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Abstract

In the present treatise, we provide evidence that the neuroprotective and mito-protective effects of
estrogens are inexorably linked and involve the ability of estrogens to maintain mitochondrial
function during neurotoxic stress. This is achieved by the induction of nuclear and mitochondrial
gene expression, the maintenance of protein phosphatases levels in a manner that likely involves
modulation of the phosphorylation state of signaling kinases and mitochondrial pro- and anti-
apoptotic proteins, and the potent redox/antioxidant activity of estrogens. These estrogen actions are
mediated through a combination of estrogens receptor (ER)-mediated effects on nuclear and
mitochondrial transcription of protein vital to mitochondrial function, ER-mediated, non-genomic
signaling and non-ER-mediated effects of estrogens on signaling and oxidative stress. Collectively,
these multifaceted, coordinated action of estrogens leads to their potency in protecting neurons from
a wide variety of acute insults as well as chronic neurodegenerative processes.
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1. Introduction

Estrogens are potent, centrally neuroactive and neuromodulatory molecules. One important
aspect of estrogens' effects on neurons is their neuroprotective activity. Estrogens are potent
neuroprotectants against a variety of different toxicities including serum deprivation, oxidative
stress, and amyloid  peptide (Ap) induced toxicity as well as glutamate-induced excitotoxicity
[65]. Further, both endogenous and exogenous estrogens as well as estrogen analogues have
been shown to have neuroprotective effects against the pathological events seen in
experimental animal models of neurodegeneration and cerebral ischemia [3,42,61-65,67,
159,168,195]. The pathological mechanisms that are activated during stroke include oxidative
stress, free radical activity, excitotoxicity, inflammatory response, mitochondrial dysfunction,
and apoptosis, all of which are antagonized by estrogens. However, the mechanisms by which
estrogens are protective remain elusive. It is clear that the effects of estrogens are complex and
multifaceted. The mechanisms of the neuroprotective actions of estrogen are characterized by
classical estrogen receptor (ER)-dependent genomic and non-genomic actions, the latter of
which is expressed by rapid interactions with neuronal membranes and intracellular signal
transduction pathways. In addition, estrogens have also been shown to have an intrinsic
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antioxidant structure that lies in the phenolic ring of the compounds, which provide the
antioxidant/redox cycling activity in neurons [135,136] that complements other
neuroprotective activities of estrogens.

As aresult of the early cessation of the Women's Health Initiative (WHI) study due to increased
risks of cardiovascular disease, stroke, blood clots, breast cancer, and dementia in women on
either combined estrogen—progestin or estrogen alone therapy, the scientific community has
struggled to reconcile the numerous epidemiological, experimental, and clinical studies that
have shown hormone therapy (HT) to be protective against a wide variety of pathological
diseased states such as Parkinson's Disease (PD) and Alzheimer's disease (AD), stroke, and
cardiovascular diseases. However, recent re-evaluations of the WHI, other clinical trials, and
cohort studies, such as the Nurses' Health Study, suggest that effects of HT are dependent on
reproductive stage and the extent of preexisting neurodegenerative or cardiovascular disease
at the onset of HT [44,68,71,73,105]. Specifically, emerging evidence indicates that younger
(perimenopausal or early postmenopausal) women derive neuro- and cardiovascular protection
from HT, whereas the initiation of such therapy in older individuals who are likely to have
extensive preexisting conditions may be ineffectual or even detrimental [34,43,107,143,148,
207].

2. Protein phosphatase 1, PP2A, and calcineurin in neurodegeneration

The brain is an extremely rich source of protein phosphatases (PPs). Historically, protein
phosphatases are thought to be ubiquitous nonspecific scavengers of phosphoproteins, but it
is becoming increasingly clear that protein phosphatases are important modulators of cellular
activity. It is well documented that PP1, PP2A, and PP2B are essential modulators of LTP and
LTD [78,79,114,169]. Cognitive declines observed in AD are related to the marked decrease
in synaptic contact [38,172], where PP1 plays a central role since it is highly enriched in post-
synaptic dendritic spines [123]. Not only is PP1 involved in the control of long-term depression
(LTD) and synaptic plasticity [111], but also in aging-related memory defects [57]. PP2A and
calcineurin-dependent mechanisms of learning and memory have also been shown [13,193,
194,205]. Rats with reduced levels of PP1 and PP2A, due to chronic pharmacological
inhibition, show memory impairment [4].

Hyperphosphorylation of tau is a hallmark of neurofibrillary tangles seen in AD brain. An
imbalance between tau kinases and protein phosphatases is therefore proposed as a pathological
mechanism of AD. There is a decreased calcineurin activity in the frontal cortex of human AD
brains compared to age-matched controls, without a concominant change in calcineurin protein
levels or regulatory proteins [100]. Moreover, the mRNA expression of DSCR1 (Adapt78), a
calcineurin inhibitory gene, in AD brains is twice as high as control brains [47].
Immunoblotting analyses has also revealed that there is a significant reduction in the total
amounts of PP2A in AD frontal and temporal cortices that matched the decrease in PP2A
activity measured in the same brain homogenates [165]. Immunohistochemical studies also
showed that neuronal PP2A expression levels are significantly and selectively decreased in
AD-affected regions and in tangle-bearing neurons, but not in AD cerebellum and in non-AD
dementias. The role of PP1 in the neurodegenerative diseases involves not only Ap-deposition
and hyperphosphorylated tau but also a decrease in cognitive function and memory formation.
PP1 is a major tau phosphatase [139,206], and inhibition of PP1 stimulates the secretion of
soluble amyloid precursor protein [37]. PP1 activity is also decreased in AD brains [58].

3. Protein phosphatases in estrogen-induced neuroprotection

We have recently shown that serine/threonine phosphatases are important players in the
mechanism of estrogen-mediated neuroprotective effects against glutamate-induced oxidative
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stress and excitotoxicity in primary cortical neurons, an immortalized hippocampal cell line
(HT-22), and C6-glioma cells [200-203].

