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Abstract

Hormesis, a stress tolerance, can be induced by ischemic preconditioning stress. In addition to preconditioning, it may be induced by other
means, such as gas anesthetics. Preconditioning mechanisms, which may be mediated by reprogramming survival genes and proteins, are
obscure. A known neurotoxicant, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), causes less neurotoxicity in the mice that are
preconditioned. Pharmacological evidences suggest that the signaling pathway of “NO-cGMP-PKG (protein kinase G) may mediate
preconditioning phenomenon. We developed a human SH-SYS5Y cell model for investigating *NO-mediated signaling pathway, gene
regulation, and protein expression following a sublethal preconditioning stress caused by a brief 2-h serum deprivation. Preconditioned human
SH-SYS5Y cells are more resistant against severe oxidative stress and apoptosis caused by lethal serum deprivation and 1-mehtyl-4-
phenylpyridinium (MPP"). Both sublethal and lethal oxidative stress caused by serum withdrawal increased neuronal nitric oxide synthase
(nNOS/NOS1) expression and “NO levels to a similar extent. In addition to free radical scavengers, inhibition of nNOS, guanylyl cyclase, and
PKG blocks hormesis induced by preconditioning. S-nitrosothiols and 6-Br-cGMP produce a cytoprotection mimicking the action of
preconditioning tolerance. There are two distinct cGMP-mediated survival pathways: (i) the up-regulation of a redox protein thioredoxin (Trx)
for elevating mitochondrial levels of antioxidant protein Mn superoxide dismutase (MnSOD) and antiapoptotic protein Bcl-2, and (ii) the
activation of mitochondrial ATP-sensitive potassium channels [K(ATP)]. Preconditioning induction of Trx increased tolerance against MPP",
which was blocked by Trx mRNA antisense oligonucleotide and Trx reductase inhibitor. It is concluded that Trx plays a pivotal role in “NO-
dependent preconditioning hormesis against MPTP/MPP".
© 2005 Elsevier Inc. All rights reserved.
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Selective and non-selective neurotoxicity caused by
MPTP/MPP*

MPTP is a man-made neurotoxin which is converted to
toxic metabolites such as 1-methyl-4-phenylpyridinium
(MPP"). MPP" enters brain monoaminergic neurons and
causes a selective destruction of the A9 nigrostriatal
dopaminergic neurons in monkeys and humans at low
milligram doses (Burns et al., 1983). At 1.5 mg/kg intra-
venous (iv) dose of MPTP, MPP" is taken up by brain
dopaminergic neurons but preferentially it causes retrograde
degeneration of the pigmented A9 nigral neurons only and
spares non-pigmented brain dopamine neurons (A10, A12
and A 16) (Chiueh et al., 1985). It is worthy noting that the
pigmented A9 nigral neurons contain relatively high levels of
non-heme iron complexes (Chiueh, 2001). We proposed that
sustained dopamine release caused by MPP" could increase
auto-oxidation of dopamine in the presence of iron com-
plexes and oxygen (Chiueh et al., 1994). Dopamine oxidation
generates hydroxyl radicals, lipid peroxidation, oxidative
stress and retrograde degeneration predominantly in iron-rich
A9 nigral neurons when the cellular antioxidative defense
system is compromised by sustained high oxidant stress
(Chiueh, 2001; Chiuech and Rauhala, 1998). In fact, ferrous
citrate complexes are as toxic as MPP" in causing nigral loss
in vivo indicating that the mixture of iron, oxygen and
dopamine is highly neurotoxic and selective to pigmented A9
nigral neurons (Sun et al., 1988; Sziraki et al., 1998).
Unexpectedly, the highest concentration of MPP™ is located
in monkey’s noradrenergic cell bodies (locus caeruleus and
adrenal medulla) where no significant neurotoxicity is found
(Markey et al., 1984). When experimenting with high
concentrations in non-dopaminergic cells, MPP" causes
oxidative damage and necrotic death in cells and neurons
since it not only complexes with iron to generate cytotoxic-
free radicals but also inhibits mitochondrial complex I and
energy supply (Andoh et al., 2002a; Kotake and Ohta, 2003).

