
1

SelegilineSelegiline
Mimics Preconditioning Induction of Mimics Preconditioning Induction of 

the the RedoxRedox Protein Protein ThioredoxinThioredoxin Against Against 
MPPMPP++--induced induced NeurotoxicityNeurotoxicity

CC. C. C. C. Chiuehhiueh, , Ph.DPh.D. . 

Pharmacy SchoolPharmacy School
Taipei Medical UniversityTaipei Medical University

Taipei, TaiwanTaipei, Taiwan

Helsinki Drug ResearchHelsinki Drug Research
June 9 2008June 9 2008

Helsinki 9 pm Sun Helsinki 9 pm Sun LightLight

19751975--2005  NIH 2005  NIH 
A 30A 30--Yr Research Career  Yr Research Career  

Question

• Why (-)-deprenyl (selegiline) 
protects against both MPTP and 
MPP+ neurotoxicity?

– MAO-B Inhibitor
• Inhibition of the conversion of MPTP to MPP+

– Non-MAO-B Effect
• Activation of cellular compensatory Trx defense 

system
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Introduction

• Age-dependent Increase in Non-heme Iron 
in Human Basal Ganglia

• Age-dependent Progressive Degeneration 
of pigmented Nigral Neurons

• The Mixture of Dopamine, Iron and Oxygen
– Free radical generation
– Melanin formation (*blocked by selegiline)
– Neurodegeneration
– Protection by GSNO (*Rauhala et al., 1998) 

MPTP: a ManMPTP: a Man--made made 
Neurotoxin Which Neurotoxin Which 
Causes Parkinsonism.Causes Parkinsonism.

1.1. A young addict in DCA young addict in DC
2.2. Several drug abusers in Several drug abusers in 

CaliforniaCalifornia
3.3. A pharmaceutical chemist A pharmaceutical chemist 

in Denmarkin Denmark

11--MethylMethyl--44--PhenylPhenyl--1,2,3,61,2,3,6--
TetrahydroPyridineTetrahydroPyridine

MPTP Induces Retrograde DegenerationMPTP Induces Retrograde Degeneration
Accumulation of Iron in Human Accumulation of Iron in Human PutamenPutamen
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MPTP Causes a Selective Injury of IronMPTP Causes a Selective Injury of Iron--
Enriched Enriched NigrostriatalNigrostriatal Dopaminergic NeuronsDopaminergic Neurons

A. MidbrainA. Midbrain B. Basal GangliaB. Basal Ganglia

PTMPTM

CNCN

GPGP

SNcSNc

NigrostriatalNigrostriatal Dopaminergic SystemDopaminergic System

Iron-induced Dopamine Auto-oxidation 
and Selective Oxidative Stress of 

Nigral Neurons

ParkinsonismParkinsonism
0

20

40

60

80

100

B
ra

in
 D

op
am

in
e 

(%
 o

f c
on

tr
ol

)
B

ra
in

 D
op

am
in

e 
(%

 o
f c

on
tr

ol
)

0 20 40 60 80 100

Age (yr)Age (yr)

AgingAging

MPTPMPTP PDPD

Progressive Progressive NeurodegenerationNeurodegeneration
in Brain Dopaminein Brain Dopamine

Oxidants,Oxidants,
AntioxidantsAntioxidants
AndAnd
NeuroprotectionNeuroprotection

GSNO protects against GSNO protects against 
ironiron--induced oxidative induced oxidative 
stress and stress and nigrostriatalnigrostriatal
degeneration of brain A9 degeneration of brain A9 
DA neurons in vivo DA neurons in vivo 

II--125 125 ßß--CIT CIT 
DAT brain imagingDAT brain imaging

Pekka Pekka RauhalaRauhala, Anya M., Anya M.--Y. Lin,Y. Lin,
C.C. C.C. ChiuehChiueh, 1998, 1998
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Selegiline Prevents Dopamine Auto-
oxidation and Formation of Free 

Radicals and Melanin

Possible NonPossible Non--MAOMAO--B B PropargylPropargyl EffectEffect NeuromelaninNeuromelanin Formation in vivo & in vitro Formation in vivo & in vitro 

Human A9 Nigral Neurons

CTL         SA      CTL         SA      DeprenylDeprenyl

XX

XX

Effects of MPTP in Brain DAEffects of MPTP in Brain DA

%%DADA

MPTP-induced Neurotoxicity

• MPP+: the toxic metabolite
• Selective degeneration of A9 nigral

neurons greater than A10 mesolimbic
neurons

• Species differences
– Human/monkey>> dog >> rodent
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The FirstThe First
MPTPMPTP--induced induced 
Monkey ModelMonkey Model

