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The antioxidative role of melatonin: The protective
effects of melatonin

in the process of neurodegeneration.

a

AUFING
U
1a39M IV TIINLNITULUTERNUAT N ANTIN

RONUWIFLURZ N WIINIFRASLAZINA LU AE

YWINLIABNAAR FIRNLN 3. uaTUIY

AU ﬁ“l«b%I@‘lEléhiIﬂd’]%ﬂ amuaﬁu mgumﬁfﬁ' 3

(enuanlunsnuibiuvesdids ani. lddndudaadudroisualy)



paanssudszma

av

I v Aa o 1 v A A A A Y]
p1vazitlumsizanuiudyuInduanuauladruaindulanultenineuiieiy
0o 9 ¥ a A v 0o Aw y 24 9
dungueansmldisalscamnamsmenazidonaals Mmauinteluduiisuaun
0o Aw a a J 1a = osal J S (R =\ ~
MnaeuiITeveINeINuSUIya Indluasuiiumueinsdnlinumianuaulenag
= A o 9 1 3 [ 9 =2 an @
Anpunernums lfsannaeurun ladulududuunvvesmsanuannquazis e
a Ja [ [ o Aw a a A Y] a S ¥ A
msnalsamsnudu  uaneuiideveiIneinus luszaulsyguenn Iduwasuuunla
= v A 9 o A ' ~ £
Anwnalnluszauda Tuanavesmsaruaumsaiwees lwuwwar Induluaen lwiiea dn
1 9 a 1 1 Y o 9 a 0o Aw 1 1 dy Y [} Y a
lLildmafauineudie lainnuinazmaiansiiitearsymariinldswnulnna
Jd 0o Aw [ a { Aaov Y] H 1 a
Usg Teminouinisenastsygueni ldauladnyivetsilitenioaunginelninanisaie
) Y '
nazideudarvvousallszamlagoyyaddse szpeunvlurianaIiusuiisieau
Av K a I A vAa Y a o Y a
Han1379enamHave sl Intiulunsdluamsnlguauiamueyyaddszoonyn  Mlvine
anuaatazaulanazdnyunuayludiuninerdesnumamieni liinamsidouaaisuss

wratszenn Taseyyadass luFaineadostn death signaling pathway sawiiawa

e

Y
a AR =2

1 Y
vouua Iniulumstlesdumsdenaatsvoswalszam aaiulasamsiteindeldsaing

J o o Y awv { (] o
nazAeANeYIATIZHYRId TN IUNIUmIDayumsIte (and.) flamuanudiAgy

o

Y
A

ao 9 a SR 9 @ Aaov Aa o Y o
YoINUIeIUTIUAULTEAIMINeTNaas 19 Idueunuminayumsite (uwsive)ldny

*9
E4

Tasemsasetl  mainiseauiiull1ddredudreiflynwazdassathauadrmuiulyld

=S Aa

4 Y o [ 9 ] { av
Lﬁ’t‘]\?iﬂﬂulﬂiﬂﬂ’ﬂﬂlil@]@'ﬁnﬂﬁ'JWU'I’HH’JEJ\“H‘LlﬁIﬂi\iﬂ'lﬁ')i]ﬂ"lﬂ’)'ﬂEJ'lizﬂiJﬂigﬁ'Wlllaz

[

WeAnIsY  wnInedeudiaa  lioaszlumsiaassnarlumshinudsezsuaziide
@ 4 @ ] a o a 4 a 4
1dsuanueuasigiannianiinuledIselszaminermans AULINGIATNT
a [ a d' Y Bldy d‘ Y a v d‘ A 0o Aw 3 Yo
yimIneaeutiaa  neyanali lFnunesidonazinsedie lumatiitesaunelasunu
1 A 1 3 ) I ' = Y1 awv 3 @ 4 v Aaw
e laazmsdslaiianuiluegedangsiivenslussduensd  1Wnideuas

Y
a o

v K o v Ao d ' Yy a gy aw Aoy
UNANHN Tnﬁh’fIﬂ3Qﬂ153ﬂﬂuﬁ1liﬂ@lﬂjqqﬂﬂjﬂﬂ hlﬂwa\i'lu:]ﬂﬂllﬂgWﬂ\'i']u@]']NLﬁ'lWN'lﬂﬂ@]\i]lj

v
Av A

Y v
wazmandawanuaten lasuluasatiuaztullse Yerr lumadsnms luaivdsean
Y
==

a 4 A A A 9 1 o 9 Aa v
'J‘ﬂfJ'lﬁ']ﬁ@IﬁL!ﬁ%ﬁ"l‘ll'l’f)l!ﬂlﬂﬂ')ﬂl@ﬂﬁﬂklﬂ 611!1“1]11'3141!11‘?]3Qﬂ"li’)ﬁ]ﬂllﬂ\‘l‘l]@‘l]@‘ﬂﬂﬂﬂ]ﬂ

1 1 A 1 9 9 I (] A
wmmmuasnﬂﬂmuvmanmmmmﬂuamqm

Jd o a d
JOIAIANTIVNITIUUNA LRAUTIN

(i 1nsamsive)



UNAALa

svialason1s: RSA4780018
galasonis: ununlunsduenyadazvaduainiiuuaziazasuarnfinlunis
flasnumaizausasvadtralszan

FannI9uaranwiiIw: J09msaNaIsuuia g
1a39MIIBTIINNTTULUTZANUALNYANTIN FONUWIBUALANAWINEMEAT
uazinalulad wrnIngrspufas @aen 3. wasdgu 73170

E-mail Address: grbcs@mahidol.ac.th

szazailasonis: 3 U (31 &wan 2547 - 30 &imew 2550)

=S a v n}’sv A =S L P
ﬂ’]iﬂﬂ‘]&ﬂ’)"ﬂﬂ%@]ﬂdﬂ?iﬂ’ﬂzﬂﬂﬂ?%’]ﬁ’]IM@!LLa$ﬂavLﬂ1u§$(ﬂ‘]JL‘IjaLLa$IlJLaqaﬂawqﬁlﬂ

Srszraliifanfenaaprengalzamusnduionsuad Tamanalumaiuasdu
auyadaszrasuanniiulunisiesiunsifonsanodingn  wasInMINAREINLIN
hydrogen peroxide sunsnmdsnilfifansizeusasvaisatszanlaldu
siia SH-SYSY fmuiisduvasiana NF-kB phosphorylation (pNF-
kB) atafiuidguaziwionililns translocation was pNF-kB a1n
cytoplasm W lUfivsinasen ginedsauszlufinafosvenaainanniuindnlas
waganamuIniusslddowaniu uenanit hydrogen peroxide fifinalu
mafnsiawedldsdiu Bax uaz Bel-2 Tasmafldsu hydrogen peroxide
aaml,ﬁmﬁé’@mmmﬁ@uamUmaomagamnﬁluﬁmao Bax azsnnin Bel-2 ud
lunsessrutuaailésu hydrogen peroxide waziuanInfiudroimadsnnns
\FouaanpraasaasimIaaaseTinaas Bax wddinsfinfiniuadiuom
Bel-2 uwazlunsdinmideluaafinldvimmasaunsznuiasfidugimsvianues
caspase enzyme mansnilasiunmafeusasvasatlszanlas  hydrogen
peroxide & flavnsdnsnavasansiz MPP™ wuin MPP sansawmdienin
TWiAamadeusaevaasatszanlathdusiia SK-N-SH léuazdianansnmioai
#SmaindusasSana c-Jun phosphorylation wsmsvinuuas caspase
enzyme uazimsdassais DNA fragmentation 45 finanniudndas Saua
gansdnsdusas MPP' sansasudildhomminiiu ierihmsfinswazasiaan
Infiulunistlasiunafensasvaadwionsuasnnanne  oxidative  stress
wuinwa nfiumansnaamaisgusasewlsd  endothelial nitric  oxide
synthase uazaamuifinduveas calcium/calmodulin-dependent protein
kinase II  phosphorylation lwdwdeasuasirnignmiawilieana:
oxidative stress a1n hydrogen peroxide waanmsansiduuaasliiauds
amautidlumsdumsilesiunsifensmevassalszanuazidudoasuasainanio:
oxidative stress sasumInfiudssnnzdsnanmusamigsiliiimanszdums
#emwas NF-kB, c-Jun-N-terminal kinases, CaMKII uaz caspase-



dependent signaling daysuszanuiildanmsinuissluassiaansosily
ﬂs:qnmﬂﬁﬁamsﬁnuﬁ%’mﬁLﬁmﬁaoﬁ‘mumiwﬁuﬁ'ﬂann: oxidative stress uaz
myasvadTalszaniase lluamaa

awman: walnfiu, hydrogen peroxide, MPP", watszann, iduidaasuas



Abstract

Project Code: RSA4780018
Project Title: The antioxidative role of melatonin: The
protective effects of melatonin in the process of
neurodegeneration
Investigator: Associate Professor Banthit Chetsawang
Neuro-Behavioural Biology Center, Institute of Science
and Technology for Research and Development, Mahidol
University, Salaya, Nakhonpathom 73170
E-mail Address: grbcs@manidol.ac.th
Project Period: 3 years (31 August 2004 - 30 August 2007)
Neurodegenerative diseases are illnesses associated with
high morbidity and mortality with few, or no effective, options
available for their treatment. The direct cause of neuronal cell
loss has not been clearly understood. In addition, the
neuroprotective effect of melatonin has been observed both in
vivo and in vitro. The objective of this research, therefore, was
to better understand the cellular mechanisms of neuronal cell
degeneration induced via oxidative stress and neurotoxin. Taken
together, the protective roles of melatonin on this cell death
have also been studied. In the present study, the effect of
melatonin on hydrogen peroxide (H,O,) and 1-methyl, 4-phenyl,
pyridinium ion (MPP") induced neuronal cell degeneration in
human dopaminergic neuroblastoma cultured cells were
investigated. The results showed that H,0O, significantly
decreased cell viability and melatonin reversed the toxic effects
of H,0,. An inhibition of caspase enzyme activity by Ac-
DEVD-CHO, a caspase-3 inhibitor, significantly increased cell
viability in H,O,-treated cells. The phosphorylation of
transcription factors, nuclear factor kappa B (NF-xB) was
increased in H,O,-treated cells and this effect was abolished by
melatonin.  Translocation of phosphorylated NF-kB to
perinuclear  and  nuclear sites, estimated  using
immunofluorescence, occurred to a greater extent in H,O,-
treated cells than in untreated control cells and again this effect
was abolished by melatonin. In addition, induction of Bcl-2 and
Bax proteins was demonstrated in SH-SYSY cultured cells
treated with H,O,, whereas the induction of Bax but not Bcl-2
was diminished by melatonin. Accordingly, MPP" significantly
decreased cell wviability. By contrast, an induction of
phosphorylation of c¢-Jun, activation of caspase-3 enzyme
activity, clevage of DNA fragmentatlon factors 45 and DNA
fragmentation were observed in MPP'-treated SK-N-SH
cultured cells. In order to elaborate the functional significance of




melatonin in cerebral blood vessels, H,O,-induced induction in
endothelial nitric oxide synthase (eNOS) protein level and
phosphorylation of calcium/calmodulin-dependent protein
kinase II (CaMKII) were demonstrated in the bovine isolated
cerebral arteries with these effect being abolished by melatonin.
These results demonstrate the cellular mechanisms of neuronal
degeneration induced via NF-kB, c-Jun-N-terminal kinases,
CaMKII and caspase-dependent signaling, and the potential role
of melatonin on protection of neuronal cell death induced by
oxidative stress and neurotoxin. Furthermore, the regulatory role
of melatonin in physiology of the cerebral vessels was also
demonstrated. In light of these finding, it is possible that the
neuroprotective effect of melatonin, may offer a means of
treating neuronal degeneration and disease.

Keywords: Melatonin, Hydrogen peroxide, MPP', Neuronal
cells and Cerebral blood vessels
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maszuudszamldnmesiia Tasmmzesidalsamessuulszamaiaiimsidonaae
vourallszam (Neurodegeneration) wulsn Alzheimers disease
(AD), Parkinson’s disease (PD) waz Amyotrophic lateral
sclerosis (ALS) (Evans et al 1989, Tanner and Langston 1990)

Hudu wenvimiums dFumnativeediadimamug w3o1&sulunlSinadiqe wu ms
rawaawan Alcohol (Zharkovsky et al 2003) uaz Metamphetamine
(Davidson et al 2001) Anuinuaunguilsvesmsidonamevoasalszamlu
awedla

I@imsAnndsauvguieiledvansaaunaln  (Mechanism) diiiiAams
ionamvousailszam uazwoszaglldhmaidonaneveuralszmmenaeiiaung
nniadesne maiine 1). asaivedialdun wman (iron) (Thompson et al
2001, Dal-Pizzol et al 2001), siamiier (manganese) (Robb-Gaspers
and Connor 1997), msanaa (Davidson et al 2001) wazensswan
Neurotoxin 1éun 1-methyl-4-phenyl, 1-1,2,3,6-tetrahydropyridine
(MPTP) waz 6-hydroxydopamine (6-OHDA) (Chot et al 1999,
Vaudano et al 2001) 2). ms1&suusanszunndianes (Brain Trauma)
(Sahuquillo et al 2001) 3). sanzawesnadon (Cerebral ischemia)
(Reiter et al 2003) 4). anurailndvesdunuria wu Parkin gene, a-
synuclein gene (Xu et al 2002) uasiiddaiio 5). Oxidative stress i«
nelfiiamsidonameveawalszamlavansiaiilunquitienieuyadase  “Free
radicals” (Droge 2002)

auyja%aszﬁuwﬂﬁ'u1ﬂ“lua*5m$1'7iﬁmﬂ%’wé’wm”luﬂ?mmqq wu I Wale uag
awed TuanzinAsemevesnusaziivuiumssidneyyaddszoon llnnwanaze ooz
e mani i Il Timsazauvesoyyadass Felgniifufivaesa uazdelfifants
denaaeniomuld ualuuneannzgy sumeRaanuaien wienziimsaaie w
aaigoainhsa HIV (Shor-Posner et al 2002, Hulgan et al 2003) wiia
m3naanzaugadvessumenasmienhlinssuiumsiisaeyyadasudell deldida
msaauveseyyadaszIume (Droge 2002)
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pyyaoaszoon lnnwalaommnzedsusalszamluaues  iesninszuulszaim
VA i< o (A o =S { : :
Tagmwizedwoeaueuiluetonziianvuzadieszunilanii Blood Brain Barrier
9 H
ADBAILANMIATUITIDONVOII Az AITAN dauod  aaiudadianudingoz 1ddnym
{ A I A . . .
malndguauialumaduansdweyyadase (Antioxidants wie free radical
scarvenger) uazliquaviianawnsomnud i luavedlduaznddnde lulinunse
[ 1 IS a 1 .
suaseapaueun lniumsdeyyadaszunwalszam (Reiter et al 2002)
a I o { 1 J { 4 1 1 §
war Indudluees luunadrananaen1veniivedn aewlwiiea (Pineal gland) ¥4
I 1 { A 1 ) a {
WusounguwanauesdIu epithalamus  Tagina luduwar Intvaziindhnlunmsaiugu
FLUUMITRINUVDITIINOAN 1FU T2UDFURUE MITUBUNAY ANUFTININ TLUY
a [~ 1 4 1 J o
piiAumuiludu (Simonneaux and Ribelayga 2003) uaninmsany e luvumiiildni
4 v
T Intudiguantialumssiiaeyyadasy laniniaswaznedon Aodmw1soNogdy
v @ a o 4 o w a
arnuasielalagasanionszqumsiiauveseulyiluaurumstivaeyyaddse
Y
(Shaikh et al 1997, Shida et al 1994, Tan et al 1998, Tan et al 2001, Tan et al 2003) FINNIY
4
Auantalumaaiugnilunsinyiveservalesia 151 011UNqu Antibiotics 130
< 4 { 1
Chemotherapeutic agents (Reiter et al 2002, Antolin et al. 2002) JuduFesnvaulane: 14y
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3 Y o Aav KX = d‘ o Y a A
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Wmmsnz@sasadszamsida  SH-SYSY wse SK-N-SH suilu

