways have been
demonstrated to exist in astrocytes (Auestad et al., 1991; Guzman & Blazquez, 2004).
Epidemiological analyses indicate a positive association between dietary intake of ketones/
consumption of ketogenic diets and reduced risk for AD (S. T. Henderson, 2008; Morris,
2005). The switch from glucose as the primary fuel to the alternative of ketone bodies in the
AD brain was the basis for Accera to develop Ketasyn, which is converted to ketone bodies
in the liver for subsequent use by the brain. This approach capitalizes on the brain’s relative
inability to utilize glucose and its dependency on ketone bodies. Phase Il clinical trial in AD
patients and in individuals suffering from age-associated memory impairment has been
completed and both groups showed improvement in memory function using the ketone body
alternative fuel source (http://www.accerapharma.com).

While increasing ketone body supply provides more substrate to the brain to utilize as an
alternative fuel, the therapeutic efficacy could be limited due to a diminished brain capacity
to utilize ketone bodies. To address the issue of deficits in the ketogenic metabolic pathway,
our group investigated the efficacy of the ketogenic modulator, 2-deoxy-D-glucose (2-DG)
to increase brain capacity to utilize ketone bodies as fuel. Results of these analyses
demonstrated that dietary 2-DG intake induced ketogenesis, sustained mitochondrial
bioenergetics, and reduced pathology in the triple transgenic Alzheimer’s (3XTgAD) mouse
model (Jia Yao, 2011). Based on these clinical and preclinical findings, a combination of
nutraceutical and pharmaceutical modulators that simultaneously enhance mitochondrial
bioenergetics while sustaining availability and utilization of an alternative fuel substrate
(ketone bodies), could prevent further decline in brain metabolism and to delay progression
of AD.

VI. Conclusion

Alzheimer’s disease is a complex disease with a prolonged trajectory of etiopathogenic
changes in brain bioenergetics decades prior to the clinical onset of the disease. Although it
remains to be clinically confirmed, the trajectory of alterations in brain metabolic profile
provides the foundation upon which to develop an array of bioenergetic-centric biomarkers
to predict AD risk at the preclinical stage and therefore provide the best opportunity to
prevent and/or delay the onset of AD. From a therapeutic perspective, this unique trajectory
of alterations in brain metabolic capacity enable a bioenergetic-centric strategy that targets
disease-stage specific profile of brain metabolism for disease prevention and treatment. A
combination of nutraceutical and pharmaceutical interventions that enhances glucose-driven
metabolic activity and potentiate mitochondrial bioenergetic function could prevent the
antecedent decline in brain glucose metabolism, promote healthy aging, and prevent AD.
Alternatively, during the prodromal incipient phase of AD, sustained activation of ketogenic
metabolic pathways coupled with supplement of the alternative fuel source, ketone bodies,
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could sustain mitochondrial bioenergetic function to prevent or delay further progression of
the disease.

In healthy brain and neural cells, estrogen coordinates activation of signaling pathways that
converge upon the mitochondria to sustain aerobic glycolysis and enhance citric acid-driven
oxidative phosphorylation and ATP generation. E»-induced potentiation of aerobic
glycolysis and mitochondrial glucose utilization would be predicted to prevent conversion of
the brain to using alternative sources such as ketone bodies and the subsequent ketone-FAQO
progression. Such convergence of estrogen-induced signaling onto mitochondria is also a
point of vulnerability when activated in diseased neurons, which exacerbates degeneration
through increased load on dysregulated calcium homeostasis. As the continuum of
neurological health progresses from healthy to unhealthy, so too do the benefits of estrogen-
based HT. The diversity of estrogen-inducible outcomes requires advances in biomarkers to
identify women who will benefit from vs those who should not receive estrogen therapy.
Identification of early stage changes in bioenergetic capacity of brain that are preventable or
reversible by estrogen therapy holds promise to prevent or reduce the risk of developing
Alzheimer’s disease.
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FIGURE 1. Bioenergetic substrate and catalytic compensatory adaptations to sustain metabolic
demand of thebrain

