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Induction of Antioxidative and Antiapoptotic
Thioredoxin Supports Neuroprotective Hypothesis of Estrogen
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The original neuroprotective hypothesis of estrogen
was based on the gender difference in brain response
to the ischemia-reperfusion injury. Additional clinical
reports also suggest that estrogen may improve cogni-
tion in patients with Alzheimer disease. 17f-Estradiol
is the most potent endogenous ligand of estrogen,
which protects against neurodegeneration in both cell
and animal models. Estrogen-mediated neuroprotec-
tion is probably mediated by both receptor-dependent
and -independent mechanisms. Binding of estrogen such
as 17B-estradiol to estrogen receptors (ERs) activates
the homodimers of ER-DNA and its binding to estrogen
response elements in the promoter region of genes such
as neuronal nitric oxide synthase (NOS1) for regulat-
ing gene expression in target brain cells. In addition to
the induction of NOS1, estrogen increases the expres-
sion of antiapoptotic protein such as bcl-2. Furthermore,
our recent observations provide new molecular biologic
and pharmacologic evidence suggesting that physio-
logic concentrations of 17-estradiol (<10 nM) activate
ERs (ERB > ERa) and upregulate a cyclic guanosine 5'-
monophosphate (cGMP)-dependent thioredoxin (Trx)
and MnSOD expression following the induction of NOS1
in human brain-derived SH-SY5Y cells. We thus pro-
posed that the estrogen-mediated gene induction of
Trx plays a pivotal role in the promotion of neuropro-
tection because Trx is a multifunctional antioxidative
and antiapoptotic protein. For managing progressive
neurodegeneration such as Alzheimer dementia, our
estrogen proposal of the signaling pathway of cGMP-
dependent protein kinase (PKG) in mediating estrogen-
induced cytoprotective genes thus fosters research and
development of the new estrogen ligands devoid of
female hormonal side effects such as carcinogenesis.
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Brain Functions of Estrogen Receptor Subtypes

In addition to peripheral hormonal receptors, estrogen
receptor o (ERa) and ER 3 subtypes are widely distributed
throughout the brain as nuclear binding sites (7,2). In gen-
eral, more brain neurons express ERf than those containing
ERa (3). ERa sites are distributed mainly in the basal fore-
brain cholinergic neurons, while ER} sites are predominantly
expressed in the midbrain dopaminergic and serotonergic
neurons. The development and plasticity of brain neurons
can be modified by estrogen. Transfection of ERa leads to
an increase in the number and length of neurites, whereas
ERp transfection results in neurite elongation (4). More-
over, ERP has a role in the survival of cortical, hippocam-
pal, and nigral neurons (3). However, ERa, but not ERp,
may mediate neuroprotection produced by physiologic con-
centrations of estrogen in ischemic animal models (5,6). In
addition to upregulation of Bcl-2, estrogen induces endo-
thelial nitric oxide synthase (NOS3) in the cerebrovascular
endothelial cells, thus mediating cytoprotective action (7).
Our unpublished reverse transcriptase polymerase chain
reaction results indicate that human SH-SYSY cells contain
both ERa and ER 3 subtypes. It is known that 173-estradiol
binds to both nuclear ERa. and ER sites, which are sensi-
tive to the receptor antagonist ICI 182,780 (8). Physiologic
concentrations of 17B-estradiol bind ICI 182,780-sensi-
tive ER in SH-SYS5Y cells, leading to protection against
serum deprivation—induced oxidative stress (9). This recep-
tor-mediated neuroprotection is linked to the upregulation
of cytoprotective genes such as NOS1, thioredoxin (77x), and
MnSOD, which is somewhat different from those acute anti-
oxidative effects produced by micromolar concentrations
of estrogen.