In the rodents MPTP (>100 mg/kg) causes a serotonin
syndrome and a reversible acute dopamine depletion rather
than chronic nigrostriatal neurodegeneration (Chiuch et al.,
1984). The administration of low doses of MPTP in rhesus
monkeys (<1.5 mg/kg, iv) creates an ideal primate model of
parkinsonism reflected by a selective nigrostriatal degene-
ration, dopamine depletion and nigral loss. This MPTP-
induced primate model, but not rodent model, can be used for
screening of new therapeutics, testing of brain dopamine
imaging ligands, and transplantation efficacy using dopamine
producing neurons and stem cells (Chiueh, 1988). However,
unpublished information suggests that adaptive hormesis
(e.g., concentrations of toxic substances below the amount

monkeys when much lower doses of MPTP are chronically
administered (C. Freed, personal communications). This
adaptation phenomenon could explain why only a few
parkinsonian cases developed among approximately 200
MPTP abusers. For elucidating this hormesis mechanism, we
employed a human neuroblastoma SH-SYS5Y cells to
examine preconditioning tolerance in preventing or decreas-
ing MPP"-induced neurotoxicity (Andoh et al., 2000). We
also investigated preconditioning-induced survival proteins
and to understand which gene or protein elicits precondition-
ing-induced adaptive neuroprotection (Andoh et al., 2002a).
We focused on cGMP-dependent reprogramming of early
genes in the nucleus and survival proteins in the mitochon-
dria of preconditioned human neuroblastoma cells since
free radicals often affect nuclear DNA and mitochondrial
proteins (Andoh et al., 2002b, 2003).

Roles of free radicals in initiating and maintaining
preconditioning adaptation

In the cardiovascular system, brief episodes of ischemia
cause new protein synthesis and subsequently protect cells
from prolonged period of lethal ischemia insult, which is
now recognized as a new research field of preconditioning
phenomenon. The exact preconditioning mechanism under-
lying adaptive neuroprotection is largely unclear, which
remains to be elucidated. Increasing evidence suggest that
free radicals may be involved not only in the trigger of
preconditioning phenomenon in the cell nucleus but also the
maintenance of adaptive expression of survival proteins,
especially in the mitochondria (Andoh et al., 2000; Nakano
et al., 2000). Most preconditioning procedures are blocked
by free radical scavengers, and some of delayed adaptive
cytoprotections are prevented by inhibition of subtypes of
nitric oxide synthase (NOS) depending on the types of cells
studied (Andoh et al., 2000; Centeno et al., 1999; Gidday
et al., 1999; Horimoto et al., 2000; Keynes and Garthwaite,
2004; Xi et al., 2002). Our pilot in vitro study indicates
that serum withdrawal increases first the generation of
hydroxyl radicals ("OH) and a delayed increase of nitric
oxide ("NO) (Andoh et al., 2000).

In myocardial preparations, preconditioning activation of
eNOS and associated "NO—-cGMP—-PKG (protein kinase G)
pathway in the cardiovascular system can phospho-activate
ATP-sensitive potassium channels [K(ATP)] in the heart for
cardioprotection (Garlid et al., 2003; Han et al., 2002;
Horimoto et al., 2000; Ockaili et al., 1999; Zaugg et al.,
2002). It is also known that a similar preconditioning
neuroprotective mechanism via activation of mitochondrial
K(ATP) channels can be observed in the central nervous
system (Kis et al., 2004). Ischemic preconditioning-induced
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Hsp70 and Bcl-2 are also mitochondrial proteins, which may
or may not be mediated by the proposed "NO—-cGMP-PKG
signaling pathway (Ciani et al., 2002; Suzuki et al., 2003) A
recent report suggests that “NO induces Hsp70 in rat brain for
cytoprotection (Suzuki et al., 2002). Ischemic precondition-
ing increases both “NO and Hsp70 while lipopolysaccharide
(LPS) elevates “NO and ceramide but not Hsp70 indicating
different preconditioning signaling pathways may be acti-
vated by "NO (Furuyaetal., 2001; Zimmermann et al., 2001).

Based on results obtained from preconditioned human
SH-SYSY cells following a 2-h serum withdrawal, we
proposed that reactive oxygen species activate redox factor
Ref-1 and activator protein AP-1 in cell nucleus via yet to be
defined signaling pathway (Andoh et al., 2000). In other cell
types, preconditioning activates either HIF-la or TNFa
(Digicaylioglu and Lipton, 2001; He et al., 2001; Ruscher et
al., 2002). Elevated AP-1 levels leads to a delayed synthesis
of nNOS for the activation of the signaling pathway of "NO—
¢GMP-PKG for reprogramming expression of survival
genes and proteins in adaptive neuroprotection. Recently,
we discovered that cGMP-mediated induction of the redox
protein thioredoxin (Trx) and mitochondrial antioxidant pro-
tein Mn superoxide dismutase (MnSOD) and antiapoptotic
protein Bcl-2, all of which may participate in precondition-
ing-induced adaptation for neuroprotection (Andoh et al.,
2000, 2002b, 2003; Ciani et al., 2002). Furthermore, we are
currently investigating an unexpected observation of a pos-
sible role of suppression of the pro-oxidative adaptor protein
p66™"° for suppressing oxidative stress in preconditioned
human neurotrophic cells (Andoh et al., 2000). In this mini-
review, we focus on cGMP-dependent induction of mito-
chondrial survival proteins 24 h post-preconditioning stress.