(A) Compensatory bioenergetic adaptation I: Glucose, the primary fuel source of brain
metabolism, is converted via glycolysis to pyruvate which is further converted into acetyl-
CoA to initiate and sustain the TCA cycle. Under metabolically challenging conditions (i.e.,
starvation, aging, and neurodegeneration) neurons can utilize peripheral ketone bodies (-
hydroxybutyrate and acetoacetate generated by the liver) through ketolysis to generate acetyl
-CoA. (B) Compensatory bioenergetic adaptation Il local consumption of white matter for
bioenergetics. With disease progression, peripheral ketone bodies are exhausted and the
brain has to consume local white matter for energy production. Degradation of white matter
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via activation of PLA2 generates fatty acids that are further metabolized into acetyl-CoA
through B-oxidation in the astrocytes. Acetyl-CoA is further converted into ketone bodies
and transported into neurons by monocarboxylate transporters (MCTSs) where ketone bodies
are converted back into acetyl-CoA by SCOT and other important enzymes in ketolysis and
further utilized toward ATP generation. For color version of this figure, the reader is
referred to the online version of this book.
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FIGURE 2. Estrogen mechanisms of action converge upon the mitochondria

Estrogen (17p-estradiol, E,) binding to a membrane associated estrogen receptor (ER)
undergoes a protein-protein interaction with the regulatory subunit of PI3K, p85, to activate
the divergent but coordinated activation of the Akt and MAPK signaling cascades. These E,-
induced signaling pathways in hippocampal and cortical neurons converge upon the
mitochondria to enhance glucose uptake and metabolism, aerobic glycolysis, pyruvate
dehydrogenase to couple aerobic glycolysis to acetyl-CoA production and tricarboxylic acid
cycle (TCA)-coupled oxidative phosphorylation and ATP generation. In parallel, E;
increases antioxidant defense and antiapoptotic mechanisms. Estrogen receptors at the
membrane, in mitochondria, and within the nucleus are well positioned to regulate
coordinated mitochondrial and nuclear gene expression required for optimal bioenergetics.
Enhancing and sustaining glycolysis, aerobic metabolism, and mitochondrial function would
be predicted to prevent the shift to alternative fuel sources and the hypometabolism
characteristic of Alzheimer’s disease. Figure modified from (Morrison, et al., 2006). For
color version of this figure, the reader is referred to the online version of this book.
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FIGURE 3. Overview of 17B-estradiol (Eo) regulation of femalerat brain mitoproteomein vivo
Results of the functional proteomic analysis of the brain mitoproteome were combined with
a bioinformatic assessment of the brain mitoproteome regulated by E2. Proteins with known
responses to E, were separated into functional subgroups based on common mitochondrial
ontology. Orange represents upregulation and yellow represents downregulation. Filled
boxes are based on results of Nilsen, Irwin et al.,(Nilsen, et al., 2007). Dashed boxes are
derived from published literature [reviewed in Nilsen, et al.,(2007)]. Bold lettering
represents altered activity. E, significantly increased key components of cellular energetic
machinery including proteins involved in the tricarboxylic acid cycle and oxidative
phosphorylation. Further, E, increased expression of antioxidant enzymes and antiapoptotic
proteins. Collectively, the data indicates a comprehensive regulation of mitochondrial
function by E,, which increases key elements in the tricarboxylic acid cycle, pyruvate
metabolism, mitochondrial oxidative phosphorylation, respiratory efficiency, and ATP
generation while reducing free radical leak and oxidative damage. For interpretation of the
references to color in this figure legend, the reader is referred to the online version of this
book.
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FIGURE 4. Healthy cell bias of estrogen action

Evidence from basic to clinical science indicates that neurons and women treated with
estrogen prior to the exposure to neurodegenerative insult prevent neural demise. In stark
contrast, basic and clinical evidence further indicate that exposure to estrogen following
neurodegenerative insult can result in an exacerbation of neurological demise. Estrogen
regulation of calcium signaling and mitochondrial function play key roles in determining the
outcome of estrogen exposure. Figure modified from T. W. Wu, et al.,(2005). For color
version of this figure, the reader is referred to the online version of this book.
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FIGURE 5. Trajectory of mitochondrial function, substrate utilization during AD progr ession
and therapeutic strategy

At young age or in healthy aging, brain metabolic activity is supported by glucose, the
primary fuel source, whereas in prodromal and incipient AD the antecedent decline in
glucose metabolism is first paralleled by compensatory activation of ketogenic pathways,
which later diminishes and progresses into local fatty acid oxidation and white matter
degeneration. The prevention strategy aims to enhance the glucose-driven mitochondrial
bioenergetics to promote healthy aging and prevent AD. Alternatively, in prodromal and
incipient AD, sustained activation of ketogenesis provides prolonged supplement of the
alternative fuel source, ketone bodies, and therefore sustains mitochondrial bioenergetic
function and prevents/delays further progression of the disease. At the middle to late stage of
AD, rather than modifying disease progression, treatments merely offer symptom relief. For
color version of this figure, the reader is referred to the online version of this book.
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