Stan Burns,Stan Burns,
C.C. Chiueh,C.C. Chiueh,
Sandy MarkeySandy Markey
et al., PNAS, 1983et al., PNAS, 1983

Dopamine Replacement TherapyDopamine Replacement Therapy

Before                      After Before                      After 

LL--DOPA +  DOPA +  CarbiDOPACarbiDOPA

Old MAOOld MAO--B Project of B Project of 
SelegilineSelegiline

•• ↓↓ NeurotoxicityNeurotoxicity caused by MPTP in monkey modelcaused by MPTP in monkey model
•• Prevention the oxidation of MPTP to toxic MPP+Prevention the oxidation of MPTP to toxic MPP+

Stan Burns, Jon Stan Burns, Jon JohannessenJohannessen, Sandy Markey,      , Sandy Markey,      
Mike C.C. Chiueh (NIMH)Mike C.C. Chiueh (NIMH)

MAOMAO--BB Fe Fe ++++

MPTP MPTP --------> > [MPDP[MPDP++]] <<--------> > MPPMPP++--------> > NeurotoxicityNeurotoxicity

MPDPMPDP

FeFe++++

??ToxicToxic ToxicToxic

SelegilineSelegiline SelegilineSelegiline
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•• Protect Against MPPProtect Against MPP+ + in vivo, in vitroin vivo, in vitro
RueyRuey--MeeiMeei Wu, (NTU Hospital, Neurology Dept)Wu, (NTU Hospital, Neurology Dept)
Dennis L. Murphy (NIMH, Lab of Clinical Dennis L. Murphy (NIMH, Lab of Clinical SciSci))

•• New MechanismNew Mechanism: : Induction of Induction of ThioredoxinThioredoxin
TsugunobuTsugunobu AndohAndoh (Toyama Med. (Toyama Med. PharmaPharma. . UnivUniv))

--Independent of MAOIndependent of MAO--B inhibitionB inhibition
--Mimics preconditioning Mimics preconditioning neuroprotectionneuroprotection
--Mediated by induction of survival proteins Mediated by induction of survival proteins 

((TrxTrx, , MnSODMnSOD, Bcl, Bcl--2)2)

New Project of New Project of SelegilineSelegiline Anti-oxidative Defense 
System

• Thioredoxin (Trx1; Trx2; Trx3)
• Glutaredoxin, Peroxiredoxin
• GSNO
• NO
• GSH (impermeable)
• MnSOD, CuZnSOD, catalase
• Vitamins: E (lipid-soluble), C (water-

soluble)

ThioredoxinThioredoxin: A : A RedoxRedox ProteinProtein

TrxTrx--SS22

TrxRTrxRNADPH,NADPH, SeSe2+2+

TrxTrx-- (SH)(SH)22

TPXTPX DNCBDNCB

Subtypes: TrxSubtypes: Trx--1, Trx1, Trx--2, 2, SpTrxSpTrx
Active sites:   (Active sites:   (--CysCys3232--GlyGly--ProPro--CysCys3535--))
Molecular weight: 12KMolecular weight: 12K

SelegilineSelegiline Reduces MPPReduces MPP++--induced induced 
ApoptosisApoptosis
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Induction of Induction of ThioredoxinThioredoxin ((TrxTrx) by ) by SelegilineSelegiline

****

Role of Role of TrxTrx Expression in Expression in SelegilineSelegiline’’ss ActionAction

Effects of Effects of SelegilineSelegiline on on cMyccMyc SignalingSignaling UpUp--regulation of pregulation of p--MAPK via PKA Sensitive PathwayMAPK via PKA Sensitive Pathway

** **
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SelegilineSelegiline UpUp--regulates regulates MnSODMnSOD & Bcl& Bcl--22

**

**
**

New Vista on New Vista on SelegilineSelegiline--induced induced NeuroprotectionNeuroprotection

Fe++Fe++

Selegiline: 
New Mechanism of Action  

• Not related to inhibition of MAO-B 
• Induction of survival proteins

– Trx Redox protein
– Blc-2  Anti-apoptosis
– MnSOD Antioxidant 

Mol. Mol. PharmacolPharmacol. , . , 68(5):140868(5):1408--14, 14, 2005 2005 
AndohAndoh, Bloom, Murphy and , Bloom, Murphy and ChiuehChiueh

Trx: A Survival Protein

• Anti-oxidation
Trx >> Vitamin E >> Vitamin C>> GSH

• Anti-inflammation   
• Anti-apoptosis
• A redox active survival protein for 

tolerance or hormetic responses
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Effects of Exogenously Administered Effects of Exogenously Administered 
TrxTrx

