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Abstract

Estrogens are potent neuroprotective hormones and mitochondria are the site of cellular life-death
decisions. As such, it is not surprising that we and other have shown that estrogens have remarkable
effects on mitochondrial function. Herein we provide evidence for a primary effect of estrogens on
mitochondrial function, achieved in part by the import of estrogen receptor f (ERp) into the
mitochondria where it mediates a number of estrogen actions on this vital organelle. ER is imported
into the mitochondria, through tethering to cytosolic chaperone protein and/or through direct
interaction with mitochondrial import proteins. In the mitochondria, ERf can affect transcription of
critical mitochondrial genes through the interaction with estrogen response elements (ERE) or
through protein-protein interactions with mitochondrially imported transcription factors. The potent
effects of estrogens on mitochondrial function, particularly during mitochondrial stress, argues for
a role of estrogens in the treatment of mitochondrial defects in chronic neurodegenerative diseases
like Alzheimer’s disease (AD) and Parkinson’s disease (PD) and more acute conditions of
mitochondrial compromise, like cerebral ischemia and traumatic brain injury.
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1. Introductions

The role of estrogens in cell viability is now well known and some of the mechanisms have
been described. A new area of active investigation is the action of estrogens on mitochondria,
the respiratory center of neurons as well as the site of major life-death decisions. In this treatise,
we described what is currently known about the effects of estrogens on the mitochondria and
potential mechanisms by which these effects are exerted. Our focus is those effects of this
amazing steroid that may be related to its potent neuroprotective activities. Additionally, we
discuss the mechanisms of trafficking of ERp into the mitochondria, since ERp cellular
localization is likely to play a major role in the effects of estrogens on mitochondrial function.
Further, the potential role of ERp as a mitochondrial transcription factor is considered. Finally,
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the clinical implications of these data on neurological condition in which mitochondrial
compromise had been demonstrated are discussed.

2. Mitochondria and Cell Death

Acute conditions that compromise neurons, such as a stroke or traumatic brain injury also
compromise mitochondrial function and contribute to cell death. Neurons are dependent on
mitochondrial ATP production for their high energy demand. Damage to mitochondria causes
disruptions in ATP production and an increase in reactive oxygen species (ROS) that
compromise antioxidant defense systems of the cell (Dykens, 1997; Lemasters et al., 1999)
and are key events leading to both necrosis and apoptosis (Kroemer and Reed, 2000; Zou et
al., 1997). Oxidative stress, coupled with excessive Ca2* loading, causes mitochondria to
undergo a catastrophic loss of the impermeability of the inner mitochondrial membrane. This
causes a collapse of the mitochondrial membrane potential (Aym) (Green and Kroemer,
2004). This collapse of Aym is usually accompanied by mitochondrial swelling and release of
cytochrome c and Apaf-1 (Murphy etal., 1999) into the cytoplasm where they activate caspases
and induce apoptotic cell death (Zou et al., 1997; Dykens, 1999). Excessive Ca2* from
glutamate receptor activation can lead to mitochondrial Ca2* loading, interruption of ATP
production, generation of ROS and collapse of the Aym, ultimately leading to neuronal death
(Lemasters et al., 1999; Dykens, 1994). As such, mitochondria are believed to be the key
modulator of neuronal viability during excitotoxicity (Dykens, 1997).

The CNS is more susceptible to mitochondrial impairment than many other tissues because of
its extraordinary aerobic poise; the human brain comprises only 5% of the body, yet is
responsible for 20% of the organism’s respiration. Thus, the brain is at risk when mitochondrial
function decline below the level that would otherwise be tolerated by less metabolically
demanding tissues. Selective CNS susceptibility is because mitochondria from different tissues
respond to stresses differently. For example, conditions that do not elicit free radical production
from mitochondria isolated from liver cause brain mitochondria to produce copious amounts
of oxygen- and carbon-centered radicals (Dykens, 2007). In addition, mitochondrial
impairment that reduce organelle transport within neurons puts them at increased risk of injury
(Chang and Reynolds, 2006; von Lewinski and Keller, 2005).

3. Mitochondrial Function in Neurodegenerative Diseases

Mitochondrial DNA (mtDNA) is an intronless, circular genome of 16.5 kb encoding 37 genes
of the approximately 3000 proteins in the mitochondrial proteome. Of these mitochondrial
genes, 13 code for proteins that serve in the electron transport system, with the remainder
encoding for elements required for expression. Most mitochondriopathies are associated with
deficits in the electron transport system that increase free radical production and reduce energy
production and have a chronic, slowly progressive course with multiorgan involvement
(Finsterer, 2004). Organ systems at particular risk in mitochondriopathies are metabolically
active tissues, such as the peripheral and central nervous systems, where dementias, epilepsy
and ataxias are frequently present; the eyes, where glaucoma, retinopathy and optic atrophy
occur; and the heart (Betts et al., 2004).