3.1. Cytotoxicity induced by inhibition of serine/threonine phosphatases

Okadaic acid (OA) and Calyculin A (CA) are potent inhibitors of PP1 and PP2A as well as
calcineurin at higher micromolar concentrations. Treatment of HT-22, C6-glioma, and primary
cortical neurons with OA induced dose-dependent cell death with an LDsgq of 81, 87, and 40
nM, respectively [201]. CA also caused a dose-dependent decrease in cell viability in HT-22
with a more typical dose-response that caused a 50% cell death at >500 pM. In addition, CA
also showed a typical dose-dependent decrease in cell viability with an LDsqg of 67 pM in
primary cortical neurons. However, in glioma cells, an atypical dose-response was seen with
a precipitous decrease in cell viability at a threshold concentration of 500 pM [201].

Inhibiting PP1, PP2A, or calcineurin individually did not induce cell death; however, when a
combination of serine/threonine phosphatase activities are inhibited, neurons and glia are more
vulnerable to cell death [203]. Any combination of two phosphatase inhibitors caused a mild
insult which produces approximately 25-35% cell death, while inhibiting all three
phosphatases caused 50% reduction in cell survival. This suggests that individual serine/
threonine phosphatases are not essential for cell survival in and of itself but that phosphatases
in general are necessary for normal cellular function, which is a theme often found in nature's
redundancies.

3.2. Inhibition of protein phosphatases 1, 2A, and calcineurin abolishes the neuroprotective
effects of estrogens

In the absence of PP inhibitors, 17B-estradiol and its analogues are neuroprotective in HT-22
immortalized neurons, C6-glioma, and primary cortical neurons against glutamate-induced
cytotoxicity; however, in the presence of general serine/threonine phosphatase inhibition, the
protective effects of estrogens against oxidative stress and/or excitotoxicity are lost (Fig. 1)
[200-203]. Pretreatment of estrogens for 2 or 24 h does not alter the loss of estrogen-mediated
neuroprotection against glutamate toxicity induced by phosphatase inhibition [202]. Specific
inhibition of PP1, PP2A, or calcineurin only partially antagonizes the estrogen protection of
primary cortical neurons against oxidative stress and/or excitotoxicity induced by glutamate
[203], which is also the case in HT-22 and glial cells (Fig. 2). In addition, estrogens prevent
glutamate-induced decrease in protein expression of serine/threonine phosphatases as well as
their activities in HT-22 (Figs. 3 and 4), glial cells ([203], unpublished observations) as well
as in primary cortical neurons [203].

Remarkably, all three protein phosphatases appear to respond similarly to 17p-estradiol,
glutamate, OA and their combination in HT-22 cells, rat primary neuronal cultures, and C6-
glioma cells. The robust decrease in these three protein phosphatases in response to glutamate
in amodel of oxidative stress (HT-22 cells) and to excitotoxicity (primary rat cortical neurons)
suggests that protein phosphatase inhibition may be a common neurotoxic event for these
insults. Similarly, the ability of estrogens to antagonize these glutamate-induced reductions in
protein phosphatases suggests that this action is common to estrogen protection in both
oxidative stress and excitotoxicity in both neurons and glia.

3.3. Inhibition of protein phosphatases induces oxidative stress and mitochondrial

dysfunction

OA-mediated neuronal cell death is similar to glutamate induced neurotoxicity in that both
compounds cause the production of reactive oxygen species (ROS), lipid peroxides, protein
carbonyls, activation of caspase 3/7, and mitochondrial dysfunction [202]. Various
experiments demonstrate the OA-induced increases in oxidative stress biomarkers such as lipid
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peroxidation products, GSH content, GSH-PX, catalase, glutathione transferase and glutathione
reductase [152,154,176]. Mitochondrial dysfunction and the consequential induction of
caspase 3/7 have also been observed with OA treatment [5,17,50,51,204]. In primary cortical
neurons, mitochondrial swelling and decreased membrane potential as well as increased protein
expression of caspase-3, Bad, Bax, and Bim are seen following OA treatment [204]. These
events have been well established in glutamate induced excitoxicity and oxidative stress.
Numerous reports show that estrogens are neuroprotective against glutamate-induced cell
death by mitigating or abolishing the glutamate-induced lipid peroxidation, protein
carbonylation, ROS production, activation of caspase 3/7, and mitochondrial dysfunction
[19,116,129]. However, estrogens are not able to block or even partially attenuate the events
induced by OA [202]. In addition, the presence of OA in non-lethal concentrations abolishes
the estrogen-mediated attenuation of oxidative stress, mitochondrial dysfunction, and
apoptosis induced by glutamate toxicity. Since protein phosphatases are important modulators
of cellular function, it is not surprising that inhibition of protein phosphatases by OA leads to
cellular dysfunction that ultimately ends with cell death.

4. MAPK pathway involvement in ER-independent, estrogen-induced
neuroprotection and the role of serine/threonine phosphatases