cGMP-dependent expression of thioredoxin mediates
preconditioning adaptive neuroprotection

In the resting stage, human neuroblastoma SH-SY5Y cells
contain relatively low levels of nNOS and Trx. Both nNOS
and Trx are significantly elevated 24 h following a brief non-
lethal serum deprivation for 2 h, and these preconditioned
human neurotrophic cells develop tolerance 12 to 24 h
thereafter against lethal oxidative stress evoked by a
prolonged and severe serum deprivation. Inhibition of
nNOS/cGMP/PKG bocks preconditioning-induced Trx
expression and associated adaptive neuroprotection indicat-
ing cGMP-dependent Trx expression may mediate mecha-
nism underlying preconditioning tolerance (see Fig. 1, Andoh
et al.,, 2002a, 2003). Cell permeable 6Br-cGMP mimics
preconditioning adaptation of Trx expression and cytopro-
tection. PKG enhances the expression of Trx through its c-
Myc, AP-1 and PEA-3 nuclear binding motifs since PKG
phospho-activates the transcription factor c-Myc (Andoh et
al., 2003). Furthermore, exogenously administered Trx
activates cAMP-response element binding protein (CREB)
in cell nucleus and induces in mitochondria not only Bcl-2 for
suppressing caspase-mediated apoptosis but also MnSOD for
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Fig. 1. Schematic diagram of nitric oxide-dependent and Trx-mediated
preconditioning hormesis against MPP'. Severe oxidative stress causes
sustained generation of reactive oxygen species, lipid peroxidation,
oxidative damage and apoptotic cell death due to the activation of
mitochondria-mediated apoptotic pathways. The binding of Apaf-1 to the
release cytochrome ¢ catalyzes procaspase 9 to activate caspase 9-mediated
apoptotic pathway. A brief preconditioning episode causes hormetic effects,
which protects human neuroblastoma cells from apoptosis via the release of
reactive oxygen species and activation of a preconditioning cascade: (i) The
induction of NOSI mRNA and synthesis of nNOS, (ii) the activation of
c¢cGMP-PKG signaling pathway for elevating Trx expression via activation
of ¢c-Myec. In addition to suppress generation of hydroxyl radicals, lipid
peroxidation and ASK-1, Trx also activate CREB for delayed expression of
mitochondrial survival proteins including (iii) antiapoptotic Bcl-2 and (iv)
antioxidative MnSOD. (v) Furthermore, cGMP down regulates pro-
oxidative protein p66*™ thereby inhibiting oxidative stress. (vi) It has an
unique anti-inflammatory property since Trx overexpression in mice results
in tolerance against acute lung distress syndrome. (vii) Finally, Trx may
participate in sprouting and regeneration of nerve terminals. This multi-
faceted neuroprotective mechanism may increase tolerance of this human
neurotrophic cell line against MPP'. In conclusion, free radicals may
mediate not only triggering but also maintaining of preconditioning
cascade. cGMP-mediated expression of Trx and delayed expression of
Bcl-2 and MnSOD could play a pivotal role in preconditioning-induced
cardio- and neuroprotection induced by preconditioning procedures. Drugs
mimic preconditioning induction of Trx and related survival proteins may
provide new insights of developing neuroprotective strategy and therapeu-
tics. Abbreviations: OH, hydroxyl radical; Ref-1, redox factor 1; AP-1,
activator protein 1; PKG, protein kinase G; MAPK, mitogen-associated
protein kinase; LOO, lipid peroxyl radical; ASK-1, apoptosis signal-
regulating kinase 1; c-Myc, transcriptor factor; CREB, cAMP-response
element binding protein; Bcl-2, antiapoptotic protein; MnSOD, Mn
superoxide dismutase; Apaf-1, apoptotic protease activating factor-1.

inhibiting generation of superoxide anion radicals, lipid
peroxidation and oxidative damage (Andoh et al., 2002a,
2003). Moreover, overexpression of either Bcl-2 or
MnSOD also enhances cellular tolerance against severe
oxidative stress (Chiueh et al., 2003; Klivenyi et al., 1998;
Offen et al., 1998). Furthermore, the participation of Trx in
preconditioning-induced hormesis is supported by the
finding that inhibition of Trx synthesis in these human
SH-SY5Y cells by Trx mRNA antisense but not sense
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phosphothionate oligonucleotides reduces the hormesis
effects (Andoh et al., 2002a).