Other diseases caused by mitochondrial failure are due to mutations in nuclear genes encoding
proteins that are imported into the mitochondria. For example, Friedreich’s ataxia (FRDA) is
a recessively inherited early onset disease that affects children between 5 and 15 years old. It
is characterized by progressive deterioration of the CNS, resulting in debilitating muscle
weakness and heart disease, and most patients succumb in early adulthood. Friedreich’s ataxia
is caused by large expansions of a GAA repeat in the first intron of the gene for the protein
called frataxin (Monticelli et al., 2004). Frataxin is involved in iron homeostasis, and these
repeats impede its translocation into the mitochondria, causing excessive iron availability in
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mitochondria. Iron is one of several transition metals that can serve as Fenton catalysts to
accelerate production of OH from H,0O,. Excessive iron in FRDA mitochondria exacerbates
oxidative stress, and promotes membrane lipid peroxidation reactions that can directly
undermine mitochondrial function by degrading the impermeability of the inner membrane
(Schapira and Lodi, 2004). Other chronic diseases with bioenergetic and oxidative etiologies
that implicate mitochondrial dysfunction include Alzheimer’s and Parkinson’s diseases, as well
as amyotrophic lateral sclerosis (ALS), where a mutation in superoxide dismutase is associated
with the familial disease (Gurney et al., 1996).

Although the etiology of Alzheimer’s disease (AD) is multifactoral (Prasad et al., 2002), a
consistent finding is hypometabolism of glucose in those brain regions affected by the disease
(Bosetti et al., 2002) that can be detected very early in the disease, even before cognitive
symptoms are reported (Hirai et al., 2001; Blass, 2003). Although hypometabolism may simply
reflect neuronal loss in the effected regions, mitochondrial dysfunction can be more directly
implicated in AD. B-Amyloid undermines mitochondrial stability, inducing both oxidative and
bioenergetic crises (Muller et al., 2001; Casley et al., 2002; Canevari et al., 2004), and such
mitochondrial impairment in turn enhances the production of Ap (Busciglio et al., 2002).
Similarly, normal distribution of mitochondria in neurons could participate in AD progression
secondarily to mitochondrial failure. Peri-nuclear mitochondria are more actively replicating
than those elsewhere in the neuron, after which many are distributed to the synapses.
Impairment of normal axonal transport of mitochondria is likely due to the breakdown of
microtubules from the hyperphosphorylation of the microtubule-associated protein, tau (Cash
et al., 2002; Swerdlow, 2002).

Mitochondria from AD subjects are hypofunctional (Bosetti et al., 2002; Cottrell et al.,
2001), produce excessive reactive oxygen species (ROS) (Aliev et al., 2002; Smith et al.,
2000), and show a defect in respiratory complex IV (C-1V) (Kish, 1997; Gibson et al., 1998).
When inserted into transformed cells depleted of their endogenous mtDNA, mtDNA from AD
patients produces a phenotype in the resulting cytoplasmic hybrids (cybrids) of increased
oxidative stress, propensity towards apoptosis and C-1V impairment (Ghosh et al., 1999;
Trimmer et al., 2000), suggesting that many of the cellular defects found in AD reflect
mitochondrial defects. Although such mitochondrial impairment could be interpreted as a
consequence of the disease, not as a primary causal factor (Shoffner, 1997), mitochondrial
dysfunction is clearly involved in progressive neuronal death and as such represents a viable
therapeutic target.

The evidence for mitochondrial defects in Parkinson’s disease (PD) is very consistent with
impairment in respiratory complex | (C-1) documented from brain and peripheral tissues (Haas
et al., 1995; Orth and Schapira, 2001; Beal, 2003). Cybrids containing mtDNA from PD
patients not only show comparable mitochondrial impairment in complex | activity and ensuing
oxidative stress (Veech et al., 2000), but also Lewey bodies in these cybrids react positively
with cytochrome c antibodies suggesting a mitochondrial origin (Trimmer et al., 2004).
Mitochondrial involvement in the etiology of PD is also supported by toxin models where
selective inhibitors of respiratory C-I, such as N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), rotenone and 6-OH-dopamine, yield degeneration of substantia nigra neurons and PD
symptoms in animals and humans (Schapira et al., 1998; Schapira, 1998).

4. Estrogens and Neuroprotection

Both estrogen receptor-dependent and -independent forms of neuroprotection have been
described (Green and Simpkins, 2000a, 2000b). Many genes under the regulation of estrogen
are believed to have anti-apoptotic effects, including Bcl2 (Dong et al. 1999), Bcl-xI (Pike,
1999), BDNF (Singh et al. 1999). These studies argue for a receptor involvement in mediating
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the neuroprotection by estrogens. The neuroprotective effect of E2 in in vitro models is
attenuated by the ER antagonists tamoxifen or ICI 182,780 in some studies (Singer et al,
1996, 1999; Pike, 1999, Wilson et. al., 2000) but not in others (Green et al., 1997; Sawada et
al, 1998; Weaver etal., 1997; Moosmann and Behl, 1999;. Regan and Guo, 1997). An emerging
concept is that neuroprotection afforded by estrogens is ER-mediated at low physiological
concentrations of the steroid, but ER-independent at pharmacological concentrations of
estrogens (Green and Simpkins, 2000a, 2000b; Wise et al., 2001; McEwen, 2001).