A specific consideration of the effects of estrogens on signaling in the ERK1/2 pathway is
informative. 17p-Estradiol causes a rapid, transient phosphorylation of ERK1/2 in
neuroblastoma [188], non-neuronal cells [108], and cortical explants [163], as well as in the
cortex of ER-a knock-out mice [162]. This transient phosphorylation of ERK1/2 is believed
to mediate a neuroprotective signal while persistent phosphorylation of ERK1/2 is associated
with apoptosis, likely through nuclear translocation and retention of phosphorylated ERK1/2
[87,91]. The transient nature of neuroprotective signaling indicates that dephosphorylation
though activation of phosphatases is required. Indeed, pharmacological inhibition of ERK1/2
signaling is neuroprotective in a number of cell model systems [7,117], including the HT-22
cell oxidative stress model [150,166]. Similarly, in models of stroke, brain trauma, and
neurodegenerative diseases, there are detrimental effects of persistent activation of ERK1/2
during oxidative neuronal injury as well as excitotoxic injury [2,52,72,164,166 184,186,212,
213]. ERK1/2 is rapidly and persistently phosphorylated in response to oxidative and
excitotoxic stresses caused by glutamate, and the presence of estrogens prevents this persistent
phosphorylation [200]. These data suggests that prolonged phosphorylation of ERK1/2 is
detrimental to cell survival, which is supported by the observations of aberrant neuronal
expression of phosphorylated ERK1/2 and other MAPKSs in AD brains in association with
markers of oxidative stress [213]. Others have also shown that MAPK phosphorylation is
associated with a variety of sporadic and familial neurodegenerative diseases characterized by
tau deposits [52]. Patients with PD and other Lewy body diseases have increased
phosphorylated ERK1/2 in neurons of substantia nigra and midbrain [212]. In addition,
increased ERK1/2 phosphorylation has been noted in the vulnerable pneumbra following acute
ischemic stroke in humans [164].

Accumulating evidence has shown that neuroprotective effects of 17p-estradiol involve
activation of intracellular signaling pathways via G proteins [112,138], extracellularly
regulated kinases (phosphoinositol 3-kinase and protein kinase B/AKT, ERK and p38 MAP
kinases) [162,175,188], phosphorylation of the cAMP response element-binding protein
[115,180,189,210,211], and alterations in intracellular calcium levels [15,77,132]. These
actions suggest that there is a link between estrogen action at the cell membrane and discrete
biological actions in the cell.

There is considerable evidence that 17p-estradiol acts on neurons through a variety of signal
transduction pathways to induce rapid, but acute phosphorylation of signaling proteins [163,
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188,211]. Estradiol-induced phosphorylation of the adenylyl cyclase, Akt, PKA, PKC, and
MAPK pathways have been reported [85,108,163,209]. Changes in the activity of these
enzymes can regulate the phosphorylation of numerous intermediary signaling proteins such
as Rsk, p38 and INK, and nuclear transcriptional factors, cyclic AMP response element binding
protein (CREB) and cfos/cjun, which may ultimately mediate cell survival changes (for review
see [97]). Further, 17B-estradiol has been shown to block the persistent activation of both ERK
and PKC in a variety of insults including ischemia and ethanol withdraw induced cytotoxicity
[16,80,92,162,163,188].

Multiple, interactive death-inducing kinase pathways are likely activated simultaneously
following glutamate or OA treatment. It has been observed that both glutamate and OA [89,
204] persistently activate JNK, p38 MAPK and ERK1/2 pathways. Activation of the different
MAPK pathways occurs simultaneously, and there is crosstalk between ERK1/2 and p38 that
is mediated by various protein phosphatases [145,185]. Moreover, it has been demonstrated
that PKC phosphorylates both ERK1/2 and p38 MAPK [76,86,153] providing a link between
PKC and MAPK signaling. In the presence of functioning protein phosphatases, estrogens, via
maintenance of protein phosphatase activity [200,201], or specific inhibitors of ERK1/2 or
PKC [202] prevent glutamate death signaling. However, in the face of broad protein
phosphatase inhibition by OA, profound activation of multiple death-inducing kinases cannot
be overcome with either estrogens or specific kinase inhibitors. Therefore, it is possible that
direct inhibition of death-inducing kinases is sufficient for neuronal survival, but inhibition of
phosphatases leads to activation of multiple death signaling pathways that cannot be overcome
by inhibition of ERK, p38, or PKC alone.

5. Mechanism by which estrogens-induce protein phosphatase expression
and activity

There are numerous reports that cellular redox status plays an important role in the mechanisms
to regulate the function of growth factors, serine/threonine phosphorylation-dependent and
tyrosine phosphorylation-dependent signal transduction pathways [53,54,95,113,171,187].
Furthermore, reactive oxygen species such as H,O, have been shown to be involved in growth
factor signaling pathway [141,170], perhaps as a second messenger. Therefore, protein
phosphatases appear to be logical targets of oxidative stress, leading to transient and reversible
inactivation of phosphatase activity by oxidizing catalytic cysteine residue to sulfenic acid
[39]. It has been reported that low levels of H,O, (200 uM) robustly activate ERK1/2 [70,
81,174,183] but only slightly activate p38 MAPK and c-Jun N-terminal kinase/stress-activated
protein kinase in COS1 cells by inactivating endogenous MAPK phosphatases that
dephosphorylate ERK [70]. It has also been shown that MAPK phosphatase activity in
microsomal and soluble fractions of rat brain was attributable mainly to PP2A. Moreover,
H,0, and glutathione disulfide inhibited MAPK phosphatase activity by a dithiothreitol-
reversible mechanism [55].

The mechanism by which estrogens increase protein phosphatase levels is not known. To date,
we are not aware of an estrogen response element in the regulatory regions of the protein
phosphatases under study. Therefore, we hypothesize that protein phosphatase signaling is
through an alternative pathway. One intriguing possibility is that the signaling pathways
activated by neurotoxic insults suppress phosphatase expression or enhance the proteolytic
breakdown of these important proteins. Estrogens then could induce an increase in phosphatase
production and/or reduce proteolysis thereby normalizing protein phosphatase levels and
regulating signaling along phosphorylation-dependent pathways.