Neuroprotective mechanisms of thioredoxin

Previous studies indicate that knock out of either cytosolic
Trx1 or mitochondrial Trx2 is detrimental to cell viability and
early embryonic lethality, whereas up-regulation of Trx
would decrease oxidative stress-induced apoptosis (Kahlos
etal., 2001; Mitsui et al., 2002; Nonn et al., 2003; Tanaka et
al., 2002; Ueda et al., 2002; Yamamoto et al., 2003). Trx1
contains a conserved active site which consists of two redox
active cysteine residues (Tyr-Cys-Gly-Pro-Cys-Lys), Trx2
has two additional zinc binding motifs of Cys-X-X-Cys in the
N-terminal. The reduced form of Trx-(SH), suppresses free
radical formation, lipid peroxidation and caspase-mediated
apoptosis since reduced Trx is oxidized to form disulfide
bonds (Trx-S;). This is catalyzed by Trx reductase with
NADPH as the cofactor and Trx-S, is reduced back to its
active form Trx-(SH),. The redox of Trx would help to
reactivate functional thiol groups of enzymes and tran-
scription factors for maintaining vital cellular functions. Trx
increases DNA binding to AP-1 transcription factor in
conjunction with the nuclear Ref-1 by specifically reducing
a cysteine residue of the DNA binding domain of Jun and Fos
dimmer, those make a composition of functional AP-1
transcription factor. Trx is capable of removing H,O, and
thus suppressing generation of reactive oxygen species and
lipid peroxyl radicals. Reduced Trx may complex with
apoptosis signaling-regulating kinase 1 (ASK-1) and thus
reduce ASK-1 activity resulting in protection of cells from
apoptosis (Saitoh et al., 1998; Zhang et al., 2004). Further-
more, Trx activates CREB and enhances the biosynthesis of
antiapoptotic protein Bcl-2 to prevent cytochrome ¢ release
from mitochondria and antioxidative protein MnSOD to
reduce mitochondrial levels of superoxide anion radicals
(Andoh et al., 2003). Bcl-2 could prevent apoptosis through
the activation of the pathway of caspase-9 and apoptotic
protease activating factor-1 (Apaf-1) by inhibiting the release
of cytochrome c. These multifaceted direct and/or indirect
neuroprotective properties of Trx may contribute to adaptive
neuroprotection evoked by preconditioning phenomenon in
human neurotrophic cells, SH-SY5Y.

Preconditioning-induced thioredoxin mediates tolerance
against MPTP/MPP"

Both serum deprivation and MPP" generate cytotoxic
reactive oxygen species and 4-hydroxy-1,2-nonenol, which
in turn lead to oxidative stress-induced apoptosis due to the
release of cytochrome ¢ and the activation of proapoptotic
cascade of caspase 9 and 3 (Andoh et al., 2002a). Moreover,
MPP "-induced hydroxyl radical generation and brain lipid
peroxidation have been demonstrated in vivo (Chiueh and
Rauhala, 1998; Chiueh et al., 1994). We recently showed that
exogenously administered Trx (1 uM) protects SH-SY5Y

neurotrophic cells from apoptosis caused by MPP " support-
ing a notion that free radical-induced oxidative stress may
cause neurodegeneration (Andoh et al., 2002a). Precondi-
tioning-induced cross tolerance against MPP"-induced neu-
rotoxicity is also mediated by Trx since this adaptive
tolerance can be prevented by pretreatment of cells with
either Trx reductase inhibitor or using antisense oligonucleo-
tides. Moreover, reduced Trx also induces the synthesis of
mitochondrial protein Bel-2 and MnSOD, all of which could
suppress oxidative stress/caspase-mediated apoptosis pro-
duced by a parkinsonism-producing neurotoxin, MPP"
(Andoh et al., 2003). Interestingly, the concentration—
response curve of MPP" in human neurotrophic cells is right
shifted in the preconditioning hormesis group. The LDs, for
MPP"-induced apoptotic cell death increased by approx-
imately 30-fold shifting from 0.1 mM for the control cell
group to 3 mM obtained from the preconditioned cell group.
Using serum deprivation and MPP" as model of oxidative
stress, our study of neuroprotective mechanism by which Trx
prevents oxidative stress-induced apoptosis reveals that Trx
biosynthesis is required for hormesis induced by precondi-
tioning in either human neurotrophic cells. Acting via a
common adaptive mechanism of Trx serum deprivation-
induced preconditioned cells develops a cross tolerance
against oxidative stress produced by the parkinsonism-
producing neurotoxin MPP" (Andoh et al., 2002b). A recent
report suggests that elevated Trx levels are observed
following ischemic preconditioning in myocardial prepara-
tions (Das and Maulik, 2003). The protective effects of Trx
against MPP" may be derived in part from its ability to active
CREB in cell nucleus for elevating mitochondrial levels of
Bcl-2 and MnSOD. Furthermore, overexpression of Trx,
MnSOD or Bel-2 in mice leads to tolerance against MPTP-
induced dopamine depletion (Klivenyi et al., 1998; Kojima et
al., 1999; Mitsui et al., 2002; Offen et al., 1998). Lastly, we
are wondering whether cancer cells might up-regulate Trx for
developing drug resistance for survival during chemotherapy
since relatively high Trx levels are often observed in
malignant tumors (Kahlos et al., 2001; Powis et al., 2000).