We have now extensively assessed the neuroprotective effects of estrogens in an animal model
of cerebral ischemia. Following our first report of neuroprotection with estrogens in an animal
model of ischemia (Simpkins et al., 1997a, 1997b), we and other have demonstrated that
estrogens protects the brain from ischemic damage induced by transient cerebral ischemia
(Alkayed et al., 1998;Rusa et al., 1999;Hurn and Macrae, 2000;Shi et al., 2001,Sampei et al.,
2000), permanent cerebral ischemia (Dubal et al., 1998,2001;Yang et al., 2001), subarachnoid
hemorrhage (Yang et al., 2001), and global ischemia (He et al., 2002). The protective effects
of estrogens are seen with 17p-estradiol, as well as non-feminizing estrogens, such as 17a-
estradiol (Simpkins etal., 1997b), ENT-estradiol (Green et al., 2001), and 2-adamantyl-estrone
(Liu et al., 2002). Additionally, the protection afforded by 17B-estradiol can be observed for
up to 3 hours following the onset of cerebral ischemia (Yang et al., 2000). Dubal et al.
(2001) reported that ERaKO, but not ERBKO mice were resistant to the neuroprotective effects
of 17 B-E2 administered chronically at low concentrations and concluded that ERa is a
necessary mediator of estrogen neuroprotection. Later, however, McCullough et al (2001)
demonstrated estrogen neuroprotection in ERaKO mice using a pharmacological pretreatment
paradigm.

A variety of studies have demonstrated antioxidant activity of estrogen, which does not appear
to require the classical receptor-dependent mechanism. Our laboratory has shown that estradiol
at physiological concentrations can block membrane oxidation (Green et al., 1996). E2
treatment has been shown to reduce lipid peroxidation induced by glutamate and further
attenuate the increase in intracellular peroxide induced by H,O, (Green et al., 2000). In
agreement, in vitro studies reported that estrogen inhibited formation of lipid peroxyls and
oxidation of low-density lipoproteins (Mukai et al., 1990; Rifici and Khachadurian, 1992). In
in vivo studies, estrogen replacement therapy with the transdermal patch reduces low-density
lipoproteins (Sack et al., 1994). These effects of estrogen do not require estrogen receptors
(Green et al., 1997; Behl et al., 1997; Gridley et al., 1998), indicating that estrogen exerts
antioxidant activities through estrogen receptor-independent mechanisms. Indeed, we have
described an estrogen redox cycle that enables estrogens to tap into the large reducing potential
of the cell through interaction with NADPH (Prokai et al, 2003).

5. Estrogen Effects on Mitochondria

We and other have shown that estrogens have substantial effects on mitochondrial function,
particularly during insults that might contribute substantially to the neuroprotective effects of
estrogens. First, estrogen binding sites have been described in the mitochondria, including the
FO/F1 ATPase (Zheng and Ramirez, 1999a,b) and we have demonstrated that the estrogen
receptor (ER) beta (ERP) localizes to the mitochondria (Yang et al., 2004). Furthermore,
estrogens have been shown to affect concentrations and localization of anti-apoptotic proteins
(Pike, 1999; Singer et al., 1998; Yang et al., 2004; Zhao et al., 2004; Wise et al., 2000; Nilsen
and Brinton, 2003), which appear to exert their anti-apoptotic effects through maintenance of
mitochondrial membrane potential in the face of stresses. Based upon the aforementioned role
of mitochondria in cell death decisions, it is reasonable that the mitochondria are a major site
of the neuroprotective effects of estrogens. To assess this possibility, we undertook a series of
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studies to determine if estrogens affect mitochondrial functions, particularly in the face of
stresses that are known to compromise this vital organelle and neuronal health.

We assessed the effects of estrogens on the production of ATP under two condition of stress
to the mitochondria (Wang et al., 2001, 2003a, 2006). We first determined the effects on ATP
production of 3-nitropropionic acid (3NPA), a succinate dehydrogenase inhibitor that
uncouples oxidative phosphorylation, and the capacity of estrogens to ameliorate the effect on
ATP of this mitochondrial toxin. Second, we induced a compromise in mitochondrial function
through the exogenous administration of the H202, and assessed the effects of estrogens on
this response. 3NPA effectively suppresses succinate dehydrogenase activity and caused a
dose- and time-dependent decrease in cellular ATP levels (Wang et al., 2001). Inhibition of
complex Il by 50% or greater caused a marked and sustained reduction in the ability of the
mitochondria to produce ATP (Wang et al., 2001). Neuronal cultures pre-treated with 17 p-
estradiol (E2) for 6 h, followed by 3NPA treatment (10 mM, a concentration that reduced ATP
by 50% at 12 h), dose-dependently attenuated the 3NPA-induced decrease in ATP production
(Wang et al., 2001). E2, in the absence of 3NPA, had no effect on ATP level, suggesting that
under basal, non-stress conditions, E2 has little effect on ATP production (Wang et al.,
2001). Recently however, Irwin et al. (2008) have reported a modest increase in state 3
respiration in mitochondria isolated from E2 treated rats. Administration of H,O to neuronal
cells in culture caused a dose- and time-dependent decline in ATP production (Wang et al.,
2003b, 2006), demonstrating that exogenous ROS severely compromises mitochondrial
oxidative phosphorylation. Pre-treatment with E2 ameliorated the H,O,-induced decline in
cellular ATP (Wang et al., 2003b, 2006). This ability of E2 to prevent pro-oxidant-induced
declines in cellular ATP appears to be a general property of E2, as we have demonstrated a
similar effect of E2 against HyO»-induced decline in cellular ATP in a non-neuronal, human
lens cell type (Wang et al., 2003a). Furthermore, non-feminizing estrogens share this ability
to protect ATP production (Wang et al., 2006). Collectively, these data indicate that, while
estrogens have little effect on mitochondrial ATP production under basal condition, they are
potent stabilizers of ATP production during oxidative stress. This ability to maintain oxidative
phosphorylation in the face of compromising stresses may explain the ability of estrogens to
potently protect neurons from a variety of insults, both in vitro and in vivo.