a

dopaminergic cell line Tuhwumzidsarauu culture dish lugeniigmungi
37 ssmnwadod luanz 5% CO, uaz 95% air ndwnminimsnszduldiaasg
luannz Oxidative stress Taold H,O, w5e MPP™ luanududusiag adli

v v
Twgauiu 24 $lue  lwsavwnqueg lildarsiaiilaqasldSenaalunguiiiingu



3

auau (Control group) wmiumns iasasimudenaaievousalasldinaiin
MTT assay lngldasazats 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) alumamz@osia 13 2 $11ue udniuraoenu1INgo mihenmnzideua
el udAvmsazmedunaes isopropanol waz HCl adlilieshazae
dark blue formazan crystal udniliSamemmganduuas  Tawndes
Spectrophotometer i 560 nm. shwamsnaneswlSouifiousznitsasms
donamoveusatuSnanududuves H,O, nie MPP' dwsuaaddiifude
AFuiusznndSnmveseuyadaseiusarmadenaasveusalszam
msann Caspase enzyme funalnlumsidosamevessarlszam

fansduda Activity wes caspase-3 enzyme #uiu Cysteine-
dependent aspartate direct protease enzyme lu common pathway
vosmadonanwveuralasld Ac-DEVD-CHO #uilu cell permeable uaz
irreversible inhibition wes caspase-3 udwhmsiasasimadonanevousn
Taginsmnziasuratszamyiia SH-SYSY  lwhowmz@sasavy  culture

dish ludeunouviai 37 ssmwaFea luannz 5% CO, uaz 95% air wdenn
g 2

Q U

vy

ifuﬁmﬁﬂizquiﬁ’ma@&ﬂuamaz Oxidative stress Tagld H,O, aslyluaauiu
24 dTus luwauenguezld Ac- DEVD-CHO swiu HyO, wseldinms
Ac-DEVD-CHO adlil Lclfa‘]JNﬂdu%%vllisla!f‘fﬁLﬂﬁiﬂ“’]aﬂﬂﬁﬂﬂlcﬁaiuﬂtju“ﬁ’jmtju
AR fusald 24 dlwdeuszinniasanmsdevaaeveusalasis MTT

assay
msanmunumves Dopamine uptake site fuvuiumsina Oxidative
stress lwwa dszam

A = J : b A a a 09.1} 1

wefiny1d Oxidative stress wfasneyyaddassriuiume uptake
site vuwalsyeamuiell Tagld desipramine suilu monoamine uptake
blocker udriimsiadamsidenaarsvesalagiinismnzideusalszamyila

A

SH-SY5Y twhewmzi@susavy culture dish ludeviieamgii 37 esm
waigea Tuannz 5% CO; uay 95% air ndamiuimsnszdulimasgluanie
Oxidative stress Tasld HyO, adldlumaum 24 1Tus luwavnguesld
desipramine swwiu HyO, wieldimwiz desipramine asly iausnguaz i
Hmimﬁ‘lmaq"lﬂﬁﬂﬂgcﬁaiuﬂa;uﬁy’jma;ummu faa'ld 24 $alus Aeusziinniagng

m3denaasvousalas’s MTT assay



msfnymaveseyyadasziums translocation ves pro-apoptotic gene

transcription factors.
mmanziasasadszamyiae SH-SYSY lwhewnziaeasauu culture

slide lugeuiioamngi 37 ewnwadea luannz 5% CO, uaz 95% air
wdamiuld HyO, adliitenszduliizaedluanine Oxidative stress Tumann
nquaz lildmsmiilanadluSenmalunguil hnguaiugu (Control group) fuwal3
24 §2Tus Aewasiiwnh immunocytochemical staining wes Nuclear
factor-kappa B (NF-kB) Tasiis  fix cell dw 4%
paraformaldehyde uééeendre PBS udannifuimuslu PBS fidn 1%
hydrogen peroxide iflunar 10 wififiquugiideaiienn endogenous
peroxidase wnfwiwwamn incubate 1u 5% normal rabbit serum lu
PBS-A (PBS + 1% BSA + 0.3% Triton X-100) iluna 30 widiiiioan
non-specific binding wésuhduilenn incubate fu specific rabbit
anti-NF-kB p65 antiserum i 4 ssswadeaumdwiu (12 §27uq) wield
waignsendy anti-NF-kB antibody e §Asenudundand
s PBS-B (PBS + 0.25% BSA + 0.1% Triton X-100) 3 a$u as
10w udnirlidfaseduiiaesiy FITC-conjugated Donkey anti-
Rabbit IgG 1u PBS-B fluna1 2 $17wsi 4 essuaaidoaudadeds PBS i
wa'liiladae cove slip ih slide 7l&umqlasld confocal laser scanning
microscopy wadini NF-kB positive immunostaining wiSeauasdiien
iedunaadnisldndos

=2 a U 23 d' a
m‘;ﬂfmmammmaﬂﬂuﬂumwummﬁmeuamﬂmmwaﬂszamimmgyaamz

Mmsmnz@sasadszamesida  SH-SYSY wuSe SK-N-SH iy

a

dopaminergic cell line liheuwmzidouravu culture dish ludeviiguungil
37 eswmuzadod luanne 5% CO, war 95% air waswmiula H,O, wie
+ 4 ] . . 1 1
MPP" adliionszqulimasgluaning Oxidative stress luaavnnguazld
asazarewa Iniuasld 1 slwneunaznszquldiwasgluanz  Oxidative
stress waziwah li'ldldamanilaqadliSenaalunguiiiinguaiuau  (Control
Qy Y o'/ (% 091’ o v o tﬂ' 9 a
group) nuwald 24 ¥ Tus nasmniuimsiadanmsidouaarsveuyalaslfimaiin
MTT assay ihdoyan launlseuiisudasimsidenaaisvosaaszninnguaiugy

nunquitia oxidative stress uaz lasuwanIniiudungui lu1dsumar Tniu



5

msanmngnslumsiesnumaiinduves caspase enzyme activity lagailn
Hu
mmsmnzi@easalszameia SK-N-SH Fuilu dopaminergic cell

a

line Twhewmzdsasauy maltiwell plate (96 wells plate) lugouiigamyi

U

37 esmusaioa Tuane 5% CO, uaz 95% air wiammiuld MPP™ aslilite
nizauldaegluannz Oxidative stress lTuwausnguazldasazaswar Tniu
atld 1 s lusdeniinsnszdulfimandluane Oxidative stress waziwaiilildld
mamﬁimm"hJGﬂﬂwaiuﬂ'sjuﬁimtjmmuqmﬁywva"l%’ 24 3T ﬁé’QﬂWﬂlfu@,ﬂdauﬁ
diiitaluudald Lysis buffer 1 adly némnfuldasazaw substrate asly
7013 1 $21ua rewdex1d lysis buffer 2 adly ih plate nawiudwdanilyse
mm O.D. Tasases Fluoro Counter #awansnaaesasilinsvi caspase
enzyme Fuflueu'lmilungu cystein protease enzyme wazgnnizdu'lddin
ouyadasziuasaduilddenan Infiunde i
msanmmavesnmIniiudeannz oxidative stress fifidelusAuaa
famsmnzdsusalszamyiia  SH-SYSY wie SK-N-SH il
dopaminergic cell line uazidudeamuesveshlhoumezdousauy culture
dish Tugeviieangi 37 esswaiies luannz 5% CO, waz 95% air wdwn
fuld HyO, wie MPP adluiitenszdulimanaziduidenauesvosiiegluanie
Oxidative stress lumansorduidonuanguazldmsazaomar Iniuadll 1 $27us
noufivznszdulimasgluanne Oxidative stress uwazwanSoduidondilildld
msmﬁ“lmaﬂﬂﬁamma”luﬂduﬁy’jwﬂfjumuﬂuﬁqmaw?mé’mﬁa@ﬁ 24 $lua s
harvested cell Tasld SDS sample buffer asliugrildimauanlasldindos
Sonicator ugailuuendi 14,000 rpm v 10w dunenmwgdau
supernatant itoi WlusanmonTilsduTaeis SDS-PAGE
electrophoresis w&wniu Transfer wovuldsauawu Nitrocellulose
membrane udill incubate #u primary antiody @ against deTisdu
it 4 esrmuadeauudwdu (12 $21u0) wdsminiun incubate #u HRP-
conjugated secondary antibody ww 1 27w Aeufieziilivlgasendy
ECL plus reagent udvihlilasavaenmmssouasvenanTsdufimmenizas
@iaiﬂﬁauﬁgw] Tasiwsiu Nitrocellulose lhlszaufuuiu Film waaaniiui
wiv  Film  Tfasanuduveaanlisiulasldinios  Densitometer o

nSeuiendsmnaesTsauaeg seninnquin lésouas bildsuwan Tniu
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waves hydrogen peroxide Fuflumslungn (Reactive oxygen
species) ROS uaznainfiviifidesnnmsidonamovoaatsyam

wamnzAsuvalszamlathiiu SH-SY5SY @145y Hydrogen peroxide
finnududu 100, 250, 500 waz 1,000 uM ww 24 $2Tusdimsdevdaeves
walsgamodiifeddapidofieudumalunguasugu  (Control) — @'lildsy
hydrogen peroxide (3ii 1) naziielWwannz@oasalsyamiahiiv SH-
SYSY 18sumanTniiuiiarndudu 0.1, 0.25, 0.5, 1.0 uaz 2.0 mM ww 1
#Twerouiez 1850 hydrogen peroxide fianududu 100 uM wwde’lifsn
24 FTusnviua Indufinnududusendn 0.01-0.5 mM  aunsaansasins
idouamsveaa SH-SYSY a1 hydrogen peroxide 1&Taowalumsansas
madeuaavousaldnagagai 0.5 mM uaznalumsansasimadonamevousa

] b4 [l
Tagwa Intuszaaauiionnududuvesuar Induinandt 1.0 mM au'ld (519 2)

120

._.
>
<

®
=3
b

[

Cell viability (% of control)

&
<
!

*
0 ry T T T T ’—L‘ 1
Comffi 1. pvos hydrogem  sw 1000

peroxide Hisessa i

vouwallszan
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S
3
> 80 =
1=
p=
£
5 60 =
?
Q
40 =
20 =
o

Control MO M 0.1 M0.25 MO.S M1 M2

100 [IMH,0,

*p <0.05 wisniunguaruay # p < 0.05 disurungu Hydrogen
waves caspase enzyme inhibitor fifidedasimsmenamevousarlszam

walszamiathiiu SH-SYSY dl#5u caspase enzyme inhibitor
(DEVD) #anwdudu 10.0 uaz 25.0 uM w8 dalusnoudiezIdsy
hydrogen peroxide dfinnududu 100 uM wwselisn 24 d2Tus wuh

caspase enzyme inhibitor annududu 25 uM awisoaadasimsideuaaiy
vousa SH-SYSY w10 hydrogen peroxide 14 (717 3)

120 =

3
£ #
:
S 100 4 " T
oS
:; 80 o T
=> 60 *
(Y]
@)
40 s
20 +
0 v
Control DEVD 0 DEVD 10 DEVD 25
?ljgl;b%. 100 [IMH,0, ﬁmm‘a ¢
[AGKIGH] ( 1IDUBAUITAIN

vouxsalszain



8

watlszamiathiiu SH-SYSY #1450 monoamine uptake blocker
finnududu 0.1, 1.0 uaz 10.0 uM w15 widineudies 1850 MPP™ finnw
Wudu 1 mM uwdelidn 72 42Tue wud monoamine uptake blocker ii
anududu 0.1, 1.0 waz 10.0 uM aunsoansasmadenaameveusa SH-
SYSY wn MPP" 18 (it 4) udwalszamimhiv SH-SYSY #ldsu
monoamine uptake blocker finnundudu 0.1, 1.0 uaz 10.0 uM ww 15
wiireudier 145y hydrogen peroxide fianududu 100 uM unwsielddn 24
#Tus wui monoamine uptake blocker higuninansanmsidouaaioves
wa SH-SY5Y a1 hydrogen peroxide & (jiii 5)

120

100 -
= 80
E # i #
g T T =
s %
£ 60 -
£z
=
=
<
=
Z 40

20 -

0
Control No Des Des 0.1 Des 1 Des 10wy
MPP" 1 mM

*p < 0.05 deudunquarugu # p < 0.05 Weurvngu MPP"
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=
)
= i
= 100
9] t *
%

3 * *
5 T T T
X 80 7 L
-~
>
E
=
2 60 7|
8
>
=
O]
o 40 7

20

o
Control Des O Des 0.1 Des 1 Des (M)

31U 5. waves monoamine uptake blocker lumssusinavos

drogen peroxide (

hydrogen peroxide difidemadouaawveasatszam * p < 0.05

waves hydrogen peroxide vazmainiiuiiinems phosphorylation uas
translocation wveslis@u nuclear factor kappa B (NF-kB)
wamzidsusatszamiamhiiu - SH-SYSY  #l45u  Hydrogen
peroxide fianududu 100 uM wu 10 wiifims phosphorylation wes
Tusau nuclear factor kappa B (NF-kB) situnndueduiiiesrdailefious
walunguaiugu (Control) #0145y hydrogen peroxide uawilel¥ina
wzideuralszamlathiiy SH-SYSY 18w Tniufinududu 0.5 mM w
1 $2Twsrouii 1850 hydrogen peroxide fianududu 100 uM wudelifsn
10 wiiiwuiwwar Intiugwnsoaants phosphorylation wveslisau NF-kB weq

wa SH-SY5Y a1 hydrogen peroxide 'I§ (jiii 6)
wamzi@susatszamlmhiiu - SH-SYSY  #ld5u Hydrogen
peroxide finnududu 100 uM ww 10 wififims translocation wes
phosphorylated-nuclear factor kappa B (pNF-kB) wnliluiundea
vousauniwileifoufualunguasuge  (Control) #'hildsu hydrogen
peroxide uazilelimamzdsuralszamiahiu SH-SYSY I¢5umanTniiud
arududu 0.5 mM w1 d2luerdouiie 1450 hydrogen peroxide fin
wudu 100 uM wuaelden 10 widinwuiwanInduawnsoaams translocation

vos pNF-kB & (514 7)
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100 uM H,0; - + +
0.5 mM Melatonin - - -+

pNF-xB (65 kDa)