There are no previous experimental data suggesting a direct interaction between estrogens and
PP. While PP2A has been shown to regulate ERa by mRNA stabilization [83] as well as direct
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interaction with ERa in the absence of estrogen [104], our data indicate that effects of estrogens
on PPs occur without ER interactions since non-ER active estrogen analogues exert similar
effects [200]. An interesting, but yet unexplained observation is that while 17p-estradiol
[201] or ZYC3 [200], non-feminzing estrogen, alone have little effect on protein phosphatase
levels, they cause a prompt and transient increase in protein phosphatase concentrations and a
persistent resistance to glutamate-induced decline in serine/threonine phosphatase levels. The
absence of effects of estrogens alone and the broad range of protein phosphatases affected by
estrogens suggests that estrogens reduce the clearance of PPs that is activated by oxidative/
excitotoxic insult, rather than causing expression of new protein. Our laboratory recently
reported that estrogens attenuate ischemia induced increases in activities of MMP2 and MMP9,
which belong to a class of proteases [101]. We have also shown that transient cerebral ischemia
causes neurofibrillary tangle like tauopathy involving cdk5 [191]. This study showed that
calpain 11, a cytoplasmic cysteine protease, caused the cleavage of p35 to p25, which are co-
activators of cdk5, and that the inhibition of calpain by MDL 28170 attenuated this cleavage,
and prevented the activation of cdk5. It has also been shown that estrogens induce expression
of secretory leukocyte protease inhibitor in the rat uterus [26]. Because estrogens have been
shown to modify the expression or functions of various proteases, it is likely that 173-estradiol
protect cells by blocking the ubinquitination and/or degradation of protein phosphatases caused
by oxidative or excitotoxic stresses.

Thus far, there is no evidence to suggest that estrogens interact physically with phosphatases
to alter their activity. However, this is a possibility that cannot be ruled out. Previous work has
shown a direct interaction of estrogens with a variety of proteins such as GSH, which contains
a sulfhydryl group (redox sensitive cysteine groups). Estrogens are most likely to interact
especially with those proteins that have sulfhydryls in their active domains, such as Na/K
ATPase [157], ryanodine receptors [131], and GAPDH [22]. Further work needs to be done to
determine if estrogens are interacting directly with the serine/threonine phosphatases as they
do possess cysteine groups that are redox sensitive.

Since affected brains in AD have significantly decreased activities of PP1, PP2A, and
calcineurin [59], this down-regulation of phosphatase activities and up-regulation of protein
kinase activities is likely to trigger hyperphosphorylation of tau and activation of other
pathological events involved in neurodegenerative diseases. In addition, these phosphatases
are directly involved in synaptic plasticity and memory formation, which is affected in
neurodegenerative diseases. The observation that estrogen-mediated neuroprotection involves
maintaining the activities of these important phosphatases can provide a target for more
clinically relevant postmenopausal hormone regime that would minimize the adverse effects
of estrogens while maximizing the beneficial effects. Indeed, in our tMCAO animal model,
we completely prevented the stroke-induced decrease in PP1, PP2A, and PP2B with 17j-
estradiol [203].

6. Overview of mitochondrial structure and function

Mitochondria are the primary site of energy transduction and ATP generation in eukaryotes
and play critical roles in life and death decisions for all cells. These organelles are composed
of two distinctly different membranes, the outer membrane and inner membrane, which
encloses a protein-rich matrix. The five enzyme complexes of the oxidative phosphorylation
system are embedded in the mitochondrial inner membrane, and tricarboxylic acid cycle
components are located in the matrix of mitochondria. In healthy cells, mitochondria supply
the energy demand of cells by providing ATP through oxidative phosphorylation. In response
to a wide variety of stress signals, including loss of growth factors, hypoxia, and oxidative
stress, mitochondria are the most important regulators of cell death b both necrosis and
apoptosis. Mitochondria can activate death programs by opening the mitochondrial
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permeability transition pore in the inner mitochondrial membrane, leading to the collapse of

mitochondrial membrane potential, ATP depletion, and mitochondria and cell swelling, which
ultimately result in necrosis. In addition, an increase in the permeability of the mitochondrial
outer membrane and release of proapoptotic factors can trigger apoptosis.

It is clear that mitochondria play a central role in estrogen-induced cell protection. Protective
effects of estrogens on mitochondrial have been demonstrated including protection from insult-
induced ATP depletion, decreased reactive oxygen species production, attenuated
mitochondrial Ca2* influx, and prevention of mitochondrial membrane potential collapse (see
reviews [20,21,158,160,161]). Indeed, our recent structure—activity relationship studies
indicated a correlation between the protective action of estrogens against glutamate-induced
cell death and Ca?*-loading [45] and H,0,-induced mitochondrial membrane potential
collapse (Fig. 5). The following sections focus on mechanisms underlying the mito-protective
effects of estrogens.

7. Mechanisms mediating the mito-protective actions of estrogens

A variety of studies indicate that mitochondria are a convergence point for mechanisms
underlying estrogen-induced cell protection. Given the unique role of mitochondria in energy
generation, homeostasis maintenance, free radical production, and cell death determination, it
is not surprising that the neuroprotective effects of estrogens are linked with the mitochondrial
protection. Accumulating evidence suggests that estrogens play a critical role in the
mitochondrial function directly and indirectly, through both genomic and non-genomic
mechanisms. Genomic actions of estrogens on mitochondria are through transcriptional
regulation of both nuclear and mitochondrial DNA-encoded mitochondrial proteins. Non-
genomic actions of estrogens are exerted directly on mitochondrial through redox cycling of
estrogens [135,136]. In addition, estrogens could affect mitochondrial function through indirect
non-classical ER action, such as membrane estrogen receptor.

7.1. Genomic actions

Mitochondria are thought to have originated from a free-living prokaryotic organism, which
explains the presence of a compact mammalian mitochondrial genome in mammalian cells.
During its evolution into the present-day organelle of the eukaryotic cell, many of its essential
genes have been transferred to the nuclear chromosomes. Most proteins involved in
mitochondrial functions are synthesized in cytoplasm through transcriptional regulation of the
nuclear genome. Nevertheless, mitochondria still carry hallmarks of its bacterial ancestry, and
the essential proteins involved in mitochondrial electron transport and oxidative
phosphorylation are synthesized within mitochondria through encoding in the mitochondrial
genome. Therefore, eukaryotic mitochondrial biogenesis is coordinated by the expression of
numerous genes encoded in two different genetic compartments: the nucleus and mitochondria.
The nuclear genes encode the enzyme systems responsible for energetic metabolism, mtDNA
replication and transcription, while the mitochondrial genome encodes for key subunits of the
electron transport chain and RNA components needed for mitochondrial translation. Estrogens
could regulate mitochondrial function through both nuclear- and mitochondrial-dependent
genomic actions.