Estrogens could affect mitochondrial function by directly or indirectly influencing
mitochondrial loading with CaZ*. Brinton’s laboratory (Zhao et al., 2004; Nilsen et al., 2002)
has demonstrated that with mild glutamate stimulation, estrogens enhance Ca2+ flux into cells,
an effect that may be involved in estrogen’s ability to increase memory function through this
NMDA receptor mediated mechanism (Brinton, 2001; Foy et al., 1999). We have recently
shown that estrogens also potentiate Ca2* influx through L-type Ca2* channels (Sarkar et al.,
2006). At high levels of excitotoxic stimulation, however, estrogens prevented both cytosolic
and mitochondrial influx of Ca?* (Wang et al., 2001; Nilsen and Brinton, 2003, Nilsen et al.,
2002; Wang et al., 2006), presumable providing a protection from neurotoxic Ca2* influx.
Comparable effects on mitochondrial stability and function have been reported by Morin et al.
(2002) who studied the ability of 17 a-estradiol, an isomer of 17 B-estradiol that is equipotent
as a cytoprotectant yet at least 200-fold less active than as a hormone (Littlefield et al., 1990)
to maintain respiratory coupling after imposed ischemia reoxygenation.

Diminution of NMDA-mediated Ca2* influx could also be due to allosteric regulation via the
redox status of the receptor per se (Choi and Lipton, 2000). In any event, we assessed the effects
of mitochondrial toxins on cytosolic and mitochondrial loading of Ca2* and determined the
dose dependence of estrogen protection from these effects (Wang et al., 2001). 3-NPA caused
a rapid and profound increase in cytosolic Ca?* concentrations. Pretreatment with E2 dose-
dependently reduced the influx of CaZ* into the cytosol. Similarly, 3NPA caused a rapid and
3-fold influx of Ca2* into the mitochondria, an effect that was dose dependently reduced by
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E2. We have observed essentially the same protection of cytosolic and mitochondrial Ca2*
levels by E2 when H,0, was used as a pro-oxidant mitochondrial toxin (Wang et al., 2006).
Furthermore, non-feminizing estrogens were as effective as E2 in preventing mitochondrial
Ca%* influx (Wang et al., 2006). To some extent, such repression of Ca2* mobilization could
be attributable to the aforementioned preservation of ATP, which would serve to fuel ER uptake
and cellular extrusion via Ca2*-ATPases. In view of the observation that sustained increases
in mitochondrial Ca2* impair oxidative phosphorylation and cause an increase in ROS, our
observations suggest that the Ca2+ modulating effects of estrogens may serve to protect ATP
production and thereby neuronal viability.

Mitochondrial membrane potential (Aym) collapse is a critical event in the life-death decision
of neurons (Dykens, 1997, 1995; Kroemer and Reed, 2000; Zou et al., 1997; Murphy, 1999).
We used two methods to determine the effects of mitochondrial toxins and of E2 on Aym in
neuronal cultures. First, analysis of rhodamine 123, a mitochondrial specific dye, demonstrated
that 3NPA caused mitochondrial depolarization and this effect of the mitochondrial toxin was
antagonized by E2 pre-treatment (Wang etal., 2001). Similarly, using a FRET assay to measure
Aym (Dykens and Stout, 2001), we observed that treatment with either E2 or its diasteriomer,
17 a-estradiol (17 a-E2) increased the CaZ* concentration required to cause Aym collapse
(Dykens et al., 2003). This increase in the ECsg of Ca2* could be due to a partial resistance of
all mitochondria to Ca2* or complete resistance of a subpopulation of mitochondria in the
presence of estrogens. Collectively, these data indicate that estrogens protect mitochondria by
preventing mitochondrial membrane potential collapse. This could explain the described ability
of estrogens to prevent the release from mitochondria of apoptotic factors (Green and Kroemer,
2004) that is dependent on Aym collapse. This role of estrogens is even more important, given
our preliminary studies that suggest that ERB could function as a mitochondrial component
regulating membrane potential maintenance (Simpkins and Yang, unpublished data).

A critical test of the role played by mitochondrial actions of estrogens in their ability to
neuroprotect is to define a correlation between the potency of compounds in assays of
neuroprotection and mitoprotection. If the neuroprotective effects of estrogens are mediated
by a mitochondrial action, the two parameters ought to correlate strongly. We tested the
relationship between the neuroprotective activity of estrogens and their ability to moderate
Aym collapse induced by Ca2* loading of HT-22 cells in culture. Ten estrogen analogues that
ranged in neuroprotective potency (EDsg) from 20 nM to 8.6 uM (essentially ineffective in
cytoprotection assays) were selected for comparison (Dykens et al, 2003). The correlation
between ED50 values for neuroprotection and the EDsq values for Ca2*- induced Aym collapse
was highly significant (r2=0.73, Spearman r=—0.9387, p<0.0001) (Dykens et al., 2003). The
significant correlation between neuroprotection and mitochondrial protection is particularly
impressive in view of the fact that the ED50 values for the two parameters were derived from
data generated in two separate laboratories. This strong correlation suggests that the stabilizing
effects of these estrogen-like compounds on mitochondrial function explain much of their
neuroprotective activity.