NF-kB (65 kDa) — U —

v
SIS

wavos hydrogen peroxide uazianIntiuniisions expression vealisau
Bax uaz Bcl-2

wamnziAsuralszamlathiu SH-SYSY @145y Hydrogen peroxide
fanmndudu 100 uM v 24 ludimsiuiuveanalilsau Bax waz Bel-
2 i Gsmarivdoesnosraxideentrol)iviild®s,  hydrogen
peroxidehesalionylatinn doslyaty-mustsasfacom B g Tniiud
anududu 0.5 mM w1 d2Tweneuies 1850 hydrogen peroxide finnw
Wt 100 uM wwse'hlen 24 dTumhwan Tniivansadudimsiuiuves
Tilsdu Bax udliaunsadudamsiuiuvealilsau Bel-2 vouwa SH-SYSY an

hydrogen peroxide ' (i 8)

unmves Ras protein funalalumsidenameveusallszanlas  hydrogen

peroxide
wamnzidssaalszamIathiiu SH-SYSY 71850 Hydrogen peroxide

finnududu 100 uM w24 srludimaidenaaeveusalszamedraiifod oo
ifoudualunguaiugu (Control) @145y hydrogen peroxide uaziiol#
wamzideurayszan ahiy SH-SY5Y 185y FTase
(farnesyltransferase) inhibitor (FTase ilwou'lminae catalyze Ras
protein) finnududu 2.0, 5.0 waz 10.0 uM rewdiez14%u hydrogen
peroxide @nnududu 100 uM wwdelisn 24 4 luwamui FTase



11

inhibitor aanududuszrig 2.0-10.0 uM ansoanadasimMsidouaalsusasa

SH-SY5Y a1 hydrogen peroxide & (31# 9)

Phase-contrast Fluorescence Merged

©)

31t 7. waves hydrogen peroxide uazmaIniiuiifisents translocation
vo1 phosphorylated-nuclear factor kappa B (pNF-kB) uaasde
dygw fluorescence e

A, B uaz C = non-staining (negative control) cells

D, E uaz F = Control-untreated cells

G,H uwaz I = Hydrogen-treated cells

J. K uwaz L = Hvdrogen peroxide plus melatonin-treated cells
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100 pM H,0, - + +
0.5 mM Melatonin - - +
Bcel-2 (28 kDa) e B

Bax (20 kDa) - —

Actin 43kDa) (D GND O

51t 8. waves hydrogen peroxide uazmarTniuiiiiae

_P

ms expression vealisau Bax uaz Bel-2

waves MPP" uilu active metabolite ves neurotoxin MPTP uazi
anfiuiifinesnnmadenaaaveusailszam

wamnz@suralszamlmhiu SK-N-SH #1453 MPP" fiasundudu 0.1 mM
w24 Flusdimsidenaamsveusadszameduiivdfydefioususalunguaiuny
(Control) #1451 MPP" nauileldwamzidsuratszamiathiu SK-N-SH
I@suman Iniufinnududy 0.1, 0.5, 1.0 waz 2.0 mM v 1 rlusdoudios
1850 MPP" fianududu 0.1 mM wudelfsn 24 $luamusuuanIniiufiar
Wudusznin 0.5-2.0 mM aunsaansasimsdenaarevousa SK-N-SH a1n
MPP" 1&Taswalumsansasimadeudarsvoasaldnagegaii 1.0 mM uazwalu

o N A 4 Y 2
ﬂﬁﬁ@]ﬁ]@]i?ﬂTi!’?[@MﬁﬁTﬂ%ﬂQ!“]ﬁﬁIﬂﬂL‘MﬁWI‘ﬂu‘Lli]3a@mQLﬁ’EJﬂ’JHJL"UiJﬂIHﬂJENLNﬁ1I‘WH‘Ll

11 2.0 mM 3u'ld (U4 10)

120 # #

100 #
%
80 —@— 100 [I[MH 0.,

60

Cell viability (% of control)

40

20 o

o 2 5 10

5 1J ﬁ 9. b FTase inhibitor (DM) 1

_

peroxide #ifidemsidonaasvousalizam

*p <0.05 weuiunquanugu # p < 0.05 Weunungw
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120 «

- # #
g T # o o p -
g _ suf 10. waveanar Intiulu
BE 80 * o A
H = T msflesiumsidondaisvos
: +
3 wailszamlag MPP

w0 | *p < 0.05 rvuiunqu

AR
o T T T T T
Control MPP’ Mel 0.1  Mel 0.5 Mel 1.0 Mel 2.0

waves MPP" iazmainiiuiifidermsrphosphorylation wesldsiiu c-Jun
uaz cleavage vos DFF45

wamnzasaralszamlathiu SK-N-SH #1850 MPP" fianundud
0.1 mM ww 24 $Tusdims phosphorylation vesTusau c-Jun situnniu
odnifedfadofouiusalunguaiuau (Control) #hilésu MPP" naziiold
wamnziasuvalszamlathiu SK-N-SH 1#uwarTniiufinnududy 1.0 mM
w1 s2Tusdeuiieg 185y MPP" fianwndudu 0.1 mM wwsielddn 24 427uq
wuuwan Induawnseaams phosphorylation veslisau c-Jun vewwa SK-
N-SH a1n MPP" 13 (7@ 11)

wamnzdsasatszamiahiiv SK-N-SH #1435y Hydrogen peroxide
farududn0.1 mM ww 24 d2luadims cleavage ves DEF45 inniuiiforiion
fualunguauau (Control) #1145y MPP" uazideldiwamzdsuvatszam
Tathiiu SK-N-SH 1&5uwar Infufianmududu 1.0 mM wiu 1 $2lusdeniioy

(%] + H 1 Q'J 1 =)
1850 MPP" fiamududu 0.1 mM wuaelisn 24 $1luanuruuar Iniluainso

anms cleavage vos DFF45 18 (30 12)

Cont MPP* MPP'+Mel

c-Jun |Ml<— 46.5 kDa

p-c-Jun [l (el s | €—46.5kDa

= + a d’d U *
sU# 11. waves MPP" nazwarIniiuniiaents phosphorylation wes
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MPP* MPP+Mel

- “ | €—120k0a

Cont

Cleaved DFF45

g1t 12. waves MPP" iazimanIniluitiidems cleavage ves
A Aat a = o o +
waaIndufiinemsiiinduves caspase enzyme activity laa MPP

Y ] o + v
wannzasayalszamlahiy SK-N-SH #1145y MPP™ fianududu

0.1 mM ww 24 dhlusdimsiuiuves caspase enzyme activity et
ffddapilofeusuwalunguasuau (Control) #li1dsy MPP" uazileldioa
mz@saarlszamiahiiu SK-N-SH I¢zumar Infiufanududu 1.0 mM
1 S lueneuiiez 1850 MPP" fianududu 0.1 mM wwde'ldn 24 d2Tuawusu

- 22 . +
arIniumnsoaamsuduves caspase enzyme activity a1n MPP™ 4 (51

300

250

*k
T

200

150

S

100

50

Enzyme activity (% of control)

Control MPP* MPP*+Mel

7 13)

waves hydrogen peroxide mazmainiiufifinems expression veslisiu
endothelial nitric oxide synthase (eNOS) ludwaenanesvesia
ilerduideamuesveshiusegluhvumnzdsuraldsy hydrogen peroxide
sty 100 uM ww 2 $rldimsituiuvesSinaldsiu eNOS wniwile
ioudusalunguaiugu (Control) #1845y hydrogen peroxide uaziiol#

idwdeaauesvesi lasuwar Indunanududuy 0.5, 1.0 vaz 2.0 mM wwu 1

i oui _ 4 - o da 9
i luerioni sUi 13. waves MPP uazmanIniiuniide caspase enzyme Jan 2
activity
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J 9 v 9
w1 Tuanuduuar Intdudwnsadudamsmuiuvesllsay - eNOS 9 hydrogen

peroxide 18 (717 14)

H,0, (100 pM) - + + + +

Melatonjgt @uMdves hydrogen peroxid@shzmarinkPiiaond-0

expression veslilsau eNOS lududoaauosvoein
waves hyarogen peroxiae vazmaunyunuaenms pnospnoryiation veq

calcium/calmodulin-dependent protein kinase II (CaMKII)

Tudwaeaanssvesds

dordudenmuesveshftugedluhoumzidousaldsy hydrogen
peroxide famuduty 100 uM ww 2 1 Twsiims phosphorylation wes
CaMKII (phospho-CaMKII) iunniuedniifedmiydefeuiududen
awoswoshlunguaiuau (Control) #lhildsu hydrogen peroxide naziiold
duidenauosves @S uman Indufinnududy 0.5, 1.0 waz 2.0 mM v 1
#rTwsneuiis 1850 hydrogen peroxide fianududu 100 uM wude’lifsn 2
Faluanuduwar Infiugunsnaams  phosphorylation wes CaMKII a0
hydrogen peroxide & (i 15)

Phospho-CaMKII I — * - Ié 50 kDa
(Thr286) '
I . - I(— 50 kDa
CaMKII
H,O0, (100 [ /M) - + + + +
Melatonin (mM) - - 0.5 1.0 2.0

51t 15. waves hydrohen peroxide uagmarIniiuiifisons

phosphorylation ve« CaMKII Tuidwdsaduosvesi’
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a J
YNNIV
Y Y. . H
nnramsanIdelunsafinneszaglldin hydrogen peroxide awnsadiez
d' o Y a d' = [ 1 d‘ 1
mitgnhliinamsdendasveusatlszam  wazniwdnalnluszavuluanavadiuiiieg

merdedlumamiisnihliifaganziinngimadendawvessane hydrogen peroxide

A Y

vinmevenwarnvzdur  (Diffuse) weojuaalasasudilin  cytosol (Rhee

a
Y

2006) marzaaramsnaaesousmumsiduiimshnuues uptake site higunsn
Hosfumudenamevessaiiiann hydrogen peroxide 18 iiloogmelumauaziivsum
wnRundiszuudiia oxidizing agents wewwaizsosiuld hydrogen peroxide
itz linalumsnsgduniomilonildininmues  cell  death  signaling
cascades uniy TavTumnahmnoiiddaues hydrogen peroxide vz
smsdidardnlumaneiAamsmisnihinadenaaeveurarlszamlathiiuffe Ras

Y @ o

protein uas protein kinase fiferdostumsminuves NF-KB iflesnnnanisnanes
veusmuh FTI-277 Fufuamsfdusamsiaones Ras protein (Lerner et al
1995) ansafivzdudawalumsne l¥ifianisideuaasveusatszanlathiiulag
hydrogen peroxide 18 #wunszuaumsii hydrogen peroxide rolifiiamsaidou
aarsveuxalszamlaliiulagiiuninig NF-kB inhieziieadesiums
phosphorylation uaz translocation ves NF-kB msulasunilasvest/sunaTilsau
Bax uaz Bcl-2 uazmswhnuves caspase enzyme dusiiniionlassauiuiiu
Caspase dependent pathway (Li et al 1997) Tasannanisnaaesweusilunsai
wu  hydrogen peroxide aunsamileni Winsiuivenfiu  NF-kB
phosphorylation (pNF-kB) eswilisdiuenniiseiims translocation ves
pNF-kB »n cytoplasm dhlufusnuseunundvauaz luiundvaveuwaitinnntusn
& el luiundeauds pNF-kB awsiwihfiflu transcriptional factor
(Baldwin 1996) uazmileninliffins expression vesdusandiunndulasamizedis
dstuvosTsdulungu Bel-2 family dufinswdud Bax wag Bel-2 iffuTdsduly
nqu Bcl-2 family fswihiiaudude Bax gnial#eglungu apoptotic-agonist
HuTilsAuiiferdossumadenaaenionmsmeveawa (cell death) dwu Bel-2 gniald
oflungu  apoptotic-antagonist iilulusAufiferfestumsedseavensa  (cell
survival) (Reed 1998, Korsmeyer 1999) foyannnamsnansiisimandanlvaj
finnui oxidative stress wwilmademsiituiuvesySina Tsdu Bax udinam 15
Tilsdu Bel-2 anas (Culmsee and Mattson 2005, Jang et al 2005) usnasain
nsfinpveusiluassiindunudr hydrogen peroxide finalumsitu/Sinavesits Bax

' v Y v
waz Bcl-2 wadadiulumamiuiuvealidsaunasariiaiuuanaiaiuluugazanzveausa
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nandeluwaildsy hydrogen peroxide edrudvisaiisnsimsidouaaioveauragans
iutuves Bax szinnnd Bel-2 ualumsnssiudhusaiildsn hydrogen peroxide
wazman InfludreraiisasmadoudaisveusannasimsanasestSmaves Bax urfnsd
mstiutuveasine Bel-2 fuanaldifiuihmsidenaaeveuranin oxidative stress
inziuramennstdsunlasenSine Bax fiudunnindesiannlildianenms
andiasvealSna Bel-2 wieernandihsandnwenlsina Bax/Bel-2 suiinasems
pgsoansemsaeveuranaietsndiuves Bax/Bel-2 Indifsatumaszdiseaning
augauazidinseausidelail snsduves Bax/Bel-2 L‘ﬁllliﬂﬂ‘ﬁuﬂﬂ1ﬂﬁﬁﬂﬁ1ﬁmul%aﬂzlﬁﬂ
anzauga  lasamizodndaezinanszduldiimatiuues  caspase dependent
pathway iumnniudegatondanzielfifiamsideouaawveusatszamann  uazly
msAnuAselundadia Idihmsnageuuaznuesidudimsihaves caspase enzyme
aunsadlesfumadenamevessailszamias hydrogen peroxide 18 nasfiddayfons
ﬁﬂyﬁ%ﬂ“luﬂ%ﬁ:"lﬁﬁﬂmqmﬁ%lumiﬁmf“fumiL?}auﬁmmmmsaﬂizamiﬂﬂaaﬁuummiwﬁu
nazramsaninIioluasaiived e InfiuaunsedudaimsidenaatevousarlszamIathdui

maon  hydrogen peroxide 1dlawarIniuawnsofiaz  aamsinduvesns

4
v @

phosphorylation waz #udamstranslocation wes pNF-kB  #ifiwanian
hydrogen peroxide '3 wenuniiisidsdnymuimwar Infiufinalumsaamstiuduves
dasrdiuves Bax/Bcel-2 Tas hydrogen peroxide ldande

sodoaadoiiuileimanlasunlasonlSinaTilsdiu Bax waz Bel-2 uasiing
iivvessandiuves Bax/Bel-2 Tag hydrogen peroxide Wudnaseriiosliiing
nszdumsiames caspase dependent pathway situnduldels fesurely
dndhivzinnnnsAnsmaznuhlaonduds  Bel-2 aunsafiezdudieddu  pro-
apoptotic protein wu Bax wie Bad uuy heterodimerization (Korsmeyer
1999) usidiolafmmiiannogluaniziignnszduliiimsains Bax maninlndudmsade
Bel-2 lifimsndounlas sz ldivinaves Bax melusmaiunnniy safinwiniie
Bax awnsasudduowuy Homodimerization (Reed 1998) uagimihiiiiu
channel wuu plasma membrane wosluTnaouwass  HIRTnss2 lnaves
cytochrome ¢ vinmeluluTnaewniseening cytoplasm waz cytochrome c i
wefiflugamiienil¥iimsihanves caspase dependent pathway Nty (L1
et al 1997)