Studies using mice with knockout of either ERa or ER3
are necessary for investigating which subtype of ER medi-
ates estrogen-induced brain functions including the multi-
faceted neuroprotective mechanisms. Studies on mice with
either ERa or ER3 knockout suggest that both ER subtypes
are needed not only for survival but also for learning. Spatial
learning is drastically impaired while there is severe degen-
eration of neuronal cell bodies throughout the brain, especi-
ally in the substantia nigra of 2-yr-old mice with the knockout
of ERP (3). These observations infer that ER3 more than
ERa may play an important role in the pathogenesis of neu-
rodegenerative diseases in the brain. Furthermore, there is
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increased brain neuron sensitivity of ER} null mice to exci-
tatory toxicity caused by kainic acid.

The binding of estrogen ligands to ER promotes a high-
affinity binding of ER-DNA-binding domain to the estrogen
response elements for regulating target gene expressions
(10). Interestingly, ERa and ERP may play different roles
in gene regulation in the central nervous system (/7). ERB
rather than ERa mediates transcriptional activation of NOS1
by 17B-estradiol (12), thereby activating cyclic guanosine
5'-monophosphate (cGMP)-dependent signaling pathway
and promoting cGMP-dependent protein kinase (PKG)-
mediated brain functions including the induction of the re-
dox protein Trx (9). ERB gene, protein, and related signaling
transduction pathways may be necessary not only for up-
regulating NOSI1 but also for enhancing neuronal viabil-
ity in the brain monoaminergic neurons via the induction
of some of the beneficial cytoprotective genes such as 7rx,
Bcl-2, and MnSOD.

Multifaceted Neuroprotective
Mechanisms of Estrogen

Numerous research groups are investigating why phys-
iologic concentrations of estrogen improve cognition such
as attention and short-term memory in some postmenopau-
sal women with senile dementia of the Alzheimer type (13—
15). Estrogen-mediated neuroprotection is consistently ob-
served in several oxidative stress models including serum
deprivation (16), toxic fragments of B-amyloid precursor
protein (17), quinolinic acid (18), oxidized low-density lipo-
protein (79), human immunodeficiency virus type 1 (HIV-1)
viral proteins (i.e., HIV-1 protease, gp-120, and Tat) (20,21),
and 1-methyl-4-phenylpyridinium (MPP*) (22). In fact,
multifaceted neuroprotective mechanisms of estrogen have
been proposed (23—-27). First, in addition to antiinflamma-
tion (28), some studies have proposed that estrogen at micro-
molar concentrations may function as an atypical antioxi-
dant owing to its unique phenolic ring A (29,30). Second,
it has been proposed that brain ERa and not ER3 mediates
neuroprotection produced by physiologic concentrations of
estrogen in ischemic animal models (5,6). Third, estrogen
promotes the expression of neurotrophic factors and anti-
apoptotic proteins, thus enhancing cell viability (9,37-34).
Fourth, estrogen modulates intracellular signaling cascades
such as mitogen-activated protein kinase (MAPK), cyclic
adenosine monophosphate—protein kinase A signal trans-
duction pathway, and nontranscriptional signaling pathway,
all of which may contribute to the promotion of neuropro-
tection (28,35-37).

Besides these multifacted neuroprotective mechanisms
ofeestrogen, itis also known that 17B3-estradiol induces NOS1
and increases the synthesis of ‘'NO and cGMP in several cell
models (38—40). Recently, we have observed that transfec-
tion and/or expression of human NOS1 activates a cGMP-
mediated signal transduction pathway and upregulates the ex-

pression of Trx, thereby preventing oxidative stress—induced
apoptosis (4/—43). It is also known that NO (i.e., S-nitro-
soglutathione) and 8-bromo-cGMP can individually pro-
tect cells and brain neurons against oxidative stress caused
by serum deprivation, hydrogen peroxide, glutamate, toxic
fragments of B-amyloid, and MPP* (18,43—48). Moreover,
our new observations suggest that the induction of NOS1
in human brain-derived SH-SYS5Y cells may mediate the
c¢GMP-dependent neuroprotection evoked not only by the
preconditioning procedure (4/—44) but also by physiologic
concentrations of 17-estradiol (<10 nM) (9). This newly
proposed Trx-dependent neuroprotective pathway of estro-
gen includes the induction of NOS1 following the activation
of the ERP rather than ERa., the cGMP-dependent protein
kinase pathway, the phosphorylation of MAPK/Erk1/2, and
the phosphoactivation of the transcription factor c-Myc to
induce the Trx gene (Fig. 1). This new estrogen neuropro-
tective proposal is the first to bridge the gaps between estro-
gen-induced neuroprotection to the observed chain of events
following the activation of ICI 182,780-sensitive ERs.