7.2. Nuclear genomic actions

Estrogens regulate mitochondrial protein expression encoded by nuclear genes. Estrogens not
only increase expression of glucose transporter subunits and increase glucose transport, and
thereby promoting glucose transport into the brain [155,156], but also increase glycolytic
enzyme expression and activities of hexokinase, phosphofructokinase, phosphoglycerate
kinase [88], and the E2 and E3 component of pyruvate dehydrogenase complex [119]. Each
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of these glycolytic enzymes are encoded by nuclear genes and are closely associated with
mitochondrial outer (hexokinae), or localize in the mitochondrial matrix (E2 and E3
components of pyruvate dehydrogenase). Moreover, estrogens regulate enzymes involved in
TCA cycle such as aconitase 2 and malate dehydrogenase [119]. Estrogens enhance glycolytic
activity that is coupled with an increase in glutamate turnover, evidenced by the increased
expression of glutamate dehydrogenase and glutamate oxaloacetate transaminase-2 [119]. The
latter can impact generation of neurotoxic free ammonium and reduce excitotoxic free
glutamate [125]. Consistent with their actions on glycolytic metabolism, estrogens also
enhance the expression of F1 subunits of ATP synthase [119]. All these findings indicated that
estrogens promote utilization of glucose through nuclear genomic actions.

Mitochondria integrate cellular apoptotic signals and amplify apoptotic responses [90]. The
anti-apoptotic actions of estrogens have been well established in different cell types, including
cancer cells, cardiomyocytes, and neurons. This ubiquitous effect of estrogens could be
partially due to estrogens' regulatory effects on the expression of mitochondrial oxidative
phosphorylation components. Enhanced oxidative phosphorylation has been found to be
associated with decreased apoptosis whereas reduced oxidative phosphorylation associate with
increase in apoptosis [182,192]. In addition, estrogens can directly regulate the expression of
mitochondrial stress responsive factors encoded by nucleus. The Bcl-2 family of proteins are
important regulators of the mitochondrial pathway of apoptosis. These proteins determine
whether the mitochondria initiate the cell death program by releasing proapoptotic factors such
as cytochrome c. The family of Bcl-2 proteins consists of anti- and pro-apoptotic members and
plays a key role in regulating apoptosis in cells [69]. Estrogens increase anti-apoptotic proteins,
Bcl-2 and Bcl-xL, which prevent activation of permeability transition pore [118]. In primary
neuronal cultures, estrogens upregulate expression of antiapoptotic Bcl-w and downregulate
expression of proapoptotic bim in an ER-dependent manner [199].

Estrogen-induced enhancement of energetic efficiency and anti-apoptotic action is paralleled
by an increase in free radical defense systems. The antioxidant effect of estrogens has been
well documented [12,20,160]. Since estrogens are comparatively poor scavenger of reactive
oxygen species [173], the antioxidant effect of estrogens is unlikely due to the direct interaction
of estrogens and free radicals. Rather, estrogens appear to strengthen the free radical defense
system. Estrogens increase the expression and activity of glutaredoxin, gamma-
glutamylcysteine synthetase, and MnSOD [40,60,128,167,177]. In addition, an increase in
peroxiredoxin-V was also found upon estrogen treatment [119]. The action of estrogens on
glutaredoxin, gamma-glutamylcysteine synthetase, and MnSOD expression and activation are
inhibited by the ER antagonist, 1C1182780, suggesting an ER-dependent mechanism.

7.3. Mitochondrial genomic actions

In contrast to nuclear genes, which encode the enzyme systems responsible for energetic
metabolism, mtDNA replication and transcription, mitochondrial genome encodes for key
subunits of the electron transport chain and RNA components needed for mitochondrial
translation. Mitochondrial DNA only encodes 13 of the ~90 different proteins present in the
respiratory chain of mammalian mitochondria. The structure and gene organization of mtDNA
is highly conserved among mammals. All 13 proteins are the essential components of the
enzyme complexes of the oxidative phosphorylation system. The mammaliam mitochondrial
genome isa closed-circular, double-stranded DNA molecule of about 16.6 kb, that is maternally
inherited because mitochondria in mammalian sperm are destroyed in the fertilized oocyte.
The strands of the DNA duplex can be distinguished as heavy (H) and light (L) strand based
upon the G+T base composition which results in different buoyant densities of each stand.
Most information is encoded on the H strand, with genes for two fRNAs, 14tRNAs, and 12
proteins. The L strand codes the other eight tRNAs and a single protein. Different from the
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nuclear genome, mtDNA is continuously turned over and replicated during the entire cell cycle,
displaying no strict phase specificity [48].

The compact mammalian mitochondrial genome lacks introns, and the only substantial
noncoding region, the D-loop, contains the origin of H strand replication and promoters for
bidirectional transcription from opposing H and L strand [33,48]. In human cells, a single
promoter region has been identified in each strand for transcriptional initiation, the light-strand
promoter (LSP) and the heavy-strand promoter (HSP). Transcription from the mitochondrial
promoters produce polycistronic precursor RNAs, encompassing all of the genetic information
encoded in each of the specific strands.