1 =) + H Y o =) 4
Tudruvesasny MPP™ simnsamiienhldinamsideuaaisveusallszamlaih
¥ y y . ] ] 4 4 1 a
fuldvu vinmsdneluasaiinod uptake site unsiidmnodedlunszuaumsiineliing
¥ ¥ v Y
madeuaarsvousalszamlnliiy 19199910 HANITNABDINVIATNTUFTINITHINUVD

. o ' d o + d
uptake site aunsaflostumsidonaarsvousaminanin MPP™ 18 TasTuanadhwinen
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&igves MPPT fineiludinmsddguanlumsielfifiansmiienildfnsdenaaroves
wallszamIathilufde protein kinase lunguiiGonit c-Jun-N-terminal kinase
(JNK) w3e stress-activated protein kinase (SAPK) (Xia et al 2001)
msrznansnaaemuit - MPPT  awnsamilonilidfmsdiuduvesfine c-Jun
phosphorylation (p-c-Jun) edwuiliediiy dedeasdeiiindefimanasunasves
U3 p-c-Jun uhdwaserieliimsideuaawveuratszamideialsniy feuielu
dwfezinenmsaniuaznuhasiaunsadudimsiouves INK  wu  JNK-
interacting protein-1 (JIP-1) aunsodudaraves MPP fineldifamsidenaae
veusalszamIduazdiaanisifiniuves cleaved caspase 9 uaz cleaved caspase
3 910 MPP" 148nde (Xia et al 2001) uenvnilfinenumsisonawsuinuiuile
INK grnszduaziinadomamiionildfifiamsudses cytochromr ¢ ain’luTnaewunioo
oming cytoplasm wnduuazdaseriioaldimsnszdu caspase-mediated death
pathway awin (Tournier et al 2000) Faran1sseveusiluadailiaenndeaiy
wams3senirn Taosansmuis MPP' fimalunsiiumsihanvesenls! caspase-3
wagzdsnadeiiiosldiimsdevaas DNA fragmentation 45 (DFF45) aiwihiuily
fiugamsinuves 40-kDa endonuclease wie DNA fragmentation 40
(DFF40) dlelafinwii DFF 40 gnnszduifuezdawaliiinsin DNA ihadudun
(DNA fragmentation) uazdanaliiimadeauganmsinuveusanazisanizaisly
fign (Sakahira et al 1998) Tusueuerfumsanuisoniad 1dansgns lumstloin
msidenameveusalszamlagees Tuuman Iniiy uazrnanmsanu3seluasaiid e niy
aunsadufimadenaawveasalsyamlahiuiniann MPP Idlasmar Iniuaunsod
22 aamsintuveIms phosphorylation ves c-Jun (p-c-Jun) manszdu
caspase-3 activityuaz msdesaars DFF45 (Cleaaved DFF45)1as MPP"
laendae

uenain oxidative stress azannsoneldiiamsidouaarsvearatlszamudaisd
wash ldina Isaiduideaaues (cerebrovascular diseases) 1@snare (Zhao et al
1994) Tasmwizessa oxidative stress fimilgnhldiimsmumsatn oxidizing
agents ngu Reactive nitrogen species (RNS) wu nitric oxide (NO) s
inniuves NO aunsadelvifia oxidative injury wes endothelial cell veoud
idenaues’ld (Shaikh et al 1997, Choi et al 2004) TumsAnuiiselunsainuimg
arIniiuaunsaaanisifiniuvenon'lsf  endothelial nitric oxide synthase
(eNOS) luduideaauesiiignmiinnilfifeannz  oxidative stress  ain
hydrogen peroxide 14 iifosnin eNOS ihuoulwifiddnylunszuumsain NO
Tasmsshauves eNOS  desends  calcium/calmodulin  fudrinTasrinums
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calcium/calmodulin-dependent protein kinase II (CaMKII) (Szabo
1996, Yun et al 1996, Iadecola and Ross 1997) gusitlddnumusniuuan

' b4 .
Tniuaunsaaamaminaynves CaMKII phosphorylation (phospho-CaMKII)
luidudeaaueshngnmimhldifaaae  oxidative stress v hydrogen
peroxide 1édae
2w Y Y Y 3 = va S = A o

vinwamsIsedredundadldiviuiquanialumsifuarsiansoanniotoanuns
dendawriomsmeveusailszam (Chetsawang et al 2006, Chetsawang et al
2007) wazidudenanes (Chucharoen et al 2007) voawanIniiuldiilued1ed Taowa

EJ [ Y

Y043 190F 1R uDanszuaums luszduwauas Twanahiar Iniwdh ldudeimnszdu cell
death signaling vinannz oxidative stress 18 TudruvesmariuuarIntuinldly
91 ug}l @ 9 = =2 A a A 9 12 = a a @ 1
dheluemaminasdazdodimsAnyunuduie linssnuidszdninmgagauazilasasione
9 A A aw g 2y Y & = o A4 9
dihewnniiga venaniinamsiveluasaillduaadliiudenszurumsluszduTuananineides
Y A o Y a A A Yy A [ [ 9
fumamtienhliinansaeniodendarsvousalszamuazidudonauss suaziludoyauay

y H 4 H H . .
anuiiuguiaunsath hlszgndld  ivensAnyisenineadesiuanz  oxidative

< '
stress Llagﬂ’]ﬁ?‘l’]f]sllf)\uclfallﬁ’lﬂu@ﬂ']\ia
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Melatonin protects against hydrogen peroxide-induced cell death
signaling in SH-SY5Y cultured cells: involvement of nuclear factor

kappa B, Bax and Bcl-2

Abstract: Oxidative stress is defined as a disturbance in the prooxidant—
antioxidant balance, leading to potential cell damage. Reactive oxygen
species such as superoxide radicals, hydroxyl radicals and hydrogen peroxide
may act also as secondary intermediaries in intracellular signaling leading to
cell death. The neuroprotective effect of melatonin has been observed both in
vivo and in vitro. The objective of this research, therefore, was to better
understand the cellular mechanisms of neuronal cell degeneration induced
via oxidative stress and the protective roles of melatonin on this cell death. In
the present study, the effects of melatonin on H,O,-induced neuronal cell
degeneration in human dopaminergic neuroblastoma SH-SYSY cultured
cells were investigated. The results showed that H,O, significantly decreased
cell viability and melatonin reversed the toxic effects of H,O,. An inhibition
of caspase enzyme activity by Ac-DEVD-CHO, a caspase-3 inhibitor,
significantly increased cell viability in H,O,-treated cells. The
phosphorylation of transcription factors, nuclear factor kappa B (NF-xB)
was increased in H,O,-treated cells and this effect was abolished by
melatonin. Translocation of phosphorylated NF-xB to perinuclear and
nuclear sites, estimated using immunofluorescence, occurred to a greater
extent in H,O,-treated cells than in untreated control cells and again this
effect was abolished by melatonin. In addition, induction of Bcl-2 and Bax
proteins was demonstrated in SH-SY5Y cultured cells treated with H,O,,
whereas the induction of Bax but not Bcl-2 was diminished by melatonin. In
light of these finding, it is possible that the antioxidative stress effect of
melatonin associated with inhibition of Bax expression, may offer a means of
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treating neuronal degeneration and disease.

Introduction

Oxygen is vital for life; all parts of the body use oxygen to
produce the energy, especially the brain. The brain uses
much of the energy in the form of adenosine triphosphate,
which is generated by oxygen and glucose. However,
oxygen is also potentially dangerous in the form of
oxidative stress, when the cell is subject to an imbalanced
state of the prooxidant and antioxidant factors. This
imbalance leads to the generation of reactive species during
events such as trauma, ischemia, and aging. Damaging
agents, such as reactive oxygen species (ROS), which
includes the hydroxyl radical, superoxide anion and
hydrogen peroxide may damage DNA, proteins and lipids,
provoking disturbances in cell membranes, calcium influx,
the cytoskeleton and a cascade of events leading to cell
death [1]. Oxidative stress has been implicated in a number
of human degenerative disorders of the central nervous
system, including amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease (AD), and Parkinson’s disease (PD) [2].

Melatonin, the secretory products synthesized in the
pineal gland, has a variety of functions. In animals,
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melatonin has been reported to play a role in circadian
rhythms, seasonal rhythms, reproductive effects, learning
and memory [3, 4]. Moreover, many studies have demon-
strated that melatonin is a direct free radical scavenger and
has indirect antioxidant properties in all organs investigated
[5, 6]. The neuroprotective effect of melatonin has been
reported both in vivo and in vitro. Several studies have
shown that melatonin has high potency in preventing
astrocyte and neuronal cell death in various parts of the
brain as well as PD induced by neurotoxins such as
6-hydroxydopamine (6-OHDA) and [-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [7, 8].

Recently, it has been reported that overproduction of
ROS occurs within minutes after brain injury and mediates
both necrotic and apoptotic cell death [9, 10]. In addition,
H,O0, production leads to the activation of protein tyrosine-
kinases followed by the stimulation of downstream signa-
ling pathways including mitogen-activated protein kinases
and phospholipase C [11, 12]. These reactions, in concert,
result in the activation of redox oxidation transcription



factors, including nuclear factor kappa B (NF-xB) and
activator protein-1 [13]. NF-kB regulates the expression of
several genes encoding acute-phase proteins, cell adhesion
molecules, cell surface receptors, cytokines, and antioxidant
enzymes [14, 15]. It has been reported that NF-xB also
activates expression of the anti-apoptotic, Bcl-2 gene [16].
Bcl-2 belongs to a regulatory protein family called Bcl-2. Its
members include proapoptotic proteins (Bad, Bid, Bax,
Bak, etc.) as well as anti-apoptotic proteins (Bcl-2, Bcl-xL,
etc.) [17]. Of the Bcl-2 family proteins, Bax expression is
also found to be activated by NF-xB [18]. Despite the
apparent link between NF-xB and apoptosis, the evidence
associated with both its anti-apoptotic (cell survival) and
pro-apoptotic (cell death) effects has been controversial. In
light of this controversy, the present study was designed to
investigate the cell death signaling cascades induced by
H,0,, a reactive oxidizing agent, and to test the protective
effects of melatonin on oxidative stress-induced neuronal
cell degeneration.

Materials and methods
Reagents

Minimum essential medium (MEM), Ham’s F-12 medium,
fetal bovine serum, penicillin and streptomycin were
purchased from Gibco BRL (Gaithersburg, MD, USA).
Melatonin was obtained from Sigma Aldrich (St Louis,
MO, USA). H,O, was obtained from Merck (Darmstadt,
Germany). Ac-DEVD-CHO [caspase-3 inhibitor (alde-
hyde); Ac-Asp-Glu-Val-Asp-CHO] was purchased from
Alexis Biochemicals (San Diego, CA, USA). The rabbit
polyclonal anti-phosphorylated and total NF-xB, the
rabbit monoclonal anti-Bax, the mouse monoclonal anti-
Bcl-2, and the horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG and anti-rabbit IgG antibodies were
purchased from Cell Signaling (Beverly, MA, USA). ECL
Plus Western Blotting Reagent was purchased from Amer-
sham Biosciences (Piscataway, NJ, USA). Nunclon™
culture flasks and Corning culture plates were obtained
from Nalge Nunc International (Roskilde, Denmark) and
Corning Incorporated (Acton, MA, USA), respectively.
Human dopaminergic neuroblastoma SH-SYSY cell line
was provided from American Type Culture Collection
(Manassas, VA, USA). All other chemicals used in this
study were analytical grade and obtained essentially either
from Sigma Aldrich or Lab-Scan Analytical Science (Dub-
lin, Ireland).

SH-SY5Y cell cultures

SH-SYS5Y cells were grown in complete media, which was
made with 45% MEM, 45% Ham’s F-12, 10% inactivated
fetal bovine serum, and 100 U/mL penicillin/streptomycin.
The cells were maintained at 37°C under a 5% CO,/95%
humidified air incubator for the indicated time.

Assay of cell viability

SH-SYS5Y cells were re-suspended in complete media. The
cells were placed into 96-well culture plates, and were
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incubated at 37°C under a 5% CO,/95% humidified air
incubator for 24 hr. Cells were then incubated with H,O,
for 24 hr. Some cells were incubated with melatonin for
1 hr prior to treatment with H,O, for another 24 hr
without changing the culture medium. The control-cultured
cells were incubated with culture medium for 24 hr.
Methylthiazolyltetrazolium bromide (MTT) in 0.01 M
phosphase buffer saline pH 7.4 was added to each well
and incubated at 37°C for 4 hr. The extraction buffer
(0.04 N HCI in isopropanol) was added. The optical
densities were measured at 570 nm spectral wavelength
using a microtiter plate reader.

Western immunoblotting

The cells were grown to subconfluent stage in six-well plates
for 24-48 hr. The culture medium was removed and the
monolayer was washed with complete media. Cells were then
exposed to H,O, for 24 hr. In some experiments melatonin
was added to the medium 1 hr prior to incubation with H,O,
for another 24 hr without changing the culture medium. The
control-cultured cells were incubated with culture medium
for 24 hr. After incubation, the cells were lysed by adding
lysis buffer (Ripa buffer), sonicated for 10 s and centrifuged
for 15 min at 10,000 g. The supernatants were collected and
subjected to sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE). The protein bands were elec-
troblotted to nitrocellulose membrane using 50 mA current
strength for 1.5 hr at 4°C. The transfer efficiency was
detected by Ponceau-S red solution. The nitrocellulose
membranes were washed with TBS (Tris-buffered saline)
for 5 min, incubated in Blocking Buffer (1X TBS, 0.1%
Tween-20 and 5% nonfat dried milk) for 1 hr, washed three
times for 5 min each with TBST (0.1% Tween-TBS) and
incubated in primary antibodies at 4°C overnight. After
incubation, they were washed three times for 5 min each with
TBST, incubated in HRP-conjugated secondary antibody for
1 hr followed by washing three times for 5 min each with
TBST. The blots were developed with Chemiluminescent
ECL Plus Western Blotting detection reagents (Amersham
Biosciences). The immunoblots were quantified by measur-
ing the density of each band using densitometry with Scion
image program (National Institutes of Health, Bethesda,
MD, USA). Re-probing of the same blot with actin or
another antibody was performed to normalize for protein
loading or to determine other proteins, respectively. The
antibody against specific target protein was discarded by
stripping buffer (100 mm beta-mercaptoethanol, 2% SDS,
and 50 mM Tris-HCI pH 6.8). The stripping buffer was
heated to 50°C in water bath and then incubated with
nitrocellulose membrane for 15 min at 50°C with shaking.
The membrane was washed two times for 20 min each with
TBST and then returned to the normal process as indicated
above.