Pivotal Role of Trx Induction
in Estrogen-Mediated Neuroprotection

The activation of ER has been suggested in mediating
the complex mechanisms of neuroprotection, although by
which mechanism estrogen induces the 7rx gene is very
intriguing. Trx is a multifunctional redox regulating protein,
which has antioxidative and antiapoptotic actions impli-
cated in cell proliferation, preconditioning adaptation, anti-
oxidative defense, and apoptosis inhibition (42,43,49,50).
Analysis of the promoter region of Trx has revealed redox-
sensitive regulatory elements. The present estrogen propo-
sal was derived from our recent observation that Trx can be
induced by preconditioning stress and plays a crucial role
in gene expression such as Bcl-2 and MnSOD against oxi-
dative stress—induced cell death (44). The preconditioning
induction of NOSI activates the ‘NO-cGMP-PKG signal-
ing pathway and increases the phosphorylation of MAPK/
Erk1/2 and c-Myc, thereby inducing Trx for the promotion
of antioxidation and neuroprotection (43). With the fact that
estrogen induces NOS1 following the activation of ERf
in mind (72), we thus filled in the gaps in Fig. 1, proposing
that 17B-estradiol may phosphoactivate Erk1/2 and c-Myc,
thereby upregulating the 7rx gene and protein following the
induction of NOSI.

In addition to suppressing lipid peroxidation, membrane-
permeable Trx-(S), inhibits apoptosis by modulating the
catalytic activity of the proapoptotic caspase-3 and apopto-
sis signal-regulating kinase 1 (ASK1) (4/-43,51,52). Estro-
gen-mediated neuroprotection can be prevented by the block-
ade of redox cycling of Trx from the inactive oxidized Trx-
(S), to the active reduced Trx-(SH), by inhibitors of the
selenium-containing Trx reductase (9). Owing to its redox-
reactive cysteinyl sites (-Trp-Cys3?-Gly-Pro-Cys*-Lys-) and
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Fig. 1. Proposed cGMP-dependent gene induction of Trx in mediating neuroprotective mechanisms of estrogen. (i) At micromolar
concentrations of estrogen, ligands such as 17a- and 173-estradiol inhibit the chain reactions of lipid peroxidation such as the generation
of lipid peroxyl radical (LOO") and toxic lipid metabolites of malondialdehyde (MDA) and 4-hydroxyl-2-nonenal (HNE), which are
known to cause necrosis and apoptosis. (ii) Physiologic concentrations (<10 nM) of 17-estradiol bind with ERa and ER for promoting
gene induction. (iii) ERa is distributed mainly in the forebrain cholinergic neurons (ACH). Through the activation of ERa, 173-estradiol
induces NOS3 (eNOS) in cerebrovasculature and also antiapoptotic protein Bcl-2 in the rodent brain, thereby protecting against ischemia-
induced brain damage. (iv) ERp is found in dopaminergic (DA) and serotonergic (SHT) neurons in the midbrain. It is known that ER
(B >> o) upregulates the expression of NOS1 (nNOS) leading to the formation of nitric oxide ('NO), activation of the cGMP- and PKG-
mediated signaling pathway, and phosphoactivation of Erk1/2 and c-Myc, which can subsequently induce cytoprotective proteins such
as the redox protein Trx. Trx is known to inhibit apoptosis through the inactivation of ASK1, Apaf-1, and caspases. In addition to the
inhibition of lipid peroxidation—induced cytotoxicity and caspase-induced apoptosis, Trx induces MnSOD to suppress the generation of
reactive oxygen species (i.e., O, ", superoxide anion radical) in the mitochondria. This new neuroprotective mechanism of estrogen
supports the neuroprotective hypothesis of estrogen derived from the gender difference in brain response to ischemic injury (24,25) since
neuroprotection induced by physiologic concentrations of estrogen is mediated by both antioxidative and antiapoptotic actions produced
by Trx and MnSOD (9,60). Animals and cells overexpressing Trx or MnSOD are less vulnerable to oxidative stress caused by ischemia
and MPP" neurotoxin. Therefore, the cGMP-induced cytoprotective genes such as Trx and MnSOD may play a pivotal role in enhancing
cell viability to the promotion of neuroprotection following the treatment of human SH-SY5Y cells with physiologic concentrations of
the most potent endogenous estrogen ligand, 17f3-estradiol.