6. Mitochondrial Localization of ER

Estrogens are known as the major female steroid hormones, which play fundamental role in
the female reproductive system. In recently years, estrogens have been appreciated as
pleiotropic hormones that play roles in a wide variety of nonreproductive functions as
cardiovascular function (Stevenson, 2000), memory and cognition (Sherwin, 1999), bone and
mineral metabolism (Compston, 2001), and immune function (Ahmed et al., 1999). As
indicated above, there is accumulating evidence suggesting that mitochondria are also
important targets for the actions of estrogens (Chen et al., 2005; Felty and Roy, 2005)).
Mitochondria play a fundamental role in cell respiration, through oxidative phosphorylation.
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It also controls ion homeostasis and the synthesis of heme, lipids, amino acids, and nucleotide.
Estrogens are highly hydrophobic molecules and are endogenously synthesized in the
mitochondria. Given the high hydrophobicity of estrogen molecules and the bilayer membrane
structure of mitochondria, it will not be surprising that exogenously added estrogen molecules
are also mainly transported to mitochondria (Moats and Ramirez, 1998; Felty and Roy,
2005). Thus, the targeting of estrogen molecules to mitochondria and their identified role on
mitochondrial function warrant further research to determine the mechanism underlying the
role of estrogens in mitochondrial function.

Itis generally accepted that majority of the biological effects of estrogens are mediated via two
estrogen receptors: ERa and ERp (Greene et al., 1986; Kuiper et al., 1996; Mosselman et al.,
1996; Tata, 2002). Consistent with their wide biologic role in the variety of system, both
ERa and ERP have been found to be widely distributed in different systems and tissues,
including, but not limited to, reproductive system, central nervous system, cardiovascular
system, gastrointestinal tract, urogenital tract, bone, and liver (Gustafsson, 1999). Both ERa.
and ERp have been widely accepted as transcriptional factors belong to nuclear receptor super-
family. Classically, it is believed that estrogens could modulate the expression of nuclear
estrogen responsive genes through both ERs. Also, estrogen could elicit rapid, non-nuclear
action on a number of biological processes via non-genomic mechanisms mediated by ERs
(Levin, 2005). Consistently, extranuclear localization of both ERa and ERp has been indicated
(McEwen et al., 2001; Milner et al., 2005; Herrick et al., 2006). In fact, increasing evidence
has demonstrated that ER are mainly localized extranuclearly (Milner etal., 2001; Cammarata
et al., 2004; Chen et al., 2004a; Yang et al., 2004; Chen et al., 2005; Herrick et al., 2006).

It became clear, not long after its identification, that ERpB has biological roles distinct form
those of ERa (Gustafsson, 1999). ERa and ERp are encoded by separate genes found at
different chromosomal locations. While sharing a high homology in both DNA binding domain
and ligand binding domain, ERa and ERf have very low sequence identity in both N- (12%)
and C- terminals (9%), correspond to AF1 and AF2 domain, respectively (Ascenzi et al.,
2006). Hence, it is not surprising that ER has very low classic transcriptional activity, when
compared with ERa (Lubahn et al., 1993; Cowley et al., 1997; Pettersson et al., 1997; Ogawa
etal., 1998; Cowley and Parker, 1999; Curtis etal., 2000; Yietal., 2002). There isaccumulating
evidence suggesting that mitochondria are also important targets for the actions of estrogens
(Chen et al., 2005; Felty and Roy, 2005). Mitochondria play a fundamental role in cell
respiration and oxidative phosphorylation. It also controls ion homeostasis and the synthesis
of heme, lipids, amino acids, and nucleotide. We and several other laboratories have recently
reported the localization of ERp in mitochondria in varies cells, including rat primary neuron
(Yang et al., 2004; Chen et al., 2005; Mehra et al., 2005), rat primary cardiomyocyte (Yang et
al., 2004), a murine hippocampal cell line (HT-22), neurons and glia in rat hippocampus
(Milner et al., 2005; Herrick et al., 2006), human breast cancer lines (MCF-7, MCF-10F)
(Chen et al., 20044; Chen et al., 2005), immortal human breast epithelial cells (HBEC) (Chen
et al., 2005), human lens epithelial cell lines (nHLE and HLE-B3) (Cammarata et al., 2004;
Cammarata et al., 2005), human osteosarcoma cells (Sa0S-2) (Solakidi et al., 2005b),
hepatocarcinoma cells (HepG2) (Solakidi et al., 2005a), human sperm (Solakidi et al.,
2005b), and periodontal ligament cells (Jonsson, 2007). Similar perinuclear punctate staining
of ERp has been reported in a murine mammary epithelial cell line (HC11) and human fetal
cortical neurons (Fried et al., 2004; Helguero et al., 2005). Notably, the localization of ERp in
mitochondria has been demonstrated by immunocytochemistry, immunohistochemistry,
immunoblots, using a large group of diversified antibodies. Furthermore, the localization of
ERp in mitochondria has also been verified by proteomics.
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7. Mitochondrial Trafficking of ERB

Mitochondrial activity is dependent on the import and assembly of proteins (Pfanner et al,
2004; Cannino et al, 2007; Neupert and Herrmann, 2007). Nuclear-coded protein expression,
including transcription factors and nuclear coactivators, regulates mitochondria biogenesis
perhaps through nuclear-mitochondria cross-talk (Cannino et la, 2007). Most mitochondrial
proteins are nuclear encoded, synthesized in the cytosol (preproteins), then directed to import
receptors on the outer mitochondria surface through NH2-terminal 20-50 amino-acid residues
(presequences) (Rapaport, 2003; Pfanner et al, 2004). Others are carrier proteins that contain
internal sequences (Endo and Kohda, 2002). Presequence-less proteins are recognized through
chaperone recognition sequences. These recognized amino acid sequences are the mechanism
of mitochondrial protein trafficking. Import receptors are outer-membrane proteins that span
the mitochondria membrane. They are characterized as N-terminally anchored (Tom20,
Tom70), tail-anchored (Tom5, Tom6, Tom22, Bcl-2, Bel-xL, Fisl, VAMP1B), Two TMDs
(Fzo1l), and beta-barrel (porins, Tom40) (Rapaport, 2003).