Immunocytochemistry analysis

The immunofluorescence method was used to demonstrate
phosphorylated nuclear factor kappa B (pNF-xB) immu-
noreactivities. SH-SY5Y cells were grown in 96-well plates
for 24 hr. Cells were then incubated with H,O, for 10 min.
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Some cells were incubated with 0.5 mM melatonin for 1 hr
prior to incubation with 100 um H,O, for another 10 min
without changing the culture medium. The control-cultured
cells were incubated with culture medium for 10 min. Cells
were washed twice with 0.1 M ice-cold phosphate-buffered
saline (PBS) and then fixed in 4% paraformaldehyde (w/v
in PBS) for 2 hr at 4°C. The fixed cells were washed as
above and then permeabilized in chilled PBS containing
10% donkey serum, 0.1% Triton-X 100, 5% bovine serum
albumin (BSA) for 30 min at room temperature. Cells were
incubated with a rabbit polyclonal antibody against phos-
pho-NF-xB-p65 (Ser 536) in 5% BSA in PBS for 48 hr at
4°C followed by incubation in fluorescein isothiocyanate
(FITC) conjugated with donkey anti-rabbit IgG for 2 hr at
4°C. After being washed twice with PBS, cells were
examined under a confocal laser scanning microscopy.

Statistical analysis

Data were expressed as mean + S.E.M. Significance was
assessed by one-way analysis of variance (ANOVA)
followed by Tukey—Kramer test using the scientific statistic
software SigmaStat version 2.03 (Sigma-Aldrich, St Louis,
MO, USA). Probability (P) values of <0.05 were
considered significant.

Results

SH-SYS5Y cells were treated with H,O, at 10, 100, 250, 500,
and 1000 um for 24 hr. Cell viability was determined using
MTT assay. The viability of cells incubated with H,O, at 10,
100, 250, 500, and 1000 um for 24 hr were 94.9 + 1.8%,
77.5 £ 1.7%, 557 £ 2.1%, 264 + 2.8%, and
16.6 = 0.9% of the control values, respectively. The results
showed that H,O, at 10-1000 um gradually decreased cell
viability with significant decreases at concentrations higher
than 100 gM, when compared with control untreated cells.
The higher the concentration of H,0,, the greater the
decrease in cell viability. H,O, at 100 uM was chosen to study
time-course effects of H,O; on cell viability. The viability of
cells incubated with 100 um H,O, for 2,4, 6,12, 18 and 24 hr
were  91.1 £ 1.9%, 91.2 £ 0.6%, 90.6 = 0.9%,
91.3 £ 1.2%,84.7 £ 3%, and 75.9 + 2.7% of the control
values, respectively. The results show that H,O, at 100 um
for 2-24 hr significantly decreased cell viability. The longer
the exposure time to H,O,, the greater the reduction in cell
viability, is observed after 12 hr of incubation.

The viability of cells incubated with 100 um H,O, for
24 hr was 75.5 £ 5.7% of the control value. The viability
of cells incubated with Ac-DEVD-CHO at 10 and 25 um
for 8 hr prior to treatment with 100 um H,O, for an
additional 24 hr was 93.5 £ 4.5% and 96.8 £+ 6.3% of the
control values, respectively. H,O, at 100 um for 24 hr
significantly reduced cell viability in SH-SYS5Y cells when
compared with control untreated cells. Preincubation of
SH-SYS5Y cells with 25 um Ac-DEVD-CHO, a caspase-3
inhibitor, for 8 hr prior to treatment with 100 um H,O, for
an additional 24 hr significantly increased cell viability
when compared with H,O,-treated cells (Fig. 1).

SH-SYS5Y cells were treated with H,O, and with or
without melatonin. Control cultured cells were treated with
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Fig. 1. The effect of Ac-DEVD-CHO (a caspase-3 inhibitor) on
H,0,-induced reduction in cell viability. SH-SYS5Y cells were
treated with H,O, at 100 um for 24 hr. Some cells were incubated
with DEVD for 8 hr prior to incubation with H,O, for another
24 hr without changing the culture medium. The control-cultured
cells were incubated with culture medium for 24 hr. Cell viability
was measured using MTT assay. The results are expressed as
mean + S.E.M of four independent experiments. The ANOVA
was performed for statistical analysis. *P < 0.01 compared with
control and #P < 0.05 compared with H,O,-treated cells. DEVD
0, 10 and 25 is Ac-DEVD-CHO at 0, 10 and 25 umMm, respectively.

cultured media. The viability of cells incubated with 100 uM
H,0, for 24 hr was 65.9 £+ 4.6% of the control value. The
viability of cells incubated with melatonin at 0.1, 0.25, 0.5, 1,
and 2 mM for 1 hr prior to treatment with 100 um H,O, for
an additional 24 hr was 77.6 + 2.9%, 79.0 + 1.8%,
85.1 = 2.3%, 75.3 £ 1.2%, and 68.0 £ 2.8% of the con-
trol values, respectively. The results show that H,O, at
100 um for 24 hr significantly decreased cell viability when
compared with untreated control cells. Pretreating the cells
with melatonin at 0.1, 0.25 and 0.5 mMm but not at 1.0 and
2.0 mMm for 1 hr prior to incubation with 100 um H,O, for
24 hr significantly increased cell viability when compared
with H,O,-treated cells (Fig. 2). Morphological determin-
ation of SH-SYSY cells was visualized under the phase
contrast microscope (data not shown). The results showed
that control and 0.5 mM melatonin-treated cells were grown
as a mixture of floating and adherent cells. The cells were
grown as monolayer of neuroblastic cells with multiple,
short, fine cell processes (neurites). A decrease of cell
confluence and disruption of cell monolayer in H,O,-treated
cells was observed when compared with control cells. An
increase in cell confluence in melatonin plus H,O,-treated
cells was observed when compared with H,O,-treated cells.

The amount of phosphorylated NF-«B (pNF-«xB) and
the total level of NF-xB (tNF-xB) was determined using
Western blot analysis. SH-SYSY cells were exposed to
100 um H,0, for various times (0, 5, 10, 15 and 30 min).
The relative levels of pNF-«kB/tNF-xB increased at 10 min
and declined after 15 min of incubation when compared
with control or H,O,-treated cells that were not incubated
(0 min) (Fig. 3). H,O, at 100 um for 10 min was used to
study the effect of H,O, and melatonin on phosphorylation
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Fig. 2. Protective effect of melatonin against H,O,-induced
reduction in cell viability. SH-SYS5Y cells were treated with 100 um
H,O, for 24 hr. Some cells were pretreated with 0.1, 0.25, 0.5, 1 and
2 mM melatonin for 1 hr prior to incubation with 100 um H>O, for
an additional 24 hr. Control cells were incubated with culture
medium for 24 hr. Cell viability was measured using MTT assay.
The results are expressed as mean = S.E.M of five independent
experiments. The ANOVA was performed for statistical analysis.
*P < 0.001 compared with control, #P < 0.05 compared with
H,0,-treated cells without melatonin. M 0, 0.1, 0.25, 0.5, 1.0, and
2.0 is melatonin at 0, 0.1, 0.25, 0.5, 1.0 and 2.0 mM, respectively.

and translocation of NF-«B. H,O, at 100 um for 10 min
significantly increased the amount of pNF-xB/tNF-xB
(246.9 £ 2.7% of the control) when compared with control
untreated cells. Preincubation with melatonin at 0.5 mm for
1 hr prior to treatment with 100 uM H,O, significantly
reduced the amount of pNF-«B/tNF-kB (191.4 + 16.9%
of the control) in SH-SYSY cells when compared with
H,0,-treated cells without melatonin (Fig. 4). Fluorescence
imaging microscope studies were conducted to correlate
and confirm the altered neurochemical data of pNF-xB
observed by Western blot analysis. The green color
indicated pNF-xB-positive immunostaining in SH-SYSY
cells (Fig. 5). HO, at 100 um for 10 min induced NF-xB
phosphorylation and its translocation into the perinuclear
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and endonuclear regions (Fig. SH,I) when compared with
control cells (Fig. 5E,F). Some cells were incubated with
0.5 mM melatonin for 1 hr prior to treatment with 100 um
H>O, for an additional 10 min. These cells showed a
decrease in the NF-xB phosphorylation and pNF-«xB
translocation (Fig. SK,L) when compared with H,O,-trea-
ted cells without melatonin (Fig. SH,I).

H,0, at 100 um for 24 hr significantly increased Bax
(221 £ 8.2% of the control) and Bcl-2 (155.5 + 11.8% of
the control) protein levels in SH-SYS5Y cells when com-
pared with control cells. The expression of Bax induced by
100 um H,0O, was higher than that of Bcl-2 proteins
(Fig. 6). Although, SH-SYS5Y cells pretreated with 0.5 mm
melatonin for 1 hr prior to treatment with 100 um H,O,
reduced induction of Bax (167.6 + 13.6% of control)
expression when compared with H,O,-treated cells, the
treatments had very little effect on induction of Bcl-2
(145.9 £ 16.9% of control) expression (Fig. 6).

Discussion

Oxidative stress is the imbalance between the rate of
oxidant production and the levels of antioxidants [19]. The
oxidant production consists of radicals and nonradicals,
which are known as ROS [20]. The increasing of ROS leads
to failure of cellular homeostasis and activation a cascade
of events leading to cell death [1]. The oxidative stress is
believed to induce cell death in several neurodegenerative
diseases such as AD, ALS, and PD. The evidence shows
oxidation and nitration of protein, DNA, and lipids are the
markers of neurodegeneration [21].

H,O0, is an oxidizing compound, which is generated from
superoxide [22]. It has been demonstrated that exogenously
applied H,O, in rat brain astrocytes induced mitochondrial
swelling, plasma membrane blebs and loss of retained
mitochondria function, resulting in cell death [18]. Induc-
tion of apoptosis concomitantly with H,O, generation and
activation of NF-«xB, p53, c-Jun and caspase-3 was found in
Iymphocytes treated with monoamine neurotoxins [23]. In
the present study, a trend of decreasing viability with
increasing H,O, concentrations and incubation period was
observed in SH-SYSY cells.

pum—. pNF-«B (65 kDa)

“——  tNF-xB (65 kDa)

Time (min)
100 um H,0,

Fig. 3. Effect of time-course on H,O,-in-

duced induction in phosphorylation of

NF-xB (pNF-xB) in SH-SYS5Y cells. SH-

SY5Y cells were treated with 100 um w B
H-0, for the indicated times. Control cells 7; i
(C) were not incubated with H,O,. The =z
alteration of the amount of pNF-xB and .°_>) 2
total level of NF-xB (INF-xB) were 5 )
determined using Western blot analysis. &~ %

The picture represents one of the three
independent experiments. The pNF-xB
and tNF-xB bands were quantified by
densitometry and the changes are repre-
sented in the graph.
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Fig. 4. The effect of melatonin on H,Os-induced induction in
phosphorylation of NF-«B (pNF-xB). SH-SYS5Y cells were treated
with 100 uM H,O, without melatonin (M 0) for 10 min. Some cells
were preincubated with 0.5 mm melatonin (M 0.5) for 1 hr prior to
incubation with 100 um H,O, for an additional 10 min. Control
cells were incubated in a culture medium for 10 min. The alteration
of the amount of pNF-«B and the total level of NF-xB (tNF-xB)
was determined using Western blot analysis. Protein bands were
quantified by densitometry and the changes are represented in the
graph. The results are expressed as mean + S.E.M of four inde-
pendent experiments. The ANOVA was performed for statistical
analysis. *P < 0.001 compared with control and #P < 0.01
compared with H,O,-treated group.

The protective effect of melatonin on H,O,-reduced cell
viability was determined in SH-SYSY cultured cells. The
results showed that the higher the melatonin concentration,
the greater the decrease in toxic effect of H,0,. Cell
viability was significantly increased at 0.01-0.5 mM mela-
tonin. However, melatonin at 1.0 mM had less protective
effect on H,O,-treated cells than at 0.5 mm. It seems that
the protective effect of melatonin on cell viability in these
cultured cells is a biphasic response. Osseni et al. [24], who
studied the antioxidant effect of melatonin on human liver
cell line HepG2, found that melatonin at low concentra-
tions induced an antioxidant effect and improved cell
viability whereas at higher concentrations it led to gluta-
thione depletion, and decreased cell viability. Recently,
melatonin has been reported to possess an efficient
antioxidant capacity. It is able to directly scavenge a
variety of ROS, including hydroxyl radical, singlet oxygen,
superoxide anion, peroxyl radicals and H,O, [25]. Also, it
was found to enhance the activity of antioxidative enzymes
such as glutathione peroxidase, superoxide dismutase and
glutathione S-transferase [26, 27]. When compared with
conventional antioxidants such as vitamins C and E,
melatonin is more efficient in scavenging hydroxyl and
peroxyl radicals in vitro. In addition, melatonin can
stabilize cellular membranes, which may help them resist
oxidative injury [28]. Melatonin is both lipophillic and
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hydrophilic, and easily crosses the plasma membrane
entering all parts of cell [29]. Not only melatonin has a
direct free radical scavenging properties. It has been
demonstrated that melatonin catabolites, Nl-acetyl-Nz-
formyl-5-methoxykynuramine (AFMK) and N-acetyl-5-
methoxykynuramine (AMK), are also effective free radical
scavengers. Therefore, some of the protective actions of
melatonin could have been a consequence of AFMK and
AMK [30-32].

In the present study, the results showed that H,O,-
induced induction in phosphorylation of NF-kB at p65 in
SH-SYS5Y cells was observed within 10 min after treatment.
NF-«B is a family of proto-oncogene products. Predomin-
ant members of the NF-xB family are RelA (p65) and NF-
kB1 (p50). Although homodimers and heterodimers of
other members of the NF-xB family are transcriptionally
active, heterodimer formation between p65 and p50 is
presumed to be the major biologically active form. NF-xB
was initially considered as a proapoptotic factor because of
its rapid activation in cells in response to apoptotic signals
and its involvement in the expression of some apoptotic
genes, including tumor necrosis factor alpha and Fas ligand
[33, 34]. Some reports revealed that an anti-apoptotic effect
of NF-«B directly counteracts the function of p53 through
either competing with co-activator CREB (cyclic AMP
responsive element-binding) -binding protein or sequester-
ing p53-binding protein [16]. The regulation of the trans-
activation of NF-kB represents another level of control for
this transcription factor. Several studies have focused on
p65 and its phosphorylation sites. The phosphorylation of
these sites is associated with an increase in the transcrip-
tional activity of p65 [35]. In the present study, we examine
the molecular mechanism underlying the protective effect of
melatonin against H,O»-induced reduction in cell viability
by determining the alteration of the amount of NF-xB
phosphorylation (pNF-xB) and translocation of pNF-xB
using immunoblotting and immunocytochemistry, respect-
ively. Treatment of SH-SYSY cells with H,O, caused an
increase in phosphorylation of NF-xB. On the other hand,
this increase was inhibited by melatonin. The results of the
histological studies showed that melatonin inhibits H,O,-
induced translocation of pNF-xkB to perinuclear and
endonuclear regions in SH-SYSY cells.