Trx: Antioxidation Potency

0

20

40

60

80

A
po

pt
ot

ic
 C

el
l D

ea
th

 (%
)

0.01 0.1 1 10 1000

Concentration (µM)

TRX Trolox

TroloxTrolox----Vitamin E analogVitamin E analog

TrxTrx >> >> TroloxTrolox >> GSH>> GSH

100X100X

** MnSOD
Cu/ZnSOD
Catalase

0   2   4    8   24   2   4   8   24  (h)

Serum Free

TRX (1 µM)

Effects of Effects of TrxTrx on the Expression of on the Expression of 
MnSODMnSOD

** Cytochrome c
Bcl-2

0   2   4    8   24   2   4   8   24   (h)

Serum Free

TRX (1 µM)

Effects of Trx on 
the Release of Mitochondrial 

Cytochrome c and the 
Expression of Bcl-2

**
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Effects of Trx on Caspases
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Caspase-9

Caspase-3

Effects of Effects of ThioredoxinThioredoxin ((TrxTrx))
on Oxidative Stress and on Oxidative Stress and NeurotoxicityNeurotoxicity

Caused by MPPCaused by MPP++

MPP+
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PrePre--Stress (Stress (TrxTrx))

Control

Endogenously Endogenously TrxTrx Mediates Mediates 
Preconditioning Tolerance AgainstPreconditioning Tolerance Against

MPPMPP++

SHSH--SY5Y cellsSY5Y cells

30 X30 X

Induction of Trx in 
Preconditioned Cells

a-tubulin

PreconditioningPreconditioning

Trx

Cu/Zn SOD

- +

Mn SOD
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DCNB Inhibits Redox of Trx
& Neurite Outgrowths
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DNCB 0 DNCB 0 µµMM

Preconditioned CellsPreconditioned Cells

Induction of Neuron Specific 
Proteins

GAPDHGAPDH

MAPMAP--22

NFNF

GAPGAP--4343

Stain Positive Cells (%)Stain Positive Cells (%)
0 20 40 60 80 100

UntreatedUntreated

PreconditionedPreconditioned

*

*

*

Chronic Preconditioning

WT UntreatedWT Untreated PreconditionedPreconditioned

A B

Human SHHuman SH--SY5Y CellsSY5Y Cells

Compensatory Defense Mechanism for Compensatory Defense Mechanism for HormesisHormesis

Preconditioning Stress

•OH

Ref-1,  AP-1

MAPK

NOS1

Non-lethal Stress

C-Myc

Trx

•NO -> cGMP -> PKG

Bcl-2

MnSOD

CREB

Neuroprotection

ASK-1, LOO•, •OH

Caspases

H2O2

Antiapoptosis
Antioxidation

Anti-inflammation

P66shc  Oxidative Stress

(i)

(to be studied)

(ii)

(iv)

(iii)

(v)

(?)

Pro-inflammation Cytokines

(to be studied)(vi)

Trophic Factors (to be studied)
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NOS1 (nNOS)/NOS3 (eNOS)

•NO

cGMP

PKG

MEK1/2 → c-Myc

Trx-(SH) 2 ↔ Trx-S 2

Preconditioning

GSNO/ NO

8Br-cGMP

Selenium

17β-Estradiol

YC-1
Bay 41-2272

Ebeselen

Sildelnafil

R & D of New R & D of New TrxTrx--based Therapeuticsbased Therapeutics

TrxTrx

Selegiline
Rasagiline

SelegilineSelegiline: : 
New Mechanism of ActionsNew Mechanism of Actions

1.1. Independent of MAOIndependent of MAO--B inhibition B inhibition 
2.2. Mimics preconditioning Mimics preconditioning neuroprotectionneuroprotection
3.3. Mediated byMediated by induction of survival induction of survival 

proteins such as proteins such as TrxTrx
4.4. New indications: New indications: 

SelegilineSelegiline (Mike (Mike ChiuehChiueh))
RasagilineRasagiline (John Finberg; (John Finberg; MoussaMoussa
YoudiumYoudium))

ConclusionConclusion

Targeted Therapy Based on Trx

• Multiple Organ Failure
– Cardioprotection
– Renal Failure
– Acute Respiratory Distress Syndrome, API

• Neuroprotection Against Neurodegeneration
– MPP+
– Iron Complexes
– Ischemic Oxidative Stress

Take Home Message

• Awakening the compensatory 
Trx defense system in the 
brain
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Thank YouThank You
Chiueh@tmu.edu.twChiueh@tmu.edu.tw

Formosa  Welcome  YouFormosa  Welcome  You