The major protein transport pathways into the mitochondria are the presequence/matrix
proteins and the carrier/import of hydrophobic inner membrane proteins (Pfanner et al, 2004;
Rapaport, 2005). Most known mitochondrial proteins are imported through the translocase of
the outer membrane of mitochondria (TOM) complex. The TOM complex recognizes
presequences with both trans and cis binding sites, and translocates prepoteins into/across the
mitochondria. This complex is comprised of at least 7 units that include import receptors
Tom20, Tom70, Tom22, channel protein Tom40, and small Tom6-7 (Lill etal, 1996; Rapaport,
2005; Neuport and Herrmann, 2007). Tom20 and Tom70 are the principal receptors, and as
such differ in their binding functions. The remaining Tom components form the translocation
pore (Neuport and Herrmann, 2007). Human Tom22 can complex with Tom20 (Yano, 2000;
Rapaport, 2003). Tom20 binds preferentially to presequences of preproteins, while Tom70
binds to internal sequences in membrane proteins (Brix et al, 1997; Ellis, 2003; Neupert and
Herrmann, 2007) (Figure 1).

Tom20 and 22 function as preprotein receptors and contain domains that are exposed to the
cytosol. While both are involved in translocation of proteins with classical N-terminus
presequences, Tom20 also recognizes internal targeting signals (Brix et al, 1997; Neupert and
Herrmann, 2007). When Tom20 recognizes a targeting sequence on the precursor proteins it
binds them, then transfers them to a core complex. The core complex in turn translocates them
across the outer membrane (Neupert and Herrmann, 2007). From there, proteins are
translocated to sorting and assembly pathway/outer membrane proteins (SAM complex) or
translocases of the inner membrane (TIM complex) (Pfanner et al, 2004; Neupert and Herrman,
2007). Studies indicate that both Tom20 and 22 recognize a consensus motif or presequence
represented by $XX¢¢ (where ¢ is a hydrophobic amino acid such as leucine, isoleucine,
phenylalanine, tryptophan, valine, and tyrosine, and x is any amino acid) (Pfanner, 2000;
Mukhopadhyay et al, 2006; Saitoh et al, 2007). While peptide mobility within the binding
grove of Tom20 also allows binding of alternative sequences, there is a hydrophobic preference
for LXXLL (Chou etal, 2006; Mukhopadhyay et al, 2006; Neupert and Herrmann, 2007; Saitoh
et al, 2007).

Tom70 is considered the receptor for presequence-less inner membrane proteins and cytosolic
chaperone Hsp70. Studies suggest that Tom70 may be both a preprotein receptor and a
cochaperone in mitochondria protein targeting (Young et al, 2003a, 2003b; Ellis, 2003). Some
mitochondria directed proteins must adopt conformations, and then easily unfold to allow for
movement through outer and inner membranes (Ellis, 2003). Heat shock proteins or molecular
chaperones (Hsp90, Hsp70) are constitutively expressed and assist in (i) normal folding of
polypeptides, (ii) miss-folded proteins attaining or regaining native status, (iii) regulating
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protein degradation and/or (iv) protein translocation to different cellular compartments (Hartl
and Hayer-Hartl, 2002; Arya et al, 2007). They have vital roles in both intrinsic and extrinsic
pathways involved in cell survival and/or death responses (Arya et al, 2007). Both Hsp90 and
Hsp70 bind unfolded or hydrophobic preproteins and deliver them to Tom70 through
tetratricopeptide repeat (TPR) motifs (Young et al, 2003b; Neupert and Herrmann, 2007). TPR
are similar to cofactors of Hsp90 and Hsp70 (Young et al, 2003b; Smith, 2004). Hsp90 may
facilitate translocation in addition to targeting (Young et al, 2003a; Fan et al, 2006). The Tom70
receptor recognizes preproteins with internal targeting sequences, including multiple targeting
signals throughout a polypeptide sequence (Wiedemann et al, 2001; Neuport and Herrmann,
2007; Bolender et al, 2008).

Studies support mitochondrial trafficking of an increasing number of nuclear receptors and
transcription factors including ERa, ERp, thyroid hormone receptor, glucocorticoid receptor,
Nur 77, PPARgamma 2, RXR, RAR, AR, A-RAF, telomerase, Connexin 43, AP1, CREB,
NF-¢B, p53, c-Myc, HMGA1L, TFAM, TFB1M, and TFB2M (Rodrigues-Sinovas et al, 2006;
Yuryev et al, 2000; Santos et al, 2006; Hammes and Levin, 2007; Lee et al, 2007; Psarra and
Sekeris, 2008). How they are targeted is not discerned, but most contain at least one F/LXXLL
motif and/or are bound by Hsp90/70 in the cytosol. Unliganded ER, as a member of the nuclear
receptor family, is regulated through a molecular chaperone-complex that includes Hsp90 and
Hsp70 (Cheung and Smith, 2000; Gougelet et al, 2005). As a client protein, Hsp90 helps
maintain the receptor in a quiescent state by binding the ligand binding domain, and thereby
assists in normal folding to maintain its native status and prevents degradation (Smith et al,
1998; Cheung and Smith, 2000; Pratt and Toft, 2003). Hsp90/70 complex through dynein or
cytokeratins can facilitate cytoplasmic movement of ERf to the mitochondria membrane where
either Hsp can dock through a TPR of Tom70 (Pratt and Toft, 2003).