The activation of NF-xB has been associated with
oxidative stress such as ROS including H,O, and its
activation is inhibited by a variety of antioxidants [36].
Moreover, it was found that pergolide (a dopamine D1/D2
receptor agonist used in the clinical therapy of PD) can
prevent H,O,-induced apoptosis by inhibiting NF-xB
nuclear translocation and activation of the p53 signaling
pathway [37]. In the inflammatory reaction, it has been
demonstrated that NF-«xB is activated by cyclo-oxygenase-2
(COX-2). The evidence of inhibition of COX-2 by melato-
nin could reduce NF-xB activity has also been reported
[38]. The activation of NF-xB was also investigated in
dimethyl sulfoxide-treated human pre-T cells. The results
showed that NF-xB activation is associated with upregu-
lation of nitric oxide synthase (NOS) activity and induction
of apoptosis [39]. Bruck et al. [40] studied the protective
effect of melatonin against thioacetamide-induced liver
damage in rat. Their results showed that melatonin
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Fig. 5. Imaging microscopic analysis of dopaminergic neurons (SH-SYSY) demonstrating the effect of melatonin on H,O,-induced
induction in pNF-xB and translocation of pNF-xB. Phase-contrast and fluorescence images were obtained using confocal microscopy. The
unstained or negative-control cell (A—C) was prepared by omitting the primary antibody. The control-cultured cells were incubated with
culture medium for 10 min (D-F). SH-SYSY cells were treated with HO, at 100 uM for 10 min (G-I). Some cells were incubated with
melatonin for 1 hr prior to incubation with H,O, for another 10 min without changing the culture medium (J-L). Cells were fixed with 4%
paraformaldehyde and stained with rabbit polyclonal antibody against pNF-«B. Green color indicated pNF-xB-positive immunostaining
using FITC-conjugated mouse anti-rabbit IgG. Panels A, D, G and J are phase-contrast images, whereas B, E, H and K are fluorescent
images; C, F, I and L are merged phase-contrast and fluorescent images. Scale bars = 20 uM, N = nucleus.

improves survival and reduces liver damage, oxidative
stress, NF-kB activation and inducible NOS expression.
Members of the Bcl-2 family of proteins are characterized
by their ability to form a complex combination of
heterodimers with Bax and homodimers with itself [17].
When Bax, a proapoptotic homologus, is overexpressed in
cells, apoptotic death in response to death signals is
accelerated. When Bcl-2 is overexpressed, on the other

hand, it heterodimerizes with Bax, and cell death is
repressed [41]. In the present study, H,O, treatment
resulted in an increase in Bax and Bcl-2 expression of
221% and 155.5%, respectively, when compared with
untreated control cells. Whereas, a significant reduction in
the increase in Bax (167% of control), but not Bcl-2 (146%
of control) level was observed in cells pretreated with
melatonin when compared with untreated control cells. It
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Fig. 6. The effect of H,O, and melatonin on Bcl-2 and Bax
expression in SH-SYSY cells. SH-SYSY cells were treated with
H»0, at 100 uMm for 24 hr. Some cells were incubated with mela-
tonin (Mel) for 1 hr prior to incubation with H,O, for another
24 hr without changing the culture medium. The control-cultured
cells were incubated in a culture medium for 24 hr. The alterations
of Bcl-2 and Bax proteins expression were determined using
Western blot analysis. Protein bands were quantified by densi-
tometry and the changes are represented in the graph. The results
are expressed as mean = S.E.M of five independent experiments.
The ANOVA was performed for statistical analysis. *P < 0.05
compared with control and #P < 0.01 compared with H,O,-
treated cells.

seems that the extreme increase of Bax expression during
oxidative stress triggers or activates the death signal.
Melatonin protects the cell from oxidative stress by a
significant reversal of the induction of Bax expression.

NF-kB has been recognized as an anti-apoptotic tran-
scription factor. It has been shown that NF-xB activates
expression of anti-apoptotic Bcl-2 gene [16]. Recently, the
activation of NF-xkB and increase in the levels of Bax
mRNA has been demonstrated in amyloid beta (Af)-
induced oxidative stress in microglial cells [42]. In addition,
it has been reported that melatonin inhibits H,O,-induced
Bax expression and caspase-3 activation in cultured rat
astrocytes [18]. It has been suggested that, under oxidatitve
stress, Bax translocation to the mitochondria may be one of
the initiating events in the apoptotic mitochondrial path-
way. The apoptotic actions of Bax consist of anchoring to
the outer membrane of mitochondria, opening of the
mitochondrial permeability transition pore and the release
of cytochrome C, which then activates caspase-3 by the
apoptosome cytochrome C-dependent complex [43].

The cysteine protease, caspases are considered to play a
central role in the apoptotic processes and to trigger the
apoptotic cascade of proteolytic cleavage event in mamma-
lian cells [17]. The most widely studied member of the caspase
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family, caspase-3, is one of the key executioners of apoptosis
that is responsible for the partial or total proteolytic cleavage
of many proteins. Recently, Lopez and Ferrer [44] found that
the activity of caspase-3 was increased to a high level at 8 hr
and peaked at 12 hr after treatment with the protein kinase
inhibitors staurosporine and 1-(5-Isoquinolinesulfonyl)-2-
methylpiperazine. An increase in the activity of caspase-3 for
three- to fivefold after exposure to H,O, has been observed in
rat brain astrocytes [18, 45]. The present study also demon-
strated that the caspase-3 inhibitor (Ac-DEVD-DHO)
reversed the effect of H,O,-induced reduction in cell viability
in SH-SYSY cultured cells.

From the results of the present study, we conclude that
inducing oxidative stress in SH-SYSY cells by H,O, may
activate intracellular messenger cascades. This activation
may affect the induction of phosphorylation of NF-kB. The
phosphorylation of NF-«B is associated with an increase in
the transcription activity of NF-xB and results in the
induction of gene expression (such as Bax and Bcl-2).
Extremely high expression of Bax might cause activation of
cell death signaling cascade under cytochrome C-caspase
mediation. Based on the present results, H,O, appears to
activate specific intracellular death-related pathways and
the melatonin protects SH-SYS5Y cells against H,O,-
induced cell damage and death. However, the precise
mechanisms leading to the protective effect of melatonin
against this oxidative stress-induced neuronal cell degener-
ation via NF-xB remain to be established.
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Melatonin inhibits MPP*-induced caspase-mediated death pathway

and DNA fragmentation factor-45 cleavage in SK-N-SH cultured

cells

Abstract: Neurodegenerative diseases such as Parkinson’s disease are
illnesses associated with high morbidity and mortality with few, or no
effective, options available for their treatment. In addition, the direct cause
of selective dopaminergic cell loss in Parkinson’s disease has not been clearly
understood. Taken together, several studies have demonstrated that
melatonin has a neuroprotective effect both in vivo and in vitro. Accordingly,
the effects of melatonin on 1-methyl, 4-phenyl, pyridinium ion (MPP")-
treated cultured human neuroblastoma SK-N-SH cell lines were investigated
in the present study. The results showed that MPP ™ significantly decreased
cell viability. By contrast, an induction of phosphorylation of c-Jun,
activation of caspase-3 enzyme activity, cleavage of DNA fragmentation
factors 45 and DNA fragmentation were observed in MPP " -treated cells.
These changes were diminished by melatonin. These results demonstrate the
cellular mechanisms of neuronal cell degeneration induced via c-Jun-N-
terminal kinases and caspase-dependent signaling, and the potential role of
melatonin on protection of neuronal cell death induced by this neurotoxin.
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Introduction

Normal human aging is associated with a progressive loss
of nigrostriatal neurons and an age-related exponential
increase in Parkinson’s disease (PD) [1]. 1-methyl, 4-phe-
nyl, pyridinium ion (MPPT), the active metabolite of
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
neurotoxin which selectively destroys catecholaminergic
neurons and extremely potent inducers of parkinsonism in
humans and animals [2, 3]. Current information suggests
that activation of c-Jun-N-terminal kinases [(JNKs) also
known as stress-activated protein kinase (SAPK)] and its
transcription factor targets are prominent candidate
mediators of cell death in response to a wide variety of
cellular stressors in neuronal cells [4]. MPP" induces
changes in nuclear morphology and nuclear phospho-
c-Jun immunoreactivity in dopaminergic neurons of rat
mesencephalic cultures has been studied. The results
implicate an important role for JNK/SAPK pathways,
especially its c-Jun transcriptional target in the death of
dopaminergic nigral neuron [5].

Caspases are involved in the apoptotic processes and
trigger the apoptotic cascade of the proteolytic cleavage

and Development, Mahidol University, Salaya,
Nakornpathom 73170, Thailand.
E-mail: grbcs@mahidol.ac.th

Received December 25, 2006;
accepted March 13, 2007.

event in mammalian cells [6]. Caspases that participate in
apoptosis are divided into the initiator caspase group
(caspase 2, 8, 9, and 10) and the effector caspase group
(caspase 3, 6, and 7) [7, 8]. The biochemical and cellular
features of apoptosis are induced when executioner casp-
ases cleave their substrates. The most widely studied
member of the caspase family, caspase 3, is one of the
key executioners of apoptosis that is responsible for the
partial or total proteolytic cleavage of many proteins that
culminate in the death of cells [9, 10].

Melatonin is synthesized in the pineal gland [11] and
has a variety of functions [12-14]. Moreover, the neuro-
protective effect of melatonin has been reported both in
vivo and in vitro [15-17]. Several studies have shown that
melatonin and its metabolites [18] have high potency to
prevent astrocytes and neuronal cell death in various
parts in brain [19] as well as the PD induced by
neurotoxins such as 6-hydroxydopamine (6-OHDA) [20]
and MPTP [21]. Increasing evidence demonstrates that
MPP™" induces neuronal cell death. However, its exact
action mechanisms are not clear. To better understand
the cellular mechanisms of MPP " -induced neuronal cell
degeneration via JNK and caspase-dependent signaling,
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and the protective roles of melatonin on this cell death.
Therefore, in the present study, we used SK-N-SH cells,
which are dopaminergic cell lines, to assess the neurotoxic
effects of MPP" on the cell death, phosphorylation of
c-Jun, levels of c-Jun, caspase-3 activity, cleavage of
DNA fragmentation factor-45 (DFF45) and DNA frag-
mentation. In addition, the prevention of this neurotoxin-
induced neurotoxicity by melatonin in SK-N-SH cells has
also been studied.

Materials and methods
Reagents

Dulbecco’s Modified Eagle Medium (DMEM), fetal calf
serum (FCS), penicillin and streptomycin were purchased
from Gibco BRL (Gaithersburg, MD, USA). Melatonin
was purchased from Sigma Aldrich (St Louis, MO, USA).
The rabbit polyclonal antibodies against phosphorylated
c-Jun (p-c-Jun) at Ser73, c-Jun, Cleaved DFF45 (Asp224)
and the horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG antibody were purchased from Cell Sign-
aling (Beverly, MA, USA). Enhanced chemiluminescent
(ECL) Plus Western Blotting Reagent was purchased from
Amersham Biosciences (Piscataway, NJ, USA). Nunclon™
culture flasks and Corning culture plates were obtained
from Nalge Nunc International (Roskilde, Denmark) and
Corning Incorporated (Acton, MA, USA), respectively.
Human dopaminergic neuroblastoma SK-N-SH cell line
was provided from American Type Culture Collection
(Manassas, VA, USA). All other chemicals used in this
study were of analytical grade and obtained essentially
either from Sigma Aldrich or Lab-scan analytical science
(Dublin, Ireland).

SK-N-SH cell cultures

SK-N-SH cells were plated on culture flasks containing
the culture medium, which was made in DMEM and
10% FCS. The cultures were maintained at 37°C
under 5% CO,/95% humidified air incubator for indicated
time.

Cell viability assay

SK-N-SH cells were resuspended in 10% FCS-DMEM.
Cell suspensions were put into a 96 wells culture plate. Cells
were incubated at 37°C under 5% CO,/95% humidified air
incubator for 24 hr. Cells were then exposed to MPP ™" for
24 hr. In some experiments, melatonin was added to the
medium 1 hr prior to incubation with MPP* plus mela-
tonin for another 24 hr. Control-untreated cells were
incubated with culture medium for 24 hr. 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) in
Dulbecco’s Phosphate Buffer Saline (D-PBS) was added
to each well and incubation at 37°C for 4 hr. The
solution was discarded then the extraction buffer was
added. The culture plate was kept in a dark box at room
temperature overnight. The optical densities were measured
at 560 nm spectral wavelength using microtiter plate
reader.
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Western immunoblotting

After 3 days, the cultured media were removed from the
cultured cells, and the cultures were washed one time with
serum free-DMEM (SF-DMEM). Cells were then exposed to
0.1 mM MPP* in SF-DMEM and further incubated for
24 hr. In some experiments 1.0 mM melatonin was added to
themedium 1 hr prior to incubation with 0.1 mm MPP " plus
melatonin (1.0 mM) for another 24 hr. The control-cultured
cells were incubated with culture medium for 24 hr. The
purpose of using SF-DMEM was to avoid the possible
manifestation of serum-induced c-Jun expression. After
incubation, cultured cells were washed one time with D-
PBS. Cells were lysed by adding lysis buffer and scraped off
the plate, then the extract was transferred to a microfuge
tube. The extracts were sonicated for 10 s and centrifuged for
15 min at 10,000 g. The supernatants were collected and run
SDS-PAGE electrophroresis. The protein bands were trans-
ferred to nitrocellulose membrane. After transfer, the nitro-
cellulose membranes were washed with Tris-buffered saline
(TBS) for 5 min. Membranes were incubated in Blocking
Buffer for 1 hr and washed three times for 5 min each with
0.1% Tween-TBS (TBST). Membranes were then incubated
with primary antibodies against phosphorylation of c-Jun at
Ser73, c-Jun or C-terminal fragment of DFF45 at 4°C
overnight. After incubation, the membranes were washed
three times for 5 min each with TBST. Membranes were
incubated with HRP-conjugated secondary antibody for 1 hr
following with washed three times for 5 min each with TBST.
Western Blots were detected with ECL Plus reagents.