Interestingly, many of the electron transport chain components encoded by mitochondrial
genome have been found to be regulated by estrogens. Van Itallie and Dannies [178] found a
16-fold increase of cytochrome c oxidase subunit Il mRNA upon 17p-estradiol treatment in
rat pituitary tumor cells. An estrogen-induced increase of cytochrome ¢ oxidase subunit 111
transcript was also observed [14]. The estrogen-regulated mitochondrial encoded transcripts
have been extended to all three subunits of the complex IV and subunits 6 and 8 of ATP synthase
[27,28]. More recently, Nilsen et al. [119] identified 4 of the 7 subunits of complex | encoded
by mitochondrial genome were regulated by 17p-estradiol. Given the single promoter for each
strand of mtDNA and the broad range of estrogen-regulated mitochondrial transcripts, the
action of estrogens on mitochondrial transcription seems universal, not specific to any single
gene.

It is not clear how estrogens regulate mitochondrial gene expression. Studies have shown that
the enhancement of mitochondrial transcripts by estrogens can be blocked by ER antagonist,
IC1182780, suggesting an ER-dependent mechanism [29,30]. This notion is further supported
by the newly identified mitochondrial localization of ERs, specially ERb [29,197]. An up-
regulation of mitochondrial complex 1V by ER selective ligand, diarylpropionitrile (DPN),
has been demonstrated [74]. The crystal structure of ER has been well described. ERp shares
a highly conserved structure with other nuclear receptors such as ERa. Although ERa and
ERP have nearly identical DNA-binding domain, increasing evidence indicates that they
regulate the expression of a distinct set of genes [82,121]. Most studies have been focused on
the nuclears transcription regulation. Consistently, most of the genes modified in ERp knock-
out mice are mitochondrial structural proteins related to oxidative phosphorylation [121]. This
distinction could be partly due to different compartmentation of ERa and ERp. In addition to
its broad distribution among neuronal organelles, ERp is localized in the mitochondrial matrix,
hence enabling its access to the mitochondrial genome [31]. Therefore, both the ERf structure
and matrix localization provide ERp the capacity to regulate mitochondrial gene expression.
Indeed, recent studies have found that ER[ could directly interact with mitochondrial genes to
modulate cytochrome c oxidase subunits expression [31].

It remains unclear how ERp interacts with mtDNA promoter to regulate mitochondrial gene
expression. Classically, ERs bind to estrogen response elements (ERE) in target genes and
recruit coactivator complexes that mediate stimulation of transcription. Alternatively, ERs also
activate transcription at activator protein 1(AP-1) sites [93,94]. Putative ERE sequence has
been found in mtDNA [29]. In addition, although a completely identical core nucleotide
sequence for recognizing AP-1 was not found anywhere in mitochondrial DNA, approximately
10 sites with sequences similar to the AP-1 site have been found in the noncoding region of
mitochondrial DNA [122]. Therefore, the mitochondrial localization of ERp and the putative
ERE and AP-1 bind sites in the mtDNA enable ERp to mediate the action of estrogens on
mitochondrial transcriptional regulation.
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In addition to the ERB-dependent mechanism, estrogens could also regulate mitochondrial
transcription through its genomic action independent of classic ER activation. Membrane sites
of estrogen activation, which activate the PI3K/Src/ERK signaling pathway, activating CREB,
have been identified to mediate the protective action of estrogens [24,98,106]. CREB is a
widely expressed transcription factor whose role in neuronal protection is now well established.
It has been suggested that CREB is present in the mitochondrial matrix of neurons and binds
directly to cyclic AMP response elements (CREs) found within the mitochondrial genome
[96]. Therefore, estrogens could also regulate mitochondrial transcription through a ER-
independent mechanism.

7.4. Non-genomic actions

In addition to genomic action, growing evidence also indicates non-genomic actions of
estrogens. In contrast to genomic action, non-genomic actions are principally characterized by
their rapid onset of action and insensitivity to inhibitors of transcription and protein synthesis
[49]. These rapid effects are distinct both physiologically and pharmacologically from those
of the genomic actions. For example, we have very recently demonstrated that estrogens rapidly
(~500 ms) potentiate L-type voltage-gated calcium channels at extremely low concentrations
independent of ER activation [149]. We and others have also demonstrated that estrogens exert
protective effects against ischemic stroke in both acute and post-treatment paradigms [196].
This suggests that rapid non-genomic actions of estrogens can play critical role in the
neuroprotective effects of estrogens.

Distinct from the classical genomic actions of estrogens through nuclear ERs, the rapid non-
genomic actions of estrogens are transmitted via specific membrane receptors. Many steroid
receptors, including ERs, have been found to translocate to the plasma membrane [98,99].
Recent studies have identified a highly conserved motif in the ligand binding domains of steroid
receptor which enable this translocation [127]. Further, it has been demonstrated that the
plasma membrane pool of ERs plays functions distinct from the nuclear ERs [126]. Another
recently identified membrane receptor that has been claimed as an estrogen binding protein is
the orphan receptor, GPCR30, which to mediates PI3 K and calcium signaling [144].
Regardless of the receptor mediator of estrogen's effects, the action of estrogens initiated at
the cell membrane activates a variety of intracellular signaling pathways, including but not
limited to PKC, cyclic AMP, PKA, MAPK, and the tyrosine kinases [46]. The activation of
these intracellular signaling pathways results primarily in phosphorylation/dephosphorylation
of signaling proteins and produces a variety of cellular responses (see review [35]). Given the
critical function of mitochondria under normal physiological conditions as well as oxidative
stress, it is not surprising that many of these signaling pathways converge on the mitochondria.
For example, the PI3K signaling pathway could directly interact with mitochondria by
phosphorylation of Bad and inhibition of apoptosis inducing factor (AIF) translocation [124].
Protein kinase C epsilon, which has been found to play important role in the neuroprotective
action of estrogens [120], has been classified as a novel type of PKC that is involved in many
cellular events regulating mitochondrial function [1]. Further, the rapid non-genomic
intracellular cascades may also lead to a transcriptional activation. Therefore, estrogens induce
both non-genomic and genomic actions via the integration of its action on membrane associated
and nuclear receptors [99].