S-nitrosylation site (Cys®®), reduced Trx-(SH), profoundly
modulates the thiol-containing transcription factors (i.e.,
activation protein-1, nuclear factor kB), and the thiyl-con-
taining enzymes such as caspases, Ref-1, ASK1, p53, and
p21 (49-56). Following the induction of Trx, estrogen also
induces MnSOD but not HO-2 and brain-derived neuro-
trophic factor in human brain-derived SH-SYS5Y cells (9).
It is known that Trx can upregulate MnSOD (57); expres-
sion of mitochondrial MnSOD would augment the antioxi-
dative effects of Trx. Therefore, the expression of Trx may

play a pivotal role in mediating the neuroprotective mecha-
nisms of estrogen because Trx is a multifunctional protein
associated with gene induction for the promotion of cellular
defense systems such as preconditioning adaptation, antioxi-
dation, and apoptosis inhibition.

Conclusion

The present results infer that 17p-estradiol-enhanced
expression of the multifunctional redox protein of Trx is the
missing link between the NOS1 expression and the neuronal
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survival following the treatment of brain neurons and other
cells with physiologic concentrations of estrogen. These new
observations are consistent with our prior proposal that
preconditioning-induced hormesis or neuronal adaptation
is mediated by Trx expression because it can be blocked
by the antisense of Trx mRNA (43). Moreover, mice over-
expressing the redox protein Trx are less vulnerable in ische-
mia-induced brain injury (49). Trx plays a critical regulatory
role in nerve growth factor—-mediated signaling transduc-
tion and outgrowth in PC12 cells (58). Consistently, Trx
also protects both SH-SYS5Y and PC12 cells against severe
oxidative stress and damage caused by the parkinsonism-
producing neurotoxin MPP* (4/—43,46). This new proposal
of a cGMP-dependent, Trx-mediated neuroprotective mech-
anism of estrogen supports the original estrogen neuropro-
tective hypothesis derived from the observations of a sig-
nificant gender difference in the human brain response to
ischemic injury, perhaps trauma and stroke as well (24,25).

However, it is also known that the female hormonal
actions of estrogen (ERo > ER ) may promote ovarian and
breast cancer, which certainly increase the risk to beneficial
ratio in some postmenopausal women. Nevertheless, increas-
ing reports suggest that some of the cyto- and neuroprotec-
tive effects of estrogen may be independent of female hor-
monal activity (30,35,59). Our new estrogen proposal could
stimulate further the emerging research field of pharmaco-
genomics using gene-inducing agents such as ER-modulat-
ing agents to awaken cytoprotective genes for the promotion
of neuroprotection and to minimize the side effects of carcin-
ogenesis (42,60). This gene-awakening approach may have
clinical implications for developing new neuroprotective
agents, thereby slowing progressive neurodegeneration in
brain disorders caused by cytotoxic reactive oxygen, nitro-
gen, and thiyl species such as Alzheimer dementia, Parkin-
son disease, trauma, stroke, and ischemia/reperfusion brain
injury.
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