Concluding remarks

Drugs mimic cGMP-mediated preconditioning
neuroprotection

Preconditioning adaptive cytoprotection is undergoing
clinical trials for its potential clinical benefits in cell survival
and vitality of donor liver following organ transplantation
(Berrevoet et al., 2003; Carini and Albano, 2003; Fung, 2001;
Klein et al., 1999; Koti et al., 2003). With the development of
neuroprotective strategy and therapeutic agents in mind, it is
now recognized that preconditioning-induced adaptive neu-
roprotective mechanisms become a very attractive means for
identifying lead neuroprotective compounds. Preclinical in-
vestigation of cardioprotective role of activation of mito-
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chondrial K(ATP) channels in preconditioned myocardial
preparations leads to the development of potassium channel
openers and/or protonophores (i.e., pinacidil, diazoxide) for
restoring functions in ischemic hearts (Han et al., 2002;
Holmuhamedov et al., 2004; Sebille et al., 2004; Zaugg et al.,
2002). Some of potassium channel openers may enter blood—
brain barrier and produce assumed neuroprotective effects in
helping neurodegenerative brain disorders and stroke
(Kornhuber et al., 1999). The proposed "NO—-cGMP-PKG
signaling pathway that induces Trx and subsequently Bcl-2
and MnSOD for supporting preconditioning-induced adap-
tive neuroprotection could be used to design lead compounds
targeted for neuroprotection and/or cardioprotection. Ebselen
can mimic selenium-containing Trx reductase for elevating
levels of reduced Trx, and it is now entering clinical trials for
its potential applications in enhancing neuroprotection or
functional recovery in ischemic stroke patients (Zhao and
Holmgren, 2004). Other drugs that activate the "NO-—
¢GMP—-PKG pathway for enhancing Trx biosynthesis could
be screened and developed for their potential in providing
neuroprotection against oxidative stress-induced neurode-
generation such as Parkinson’s disease and stroke.

One of the lead neuroprotective compounds is 17p-
estradiol, which activates nuclear estrogen receptors for the
induction of nNOS, Trx, MnSOD and associated neuro-
protection (Lee et al., 2003). It remains to be determined
whether estrogen analogues in nanomolar concentrations act
like a chemical preconditioning-producing agent. Gas
anesthetics (i.e., desflurane, isoflurane, sevoflurane) are
known for their ability in producing chemical precondition-
ing for either neuroprotection or cardioprotection against
ischemia/reperfusion injury (Zaugg et al., 2002). S-nitro-
sothiols and cell membrane-permeable cGMP are used to
activate the signaling pathway "NO-cGMP-PKG for
inducing beneficial survival genes and their proteins for
cardio- and/or neuroprotection. For example, both GSNO
and SNAP have been shown to protect nigrostriatal
dopaminergic neurons against iron-catalyzed oxidative
damage and neurodegeneration in vivo (Rauhala and Chiueh,
2000; Rauhala and Chiueh, this Proceedings; Rauhala et al.,
1998). A new lead compound YC-1 [3-(5'-hydroxymethyl-
2'-furyl)-1-benzyl Indazole] discovered by Taiwanese
researchers could be evaluated for its unique property in
elevating cGMP levels and associated beneficial biological
actions (Pan et al., 2004; Teng et al., 1997). It is concluded
that potential therapeutics derived from current investiga-
tions of roles of Trx in cGMP-dependent adaptive mecha-
nisms underlying preconditioning-induced cardio- and/or
neuroprotection may become a new research direction for
both biotechnological and pharmaceutical developments.
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