8. The role of serine/threonine phosphatases in mitochondrial function

Phosphorylation events on the outer membrane of the mitochondria are well defined. Bcl-2
can be modulated by dimerization with proapoptotic family members (i.e. Bax, BAD, Bid) and
by phosphorylation. The dynamic phosphorylation and dephosphorylation of Bcl-2 causes
conformational change within the protein and has been suggested to serve as survival sensor
during stress stimuli [147]. Bcl-2 phosphorylation by a variety of kinases, such as PKC, ERK,

Front Neuroendocrinol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Simpkins et al.

Page 11

Akt, P1-3 K, and others, is a cell survival signal; while dephosphorylation by PP2A and/or PP1
is associated with cell death [146]. BAD, a BH3-proapoptotic Bcl-2 family member, acts at a
key nodal point in the mitochondrial apoptotic pathway. Unphosphorylated BAD binds and
inactivates antiapoptotic Bcl-2 homologues. This provokes release of cytochrome ¢ from
mitochondria and consequent activation of the apoptotic pathway. PP1, PP2A, and calcineurin
has been shown to dephosphorylate and activate BAD [6,32,181] and BAX [25,75,208]. In
addition, upon dephosphorylation by PP1 and/or PP2A, BAX is thought to insert into the outer
mitochondrial membrane to disrupt membrane stability and release cytochrome c.

9. Evidence of ER-independent intracellular signaling actions of estrogens

The antioxidant activity of estrogens observed at high (non-physiological) concentrations
(107> M) is dependent upon the presence of a phenolic A ring in the steroid structure and is
independent of activation of the ERs [10-12,36,110]. A large body of evidence has
demonstrated that estradiol possesses antioxidant properties and suppresses oxidative stress in
neurons and neuronal cell lines induced by hydrogen peroxide, superoxide anions and other
pro-oxidants [8-12,18,23,151]. Both 17a- and 17B-estradiol have similar antioxidant effects
[11,12,18,61], suggesting that the neuroprotective effects of estrogens are in part ER-
independent.

Strong evidence from our laboratory and others indicate that many of the neuroprotective
effects of 17p-estradiol are ER receptor-independent since 17a-estradiol, the enantiomer of
17B-estradiol (ENT E2), and other non-ER binding estrogen analogues show potent protection
against a variety of neurotoxicities [11,61,66,102,129,151]. The finding that 17a- and 17p-
estradiol protect SK-N-SH human neuroblastoma cells from serum deprivation and the effect
is only partially reversed by the ER antagonist tamoxifen suggests that estrogens may have
ER-independent neuroprotective effects [61]. 17a- and 17p-estradiol also protect against beta-
amyloid peptide toxicity in a murine immortalized neuronal cell line lacking functional
estrogen receptors [64]. Additionally, it has also been demonstrated that treatment with either
17a-estradiol or ENT E2 markedly reduces ischemic brain damage produced by middle
cerebral artery occlusion in ovariectomized rats [159,195,198], and that estradiol
administration reduces secondary ischemic damage and mortality following subarachnoid
hemorrhage in vivo [195]. ZYC3, a non-receptor-binding estrogen analogue, possesses both
neuroprotective and vasoactive effects, which offers the possibility of clinical application for
stroke without the side effects of estrogens [103]. ER antagonists do not block the
neuroprotective effects of estradiol against NMDA-induced neuronal death in rat hippocampal
cultures, glutamate neurotoxicity in mesencephalic cultures and pro-oxidants in rodent
neuronal cultures [12,110,151,190]. Also, estrogens can exert their neuroprotective action even
in the presence of transcription and translation inhibitors [142,151]. Estrogens may decrease
the production of cytokines in astroglial cells exposed to AB1-40, lipopolysaccharides [41] or
decrease the inflammatory response after brain injury [56] by decreasing the activation of NF-
kB, a potent immediate-early transcriptional regulator of numerous proinflammatory genes,
through anti-oxidative mechanism. Estradiol interact with estrogen binding sites in the plasma
membrane [140] or mitochondrial membrane [109] and may have many different rapid effects
on neuronal excitability and neuronal signal transduction.

Estrogens are potent inhibitors of lipid peroxidation. 17p-Estradiol inhibits iron-induced lipid
peroxidation of membrane and fatty acids in rat brain homogenates, rat cortical synaptosomes,
hippocampal HT-22 cells and primary neocortical cultures [84,179]. Further, 17a-estradiol,
ENT E2, and ZYC3 potently inhibit of glutamate-induced lipid peroxidation, protein
carbonylation, and ROS production, events that cause mitochondrial dysfunction followed by
apoptosis [200]. ZYC3 is more potent in a number of cell types than 17B-estradiol, 17a-
estradiol or ENT E2 in protecting neurons against glutamate toxicity [66,103,129].
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Studies of structure—activity relationships (SAR) and mitochondrial function have led to a
mechanistic model in which estrogens intercalate into cell membranes where they block lipid
peroxidation reactions, and are in turn recycled. Indeed, the parental estrogens and novel
analogs stabilize mitochondria under Ca2* loading otherwise sufficient to collapse membrane
potential [45]. Also, for a series of estrogens that were chosen for their wide differences in
potency in neuorprotection against H,O» toxicity, we observed a strong correlation between
neuroprotective activity and protection from mitochondrial membrane potential collapse (Fig.
5). This correlation between neuroprotective and mito-protective potencies suggests that these
compounds prevent cell death in large measure by maintaining functionally intact
mitochondria.

In these SAR studies, the driving relationship appears to be the antioxidant potential of the
estrogen analogue [133,134,137]. These observations lead us to assess the possibility that
estrogens intercalate into membrane, including the mitochondrial members, and there
participate in a redox cycle where the estrogens can be oxidized and thereby stop the cascade
of lipid oxidation during damage to membranes. We observed that estrogens were indeed
oxidized to a 10-hydroxy-quinols, the preferred oxidative product in both liver and brain
[135,136]. Intriguingly, the oxidized form of estrogens can be rapidly converted to the parent
estrogen in the brain [135]. This redox activity of estrogens can explain their potent antioxidant
activity, despite the fact that estrogens are poor free radical scavengers [130].