ERp contains three LXXLL and one FXXLL motifs in the ligand binding domain that mediate
binding to co-activator proteins through the same motifs. Interaction between bound ERf3 and
co-activator can be strict and ligand dependent (Chang et al, 1999; Lee et al, 2007; Psarra and
Sekeris, 2008). Saitoh et al propose that even though these peptide sequences or motifs are
similar, their recognition modes are different. Based on structural comparisons using an ERa
LXXLL motif, they show a strict recognition due to lock-and-key mechanism, while Tom20
likely uses an induced fit mechanism (Saitoh et al, 2007). However, they acknowledge that
their analysis could not fully account for the hydrophobic preference at the three Ls, and
proposed a multiple-mode recognition model involving Tom20 with Tom22 (Saitoh et al,
2007). NMR and mutation studies with rat liver precursor aldehyde dehydrogenase (pALDH)
leader sequence (LSRLL), precursor ornithine transcarbamoylase (pOTC) leader sequence
(LRILL), and COX8 leader sequences (LTPLLLRGL) determined that LXXLL motifs with
leusine residues are necessary to Tom20 binding (Haggie and Verkman, 2002; Mukhopadhyay
et al, 2006; Saitoh et al, 2007). Further, COX8 and pOTC leader sequences are use to directly
target expression of certain proteins to the mitochondria for functional studies (Psarra and
Sekeris, 2008). Computer analysis has also identified a putative internal targeting sequence in
ERp that included a reverse LXXLL motif (LLDAL) (Chen et al, 2004a). Interestingly, many
recognized mitochondrial proteins such as p53, Bcl2, CREB, and connexin 43 have their own
possible presequence-like motifs (LWKLL). Hsp90 and 70 also contain motifs based on human
peptide sequences. Our studies indicate ERp, along with Tom20 and/or Hsp90 are localized to
the mitochondria (Figure 2). Since studies purport that ER functions in the mitochondria, then
ERp should be targeted to either Tom20 or Tom70 receptors (Hammes and Levin, 2007).
Receptor preference may depend on ligand induced conformational change in the receptor, and
studies show that estrogen increases mitochondria localization of ERB (Chen et al, 2004a). At
the mitochondria, ERp has at least three alternative ways of targeting; (i) through Tom70 at
Hsp70/Hsp90 when unbound, (ii) through Tom20/Tom?22 at the LXXLL motif (a putative
presequence or internal sequence) when ligand bound, and (iii) Tom70 at Hsp70 through an
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internal sequence when unbound. The dynamic state of ERp with and without ligand may
facilitate its trafficking based on hydrophobic interactions to and/or into mitochondria. Perhaps
the small-world properties of protein-protein complexes based on hydrophobic interactions are
mitigated by oxidative stress, whereby one interaction is promoted, while another is abated
during normal or stress conditions (Chang et al, 2008).

8. ERB as a Mitochondrial Transcriptional Factor

The localization of ERP and the targeting of estrogen molecules to mitochondria suggest that
estrogen could modulate mitochondrial function through a mitochondrial genomic mechanism
mediated by ERp. The notion that mitochondrial genes as sites of action of steroid hormones
is not new, the effects of steroids on mitochondria energy metabolism have been the object of
intensive research back to 1970s.

Given its own genome in mitochondrial, we should be not surprise that some of the nuclear
receptors have also been found in mitochondria, including ERp (Psarra and Sekeris, 2008).
The crystal structure of ERp has been well demonstrated. Without any doubt, ER( shares a
highly conserved structure with other nuclear receptors, which has a typical nuclear receptor
structure with DNA binding domain and ligand binding domain. Indeed, recently studies
demonstrated that ER is localized in the mitochondrial matrix, hence enables its access to the
mitochondrial genome. Therefore, both its structure and matrix localization provide ER the
capacity to regulate mitochondrial gene expression.

Mitochondrial DNA (mtDNA) an intronless, circular genome of 16.5 kb, which is maternally
inherited and encodes 37 genes of the approximately 3000 proteins in the mitochondrial
proteome. Of these 13 codes for proteins that serve in the electron transport system, with the
remainder encoding for elements required for expression. In addition to mRNA molecules, the
mitochondrial genome also encodes 2 ribosomal RNAs and 22 transfer RNAs (Falkenberg et
al., 2007).