Caspase-3 activity assay

SK-N-SH cells were grown in 96 wells culture plate for
24 hr. SK-N-SH cells were treated with 0.1 mm MPP™ for
24 hr. Some cells were preincubated with 1.0 mm melatonin
1 hr prior to incubation with 0.1 mM MPP " plus melatonin
(1.0 mMm) for another 24 hr. The controls cultured were
incubated with culture medium for 24 hr. The cultured
media were decanted and cultured cells were washed with
PBS. The PBS was removed and the cultured cells were
resuspended in cold cell lysis buffer for 30 min on ice. Then,
the cell lysates were incubated with caspase-3 fluorogenic
substrate (Ac-DEVD-AMC) in HEPES buffer for 1 hr at
37°C. The amount of fluorescent, AMC liberated from
fluorogenic substrate was measured using a microtiter plate
spectrofluorometer with an excitation wavelength of
380 nm and an emission wavelength range of 420460 nm.

Digital fluorescence imaging microscopy

The cells were grown on glass cover slips and treated with
0.1 mM of MPP™ for 24 hr. Control-untreated cells were
incubated with culture medium for 24 hr. In some experi-
ments, melatonin was added to the medium 1 hr prior to
incubation with MPP ™ for another 24 hr without changing
the culture medium. The cover slips were washed three
times with D-PBS followed by incubation with a fluorescent
dye, acridine orange (AO, 5nM) for 15 min at room
temperature. They were washed three times with D-PBS
and cover slips were mounted on to microscopic slides using



Trevigen fluorescence mounting medium and observed
under digital fluorescence imaging microscopy equipped
with Spotlite digital Camera and ImagePro Computer
software (Leeds Instruments Co., Minneapolis, MN, USA).
Target accentuation and background subtraction computer
software was employed to improve the quality of fluores-
cent images.

Statistical analysis

Data were expressed as mean = S.E.M. Significance was
assessed by One-way analysis of variance (ANOVA) and
Tukey—Kramer Multiple Comparisons Test using the sci-
entific statistic software SigmaStat version 2.03 (Sigma-
Aldrich). P-values of <0.05 were considered significant.

Results

Cell viability was measured by using MTT assay, which is
based on the conversion of MTT to dark blue formazan
crystals by mitochondrial dehydrogenase. Exposure to
MPP ™" for 24 hr at 0.1 and 1.0 mMm significantly decreased
cell survival at 81.85 + 2.35% and 6592 £ 4.42%
respectively, when compared with control cells. The results
show the higher concentration of MPP" the greater
decrease in cell viability (data not shown). MPP™ at
0.1 mM was used to test the toxic effect of MPP *-induced
cellular signaling cascades leading to cell death.

SK-N-SH cells were treated with MPP " with or without
melatonin. Control-cultured cells were treated with the
cultured media. Cell viability was determined using MTT
assay. The results showed that MPP™ at 0.1 mm for 24 hr
significantly decreased the cell viability when compared with
control-untreated cells. Pretreated cells with melatonin at
0.5, 1.0, and 2.0 mMm for 1 hr prior to incubation with
0.1 mM MPP™ plus melatonin for another 24 hr signifi-
cantly increased cell viability when compared with
MPP " -treated cells (Fig. 1). Western immunoblotting was
employed to determine the amount of c-Jun phosphoryla-
tion, levels of c-Jun protein and cleaved DFF45. The results
showed that MPP' at 0.1 mm for 24 hr significantly
increased the amount of c-Jun phosphorylation (Fig. 2)
and cleaved DFF45 (Fig. 3) and these effects were dimin-
ished by melatonin (1.0 mm) (Figs 2 and 3). MPP" at
0.1 mMm for 24 hr did not alter the levels of c-Jun protein
(Fig. 2) in SK-N-SH cells. The activity of caspase-3 enzyme
was determined using fluorometric analysis, which is based
on the cleavage of tetrapeptide between aspartic acid residue
of caspase-3 substrate (Ac-DEVD) and fluorescent AMC by
caspase-3. The fluorescent AMC can be quantified by
ultraviolet (UV) spectrofluorometry. MPP™ at 0.1 mm for
24 hr significantly enhanced caspase-3 enzyme activity and
this effect was abolished by melatonin (1.0 mm) (Fig. 4).

The morphological evaluation of treated cells was
determined by staining the cells with fluorescent DNA-
binding dye, acridine orange and observing the cells under
florescence imaging microscopy. The untreated (control)
cells exhibited rounded nuclei (Fig. SA, arrows), while
0.1 mmM MPP " -treated cells for 24 hr exhibited an irregu-
larly shaped nuclei chromatin or DNA fragmentation
(Fig. 5B, arrows). The nuclear DNA fragmentation disap-

Melatonin inhibits caspase and cleaved DFF45

120 -
T # #
2 # —
k= e
=
S 80 1 *
S —T —L
°
53
z
T‘%
2 40 4
3
&)
0 T T T T T \
Control MPP+ Mel 0.1 Mel0.5 Mell.0 Mel2.0
MPP+

Fig. 1. Inhibitory effect of melatonin on MPP * -induced reduction
in cell viability in SK-N-SH cultured cells. SK-N-SH cells were
incubated with 0.1 mM MPP™ for 24 hr. Some cells were pre-
incubated with 0.1, 0.5, 1.0, and 2.0 mMm melatonin (Mel) 1 hr prior
to incubation with 0.1 mm MPP™" plus melatonin for another
24 hr. The controls cultured were incubated with culture medium
for 24 hr. The MTT assay was performed. Results are expressed as
percentage of control. Each value represents mean = S.E.M. of
four independent experiments. *Significance between control and
MPP " -treated cells at P < 0.05. # Significance between MPP -
and MPP™ plus melatonin-treated cells at P < 0.05.
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Fig. 2. Effect of MPP" and melatonin mediated phosphorylation
of c-Jun (p-c-Jun) and c-Jun levels. SK-N-SH cells were treated
with 0.1 mmM MPP™ for 24 hr. Some cells were preincubated with
1.0 mM melatonin (Mel) 1 hr prior to incubation with 0.1 mm
MPP" plus melatonin (1.0 mm) for another 24 hr. The controls
cultured (Cont) were incubated with culture medium for 24 hr.
SK-N-SH cells were lysed and equal amounts of proteins were
subjected to immunoblot analysis using antibodies against the
phosphorylation form of c-Jun (p-c-Jun) at Ser73 and c-Jun. The
p-c-Jun and c-Jun bands were quantified by densitometry and
the changes were represented in graph. Results are expressed as
mean + S.E.M. of four independent experiments. *Significance
between control and MPP ™ -treated cells at P < 0.05. # Sig-
nificance between MPP - and MPP ™" plus melatonin-treated cells
at P < 0.05.
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Fig. 3. Effect of MPP " and melatonin mediated cleavage of DFF45.
SK-N-SH cells were treated with 0.1 mM MPP* for 24 hr. Some cells
were preincubated with 1.0 mm melatonin (Mel) 1 hr prior to incu-
bation with 0.1 mmM MPP™ plus melatonin (1.0 mm) for another
24 hr. The controls cultured (Cont) were incubated with culture
medium for 24 hr. SK-N-SH cells were lysed and equal amounts of
proteins were subjected to immunoblot analysis using antibody
against C-terminal fragment of DFF45. The cleaved DFF45 bands
were quantified by densitometry and the changes were represented in
graph. Resultsareexpressed asmean + S.E.M. of fourindependent
experiments. *Significance between control and MPP " -treated cells
at P < 0.05. # Significance between MPP* - and MPP " plus mela-
tonin-treated cells at P < 0.05.
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Fig. 4. Effect of MPP" and melatonin on the activity of caspase-3
enzyme. SK-N-SH cells were treated with 0.1 mm MPP ™ for 24 hr.
Some cells were preincubated with 1.0 mM melatonin (Mel) 1 hr
prior to incubation with 0.1 mM MPP™ plus melatonin (1.0 mm)
for another 24 hr. The controls cultured were incubated with cul-
ture medium for 24 hr. Caspase-3 activity was analyzed by spec-
trofluorometric assay. Each value represents mean + S.E.M. of
four independent experiments. *Significance between control and
MPP * -treated cells at P < 0.05. # Significance between MPP*-
and MPP ™ plus melatonin-treated cells at P < 0.05.

peared when SK-N-SH cells were in preincubation with
melatonin (1.0 mM) for 1 hr prior to treatment with MPP ™
at 0.1 mM for an additional 24 hr (Fig. 5C).

Discussion

To determine the causative factors and to delineate the
death of dopaminergic nigral neurons, a variety of dopam-
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inergic cell lines have been used. In addition, the MPP " has
been commonly used as neurotoxin to generate models of
PD both in vivo [21] and in vitro [5]. In the present study,
we provide evidence of a pivotal role of MPP *-induced
neurotoxicity in cultured dopaminergic cell lines, SK-N-SH
cells. We found that MPP ™ reduced cell survival, and the
toxic effect was dose-dependent. Chun et al. [22] have
reported that MPP ™ at 50 uM decreased the cell survival of
nigral dopaminergic cell line, SN4741 cells, to 75% of
control cultures after 24 hr of treatment.

Recently, mounting evidence suggests that phosphoryla-
tion of c-Jun (at residues 63 and 73) can be a critical
mediation of cell death in the nervous system [23]. In this
study, we pinpoint phosphorylation of c-Jun as a key
downstream event in MPP " induced SK-N-SH cell death.
The results showed that MPP ™" increased the amount of
c-Jun phosphorylation in SK-N-SH cells. However, MPP "
did not alter the levels of c-Jun but specially induced
changes in the phosphorylation state of this protein. The
evidence that the JNK/SAPK pathway mediates dopamin-
ergic toxicity in the MPP" model of PD has been
demonstrated in various studies [5, 24]. It has been reported
that MPP* activated JNK1/2 MAP kinase and their
immediate downstream transcription factors, such as
c-Jun. The activated JNK/MAP kinases might induced
phosphorylation of c-Jun, which eventually enhance cellu-
lar transcriptional activity including genes necessary for
death of cell [22].

In the current study, further downstream response
cascades of activated c-Jun phosphorylation have been
identified. We found that MPP ¥ increased the activation of
caspase-3 activity and the levels of cleavage of DFF45 in
SK-N-SH cells. DFF45 or ICAD (inhibitor of caspase-
activated Dnase) is a caspase-3 substrate that must be
cleaved before apoptotic internucleosomal DNA fragmen-
tation can proceed. DFF45/ICAD exists as a complex with
a 40-kDa endonuclease termed DFF40, a caspase-activated
nuclease or CAD (caspase activated Dnase) that promotes
apoptotic DNA fragmentation. DFF45/ICAD serves as
both a specific inhibitor of DFF40/CAD and as a molecular
chaperon to ensure proper folding of the endonuclease.
DFF40/CAD remains inactive while bound to DFF45/
ICAD; however, caspase-3 cleaves DFF45/ICAD at two
sites, thereby releasing the endonuclease, which then cleaves
DNA [10]. In the present study, an appearance of the
internucleosomal DNA fragmentation was observed in
MPP " -treated SK-N-SH cells. They have reported that
JNK signaling cascade converges on the phosphorylation of
c-Jun. Inhibition of JNK activation by JNK-binding
domain (JBD) of JNK-interacting protein-1 (JIP-1) blocks
not only cell death but also the cleavage of caspase-9 and
caspase-3 in MPTP/MPP " -treated dopaminergic neurons
[4]. In addition, JNK activation has been reported to induce
cytochrome ¢ release [25] and to activate the cytochrome
¢ and caspase-mediated death pathway [26].

In terms of functional restoration, the inhibition of cell
death seems to be superior strategy. Accumulated data have
demonstrated an antioxidative role of melatonin on the
protection of the oxidative stress-induced cell death during
the exposure of MPP " [27-29]. We show here that melatonin
prevented the neurotoxicity induced by the neurotoxin.
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Fig. 5. The morphological changes of
SK-N-SH cells were determined by fluor-
ochrome assay using acridine orange
staining. The SK-N-SH cells were treated
with 0. mm MPP" for 24 hr (B) or
0.1 mM MPP" plus 1.0 mMm melatonin
(C). Panel (A) shows untreated cells.
Magnification 400x

Melatonin inhibits decline in cell viability induced by MPP "
in SK-N-SH cells. Melatonin is able to reverse the toxic effect
of MPP ", which leads to the activation of phosphorylation
of c-Jun, activation of caspase-3 activity, cleavage of DFF45
and DNA fragmentation in SK-N-SH cells. A possible
explanation for the effect of melatonin on reducing the toxic
effect of MPP ™ might be the prevention of MPP " -induced
formation of reactive oxygen species. When these oxygen
species are generated, they can activate the JNK pathway [24]
with a subsequent increase in the phosphorylation of c-Jun.
Its has been demonstrated that MPP*-treated human
dopaminergic SH-SYSY cells resulted in increased phos-
phorylation of MKK4, JNK and c-Jun [4]. Behrens and his
colleagues [30] demonstrated that neurons of mutated-mice
at the phosphorylation sites of c-Jun were resistant to
kainite-induced neuronal apoptosis. It seems retardation of
c-Jun-N-terminal kinase signaling pathways especially phos-
phorylation of c-Jun by melatonin may promote cell survival
[31]. It has been demonstrated that melatonin and its
catabolites, Nl-acetyl-N2-formayl-5-methoxykynuramine
(AFMK) and N-acetyl-5-methoxykynuramine (AMK) have
effective antioxidants properties. Therefore, some of the
protective actions of melatonin could have been a conse-
quence of its metabolizes [32—34].

Based on the present results, we also show here that
melatonin prevents the activation of cell death signaling
cascade under JNK pathways and caspase-3 mediation
induced by neurotoxin. This protective action of melatonin
against cell death induced by neurotoxins is an important
state of further study. In light of these findings, it is possible
that melatonin, by eliminating cell death signaling, may
offer a means of treating neuronal degeneration and
diseases.
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The presence of melatonin receptors and inhibitory effect of
melatonin on hydrogen peroxide-induced endothelial nitric oxide
synthase expression in bovine cerebral blood vessels

Abstract: Melatonin plays a key role in a variety of important physiological
functions including influencing cerebral blood vessels. Therefore, in the
present study, we have identified the existence of melatonin receptors and
test the effect of melatonin on hydrogen peroxide-induced endothelial nitric
oxide synthase (eNOS) expression in bovine cerebral arteries. The results
indicate that mt1A melatonin receptor mRNA is expressed in bovine
cerebral arteries. The relative levels of mtlA melatonin receptor mRNA
expression in anterior, posterior, middle and vertebral cerebral arteries were
compared. The data show the highest and lowest levels of mRNA
expressions in the middle and vertebral cerebral arteries, respectively. The
maximal number (By,.x) of different types of melatonin receptors in various
regions of cerebral arteries were identified and further characterized by
using the selective 2-['?°I] iodomelatonin binding assay. Saturation studies
revealed that the binding represented a single site of high affinity binding
for the melatonin receptor with the highest and lowest binding capacities in
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regulating physiology of the cerebral vessels.