10. Summary and conclusions

This treaties has provided evidence that the neuroprotective effects of estrogens are inexorably
linked to their ability to protect mitochondria. The mechanisms by which estrogens protect
mitochondria are multifaceted and complex. These include the ER-mediated transcription of
nuclear genes involved in glucose transport into the brain, bioenergetics and the production of
anti-apoptotic proteins. Second, localization of ER to the mitochondrial matrix positions this
ER to mediate mitochondrial transcription of gene involved in oxidative phosphorylation.
Third, signaling of estrogens from plasma membrane ERs as well as non-ER proteins activate
a number of signaling pathways that are believed to provide vital information to the neuron
leading to activation of survival mechanisms. Forth, estrogens have remarkable effects on
protein phophatases that maintain their activity during neuronal stress, preserving the delicate
balance between protein phosphorylation and dephosphorylation that is so vital to neuronal
homeostasis. Finally, estrogens are potent lipid peroxidation inhibitors, most likely through
their ability to stop propagation of lipid damage by engaging in a redox cycle and thereby
tapping into other antioxidant molecules and applying them to member phospholipids.

A challenge for future research on estrogen neuroprotection is to decipher if these many actions
of estrogens are organized hierarchically and are temporally sequenced, or simply represent
the many characteristics of a very intriguing class of molecules. Which ever turn out to be the
case, the targeting of the various neuroprotective actions of estrogens for protection from acute
brain injury as well as chronic neurodegenerative diseases is a useful endeavor. Through
chemical modification of naturally occurring estrogens as well as the synthesis of compounds
that mimic the neuroprotective effects of estrogens, we may be able to produce more selective
compounds that provide the benefits of estrogens in the brain while avoiding their side effects.
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Fig. 1.

Effects of calyculin A on estrogen-mediated neuroprotection from glutamate neurotoxicity.
HT-22 cells or C6-glioma cells were seeded into 96-well plates at a density of 3500 cells/well.
(A) HT-22 cells were treated simultaneously with 10 uM 17p-estradiol, varying concentrations
of calyculin A and/or 10 mM glutamate. (B) C6-glioma cells were treated simultaneously with
10 uM 17p-estradiol, varying concentrations of calyculin A and/or 20 mM glutamate. Cell
viability was determined by calcein AM assay after 24 h exposure to the various compounds.
All data were normalized to percentage survival of vehicle control. Data are represented as
mean + SEM for n = 10. *P < 0.05 vs. control; TP < 0.05 vs. glutamate treated group.
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Fig. 2.

Effects of PPI12, endothall, or cyclosporine A on 17B-estradiol mediated neuroprotection in
HT-22 cells and C6-glioma. HT-22 (A-C) and C6-glioma (D-F) cells were seeded into 96-
well plates at a density of 3500 cells/well. (A and D) Cells were treated simultaneously with
with 200 nM PPI12, 10 mM glutamate, and/or 10 uM 17p-estradiol. (B and E) Cells were treated
simultaneously with 9 uM endothall, 10 mM glutamate, and/or 10 p 17B-estradiol. (C and F)
Cells were treated simultaneously with 500 nM CsA, 10 mM glutamate, and/or 10 p 17-
estradiol. Cell viability was determined by calcein AM assay (Molecular Probes, Eugene, OR)
after 24 h exposure to the various compounds. All data were normalized to % survival of non-
treated control. Depicted are mean + SEM for 10 independent experiments with two replicates
per experiment. *P < 0.05 vs. vehicle control; TP < 0.05 vs. glutamate treated group.
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Fig. 3.

Time course of the effects 17p-estradiol, glutamate, and their combination on PP1 protein levels
in HT-22. HT-22 cells were treated with either 10 mM glutamate (A) or 10 uM 17p-estradiol
(B) and simultaneously with 10 mM glutamate and 10 uM 17p-estradiol (C). Cells were
harvested at the times indicated for Western blot analysis of PP1. The graphs represent relative
OD as a percentage of time 0 control and were normalized to B-actin (not shown). Data are
represented as mean + SEM for n = 3. *P < 0.05 versus time 0 control.
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Fig. 4.

PP2A activity in HT-22 cells following treatment with glutamate and/or 173-estradiol in the
presence of specific inhibitors of PP1, PP2A, or calcineurin. HT-22 cells were seeded in 100
mm dishes at a density of 250,000 cells/ml. (A) Cells were treated simultaneously with 100
nM okadaic acid, 10 mM glutamate, and/or 10 pM 173-estradiol. (B) Cells were treated
simultaneously with 200 nM PP12, 10 mM glutamate, and/or 10 uM 17p-estradiol. (C) Cells
were treated simultaneously with 9 uM endothall, 10 mM glutamate, and/or 10 uM 17§-
estradiol. (D) Cells were treated simultaneously with 500 nM CsA, 10 mM glutamate, and/or
10 uM 17p-estradiol. PP2A activity was determined using a serine/threonine phosphatase
activity assay (Promega, Madison, W1) after 24 h exposure to the various compounds. All data
were normalized to % survival of vehicle treated control. Depicted are mean + SEM for six
independent experiments with triplicates per experiment. *P < 0.05 vs. glutamate treated group.
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Fig. 5.

Relationship between neuroprotective and mitoprotective potency of estrogens. Eleven
estrogens were selected from our library of compounds and tested for potency in protection
from glutamate-induced cells death (x-axis) as well as their potency in protection from H,O-
induced collapse of mitochondrial member potential (y-axis). Depicted are the ECs values for
each assay. Denoted with arrows are a potent synthetic estrogen (ZY C-33), 17pb-estradiol
(17B-E2) and an inactive estrogen (E2550).
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