Although ERa and ERp have nearly identical DNA-binding domains, increase evidence has
indicated that they regulate a total distinct set of gene expression (Katzenellenbogen and
Katzenellenbogen, 2000; O’Lone etal., 2007). Currently, most of the studies have been focused
on the nuclear transcription regulation. Consistently, most of the genes regulated by ERp are
mitochondrial structure proteins related to oxidative phosphorylation (O’Lone et al., 2007).
This distinction could be partly due to the recruitment of different coactivators and adaptor
proteins, which play roles both in ERs binding and transcriptional activation. Furthermore,
different compartment of ERa and ERp could also contribute to this distinction. The
mitochondrial localization could enable ERp to directly regulate a total different set of
mitochondrial gene from the nuclear gene regulate by ERa, or indirectly affect nuclear-coded
mitochondrial target genes by its action on mitochondrial function.

The stimulation of target gene expression in response to the action of ERs is thought to be
mediated through the direct binding of ERs to a specific sequence called an estrogen response
element (ERE) and interacts directly with coactivator proteins and components of the RNA
polymerase Il transcription initiation complex. Both ERa and ERp bind with high affinity to
EREs. Consistently, sequences showing partial similarity to ERE consensus sequence have
been detected in the mitochondrial genome (Demonacos et al., 1996). In addition, ERs have
been shown to mediate transcription through non-classical mechanisms via other DNA binding
elements and potentially involving other transcription factors such as AP-1, NF-xB, and cAMP
response element-binding protein, which have been found in mitochondria (Demonacos et al.,
1996). Transcription factor search (TF search, Heinemeyer, 1998) of human mitochondrial
genome (GenBank no. 1705226) revealed that there are at least two 86% homologous CREB
sequences present in the genome (Sarkar et al, 2008, unpublished observation). Consistently,
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estrogens have been found to increase expression of mitochondrial coded cytochrome ¢ oxidase
subunits I, I1, and Il (Chen et al., 2004b; Chen et al., 2005; Hsieh et al., 2006; Nilsen et al.,
2007; Yager and Chen, 2007).

The biogenesis of the mitochondrial oxidative phosphorylation system depends not only on
the mitochondrial genomes, but also the nuclear genomes. In fact, mitochondrial genome only
encodes 13 genes of the mitochondrial oxidative phosphorylation system, with all others
encoded by nuclear genome. Therefore, the biogenesis of mitochondria depends on the
coordinated expression of two genomes, nuclear and mitochondrial (Garesse and Vallejo,
2001). The structure of ERp could enable it to track between nucleus and mitochondria, hence
orchestra the function of mitochondria through its genomic action. This notion is further
suggested by a recent study, which found shuttling of ERp between mitochondria and nucleus
(Chen et al., 2007).

Transgenic mice are a powerful tool to delineate function of various proteins. Five mouse lines
lacking ERp have been produced, but there are discrepancies over phenotypes (Harris, 2007;
Antal et al., 2008). The BERKOs produced in Chapel Hill (BERKO¢y), Strasbourg
(BERKOgT), and Wyeth (BERKOwg) observed similar phenotype, whereas the colony of
BERKOcH mice that were subsequently established at the Karolinska Institute exhibited a
different phenotype (Harris, 2007). Even more remarkably, the most recently generated
BERKO mice demonstrate sterility in both male and females, which is not consistent with
previous reports describing the BERKO phenotype (Antal et al., 2008). Although the different
phenotypes could be due to the different transcript variants, encoding putative truncated forms
of ERp in these BERKO mice lines, the effect of ERB on embryonic development can not be
ruled out due to the conventional knockout approach.

9. Conclusions and Future Research Directions

Estrogens are potent neuroprotective and mitoprotective agents. In addition to being produced
locally in the mitochondria, estrogens are transported to mitochondria, where they can interact
with imported ERB, to effect gene transcription through yet unknown mechanisms. The relative
proportion of estrogen’s mitoprotective effects that are mediated by an antioxidant redox
cycling of the steroid (Prokai et al., 2003) versus through ERp mediated mitochondrial
transcriptional effects is currently unknown and the subject of future research. In either case,
estrogen use is indicated for the treatment of mitochondrial related chronic neurodegenerative
diseases and more acute nerve cell insults that compromise mitochondrial function.

Further studies using reversible knockout or knockdown approaches could provide valuable
information to decipher the function of ERB. Given the potent effects of estrogens on
mitochondrial function, the localization of ER in this vital organ, and the role of mitochondria
in life-death decisions of neurons, there is strong evidence to support the need for the further
development of reagents, animal models to enhance future ERp research with a focus on
mitochondrial function.
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Figure 1. Tom20/22 and Tom70 receptors potential targeting of ERB

A simplistic diagram of potential ERB mitochondrial import through Tom receptor mediated
activity. The Tom complex can recognize protein such as ERf through two major receptor
transport pathways, Tom20/Tom22 or Tom70. Tom20 with Tom22 can recognize a LXXLL
presequences available in ligand bound ERp (N-terminal or internal), then bind and transport
ERP across the outer membrane to the inner membrane or TIM complex. Alternatively,
unliganded ERp can be recognized by Tom70 through its chaparone complex, Hsp90/70.
Hsp90 and Hsp70 can target proteins without a presequence by docking to tetraticopeptide
repeat motifs (TRP) of Tom20 before ultimate transport to the TIM complex.
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Figure 2. The mitochondrial distribution of ERp shows co-localization with Tom20 and/or Hsp90
Dual immunofluorescent staining was performed in HT22 cells using mitotracker with either
anti-ERpB, Tom20, or Hsp90. Fluorescent microscopy of HT22 cells stained for anti-Tom20,
Hsp90 and/or ERP also indicated that both Tom20 and Hsp90 associated with each other and
with ERp at the mitochondria.
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