Introduction

Melatonin is a pineal secretory product that plays a key role
in a variety of important physiological responses [1]. High-
affinity receptors for melatonin have been localized and
characterized in brain as well as in peripheral tissues [2].
Recently, three protein receptor isoforms, which bind with
strong affinity to melatonin, MT1, MT2 and MT3 recep-
tors, have been identified [3].

Several lines of evidence suggest an interaction among
the melatonins receptor and cerebral blood vessels [4-6].
The first characterization of melatonin receptors in blood
vessels was identified using the melatonin analogue 2-['*I]
iodomelatonin. The '**I-melatonin binding site was found
in the smooth muscle layer of large cerebral arteries [4].
Capsoni et al. [7] reported that melatonin receptors in rat
cerebral arteries are linked to their second messenger
through a pertussis toxin-sensitive G-protein, similar to
melatonin receptors in other areas of vertebrate brain.
Recently, melatonin has been shown to act on certain

the middle and vertebral arteries, respectively. In order to elaborate the
functional significance of melatonin in cerebral blood vessels, hydrogen
peroxide- induced induction in eNOS protein level and phosphorylation of
calcium/calmodulain-dependent protein kinase II (phospho-CaMKII) were
demonstrated in the bovine isolated cerebral arteries with these effect being
abolished by melatonin. This is the first evidence showing expression of
mtlA melatonin receptor in the bovine cerebral arteries. However, further
studies are necessary to delineate the role of melatonin and its receptors in work.

neuroprotection, nitric oxide synthase
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vascular beds. It constricted and potentiated a tractable
response to adrenergic stimulation of cerebral arteries [5].
Melatonin constricted cerebral arteries by acting on either
MTI1 or MT?2 receptors. In addition, melatonin inhibited
induction of adenylate cyclase activity and vasodilatation is
mediated by calcitonin gene-related peptide in cerebral
artery [6]. However, the distribution of specific melatonin
receptors throughout the cerebral vasculature has not been
demonstrated.

Reactive oxygen species (ROS), including superoxide,
hydrogen peroxide and hydroxyl radical, and reactive
nitrogen species, such as nitric oxide and peroxynitrite,
are biologically important derivatives that are increasingly
demonstrated to be important in vascular biology through
their oxidation/reduction (redox) potentials. All vascular
cell types produce ROS, primarily via cell membrane
associated nicotinamide adenine dinucleotide phosphate
[reduced form (NADPH)] oxidase. ROS regulate vascular
function by modulating cell growth, apoptosis, migration,
inflammation, secretion, and protein production [§].
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Hydrogen peroxide is capable activating NADPH oxidase
and reducing the activity of antioxidant enzymes, copper-
zinc superoxide dismutase (CuZnSOD), but may also
increase the expression of endothelial nitric oxide synthase
(eNOS) [9]. Nitric oxide (NO), which is the product of
eNOS, is a potent vasodilator and an inhibitor of platelet
aggregation and leukocyte adhesion [10]. During cerebral
ischemia, increases in NO concentration and NOS activity
have been documented [10-13].

Numerous studies, both in vivo and in vitro models, have
documented the neuroprotective role of melatonin against
oxidative stress induced neurodegeneration [14, 15]. Mela-
tonin has been documented to reduce NO production by
inhibiting NOS activity [16]. However, the inhibitory role of
melatonin on oxidative stress-induced eNOS expression in
cerebral blood vessel has not been documented. Therefore,
the present study has attempted to identify melatonin
receptor subtypes by using a reverse-transcriptase polym-
erase chain reaction (RT-PCR) and the characterize different
types of melatonin receptors by radioligand binding assay in
bovine cerebral arteries. In addition, the effect of melatonin
on oxidative stress-induced increase in eNOS expression in
bovine cerebral arteries has also been determined.

Materials and methods
Animals

Cows (Bos taurus) aged between 6 and 12 months were
used. Animals were sacrificed between 09:00-10:00 hr at a
local slaughterhouse; brain cerebral arteries were dissected
from freshly obtained and separated for anterior, posterior,
middle and vertebral cerebral arteries. The small blood
vessels were separated on the base of frontal, parietal,
temporal and occipital lobes. The samples were used
immediately for RNA isolation.

Amplification of melatonin receptor transcript

The bovine cerebral arteries from two animals were pooled
and total RNAs were extracted by a modification of the
guanidine isothiocyanate—phenol-chloroform method using
TRIzol reagent (Gibco BRL, Bethesda, MD, USA). The
RT-PCR was performed from the deoxyribonucleasel
(DNasel; Life technology, Gaithevsburg, MD, USA) trea-
ted-total RNAs in the master mixture containing 1x PCR
buffer (50 mm KCI; 10 mm Tris-HCI, pH 9.0; 0.1% Triton
X-100), 2 mm MgCl,, 200 um dNTPs (dATP, dCTP, dGTP
and dTTP), 25 pmol each of oligonucleotide primers coding
for the Bos taurus mt;A melatonin receptor: sense primer 5’
CTG CCA CAG CCT CAG ATA CA’ and antisense
primer 5 GAG CAT CGG AAC GAT GAA AT 3’, 1 unit
of Taq DNA polymerase (Promega, Madison, WI, USA)
and 4 units of avian myeloblastosis virus reverse transcrip-
tase (Promega). The mixture was incubated in a thermo-
cycler for 30 min at 42°C for RT-catalyzed first-strand
cDNA synthesis, and then followed by repetitive cycles of
thermal cycling (30 s at 94°C, 60 s at 55°C and 30 s at
72°C). The final cycle was followed by a 5-min extension
step at 72°C to ensure that the amplified DNA was double
stranded before reducing the temperature to 4°C for
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storage. The suitable condition for semi-quantitative
RT-PCR of mt;A melatonin receptor was generated from
0.5 ug of total RNA at 30 cycles. This condition is
remaining in the linear range of amplification.

Membrane preparations

The bovine cerebral arteries from four to six animals were
pooled and homogenized in 10 volumes (w/v) of ice-cold
50 mm Tris-HCI buffer (pH 7.4) containing 2 mm EDTA
and 5 mM of MgCl, with a tissue homogenizer (Ultra
turrax T25; IKA-Labortechnik, Staufen, Germany) setting
at a moderate speed (13,500 rpm) for 15 s. The homogenate
was centrifuged at 900 g for 10 min at 4°C in a refrigerated
centrifuge (Doupont, Sorvall RC26 plus, Newtown, CT).
The supernatant were further centrifuged at 40,000 g for
20 min at 4°C. The supernatant was decanted and the
membrane pellet was resuspended in 20 volumes of 50 mMm
Tris-HCl (pH 7.4), homogenized and centrifuged at
40,000 g for 20 min. The supernatant was discarded and
the final membrane pellet was kept frozen at —80°C until
used, usually within 2 wk.

2-['**I]lodomelatonin binding assay

The membrane pellet was resuspended in 5 mL of ice cold
50 mMm Tris-HCI buffer, pH 7.4 (containing 5 mM MgCl,)
and homogenized for 15 s with a homogenizer (Ultra turrax
T25) setting at a moderate speed (13,500 rpm). Membrane
suspensions were incubated for 2 hrat 37°Cin 0.25 mL (final
volume) of 50 mMm Tris-HCI containing 5 mM of MgCl,,
at pH 7.40, with 2-['**Tliodomelatonin (2200 Ci/mmol;
Amersham, Buckinghamshire, England) 0.02-1.0 nMm in the
absence or presence of melatonin (10 uM), which determined
the nonspecific binding. After incubation, reactions were
terminated by rapidly filtering the reaction mixture through
Whatman GF/B filters under vacuum. The filters were
washed twice with 3 mL of ice cold 50 mMm Tris-HCI buffer
(pH 7.4), dried and the receptor-bound radioactivity trapped
on the filters was counted in a gamma counter (Auto-Gamma
5000 series; Packard, Downer Grove, IL). Saturation curves
were analyzed by the nonlinear least-squared regression
analysis computer program, LIGAND. B,., and Ky were
obtained. The specific (‘*°1) iodomelatonin binding accoun-
ted for 60—-70% the total binding.

Western immunoblotting

Cerebral blood vessels (Circle of Willis and basilar artery)
from two animals were dissected from bovine brain and
placed onto a dissecting disc immersed in Krebs—Henseleit
(K-H) solution. The blood vessels were pooled and care-
fully cleaned and divided into ring segments of 2-3 mm in
length. The ring segments of blood vessel were incubated in
Dulbecco’s Modified Eagle’s Medium supplemented with
1% fetal bovine serum at 37°C for 2 hr in the absence
(control) or presence of hydrogen peroxide (H,O,). Some
ring segments of blood vessel were pre-incubated with
melatonin for 1 hr prior to treatment with H,O, for an
additional 2 hr at 37°C. After incubation, the ring segments
of blood vessel were homogenized for 10 s with a tissue



homogenizer in lysis buffer. The homogenate was centri-
fuged at 4°C for 15 min at 10,000 g. The supernatant was
collected and 15.0-20.0 ug proteins was subjected to SDS-
PAGE electrophroresis. The protein bands were electro-
blotted to nitrocellulose membrane using 50 mA current
strength for 1.5 hr at 4°C. The transfer efficiency was
detected by Ponceau-S red solution. The nitrocellulose
membranes were washed with Tris-buffered saline (TBS) for
5 min, incubated in Blocking Buffer (1X TBS, 0.1% Tween-
20 and 5% nonfat dry milk) for 1 hr, washed three times for
5 min each with TBST (0.1% Tween-TBS) and incubated in
mouse monoclonal antibodies against eNOS (Zymed
Laboratories Inc., South San Francisco, CA, USA) or
actin (Chemicon, Temecula, CA, USA), or rabbit antibod-
ies against phospho-CaMKII at threonine286 or CaMKII
(Cell Signaling, Beverly, MA, USA) at 4°C overnight. After
incubation, they were washed three times for 5 min each
with TBST, incubated in peroxidase-conjugated goat anti-
mouse [gG (Jackson ImmunoResearch Laboratory, Inc.,
West Grove, PA, USA) for 1 hr followed by washing three
times for 5 min each with TBST. The blots were developed
with Chemiluminescent ECL Plus Western Blotting detec-
tion reagents. The immunoblots were quantified by meas-
uring the density of each band using densitometry with
Scion image program (National Institute of Health, Beth-
esda, MD, USA).

Determination of protein

The concentration of protein was determined by the
method of Bradford [17], using bovine serum albumin as
a standard.

Statistical analysis

Semi-quantitative RT-PCR for MT1 gene expressions were
performed by using RNA from various cerebral arteries.
The results from experiments were statistically analyzed.
Variations among different groups obtained from RT-PCR,
radioligand binding or western blot were analyzed by
ANOVA or Tukey—Kramer Multiple Comparisons Test. A
level of significance between groups was taken to be
P < 0.05 unless noted otherwise.

Results

A single PCR product of the expected size (217 bp) was
detected on the amplification of RNA prepared from the
bovine cerebral artery (Fig. 1). Nucleotide sequencing done
by using an automated fluorescent DNA sequencing
confirmed that 217 bp ¢cDNA fragment with the exclusion
of amplimer bases, encode sequences which are identical
(97%) to nucleotides 170-363 of published Bos Taurus
melatonin receptor la (MTNRIA) mRNA sequence
(GenBank Accession Number: U73327) (data not shown).
This product was also apparent when cerebral artery was
amplified. The results of RT-PCR experiments comparing
the relative amount of mt;A mRNA expressed in bovine
cerebral arteries isolated from anterior (Ant), posterior
(Post), middle (Midd) and vertebral (Vert) cerebral arteries
are shown in Fig. 2A. The comparisons among results from
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Fig. 1. The reverse-transcriptase polymerase chain reaction
(RT-PCR) products of MT;A mRNA from bovine circle of Willis
and separated on 2% agarose gel electrophoresis. The size of M T
bovine Circle of Willis mRNA RT-PCR product was 217 bp. Lane
1: 100 bp DNA ladders. Lanes 2,3: duplicate RT-PCR products of
the bovine Circle of Willis MT; A specific primers. Lane 4: negative
control (The reverse transcriptase enzyme was omitted in the RT-
PCR reaction mixture). Lane 5: reaction control (The RNA tem-
plate was omitted in the RT-PCR reaction mixture), respectively.

different experiments are expressed as average of mt;A
expression. The expression was highest on middle and
lowest in vertebral cerebral arteries (Fig. 2B). However,
amplification of small vessel RNAs in the frontal, parietal,
occipital and temporal lobe failed to generate any detect-
able PCR product (data not shown).

Analysis of the data obtained from the saturation study
indicates the presence of a single binding site of 2-['*I]
iodomelatonin in bovine cerebral artery (Fig. 3). The K4
values of 2-['*’I] iodomelatonin binding site in anterior,
posterior, middle and vertebral cerebral arteries were
32.0 £ 0.8, 33.0 £ 0.2, 36.0 + 0.6 and 26.0 = 0.9 pm™,
respectively. The B values of 2-['%I] iodomelatonin
binding site in anterior, posterior, middle and vertebral
cerebral arteries were 18.0 = 0.4, 18.0 £ 0.4, 21.0 + 0.4
and 14.0 £ 0.5 fmol/mg protein, respectively (Table 1).
The By value of 2-['*I] iodomelatonin binding site of
middle cerebral artery was highest compared with other
cerebral arteries. Whereas, the lowest Byax value of 2-['°1]
iodomelatonin binding site was observed in vertebral
cerebral artery (Table 1).

The levels of eNOS, CamKII and phospho-CaMKII
proteins in bovine cerebral artery were determined using
Western blot analysis. Hydrogen peroxide at 100 uM for
2 hr significantly increased eNOS protein levels in bovine
cerebral artery when compared with control-untreated
artery. Pretreated bovine cerebral artery with melatonin
at 0.5, 1 and 2 mM for 1 hr prior to treatment with 100 um
H,0, for 2 hr significantly reduced induction of eNOS
expression when compared with H,O,-treated artery with-
out melatonin (Fig. 4). H,O, at 100 uMm for 2 hr signifi-
cantly increased the amount of phospho-CaMKII/CaMKII
when compared with control untreated cells. Preincubation
with melatonin at 0.5, 1.0 and 2.0 mm for 1 hr prior to
treatment with H,O, significantly reduced the amount of
phospho-CaMKII/CaMKII in SH-SY5Y cells when com-
pared with H,O,-treated cells without melatonin (Fig. 5).

Discussion

The cDNA encoding a melatonin receptor was first isolated
using mRNA from the Xenopus laevis melanophore [18].
This cDNA encodes a high-affinity 2-['*’I] iodomelatonin
binding protein of 420 amino acid with seven hydrophobic
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Fig. 2. (A) Gel electrophoresis of reverse-transcriptase polymerase chain reaction (RT-PCR) products from bovine cerebral blood vessel
mRNAs. The products were analyzed on a 2% agarose gel stained with ethidium bromide. The size of RT-PCR products of actin and mt; A
receptor is 830 and 217 bp, respectively. L is 100 bp DNA ladders. A, P, M and V is anterior-, posterior-, middle- and vertebral cerebral
artery, respectively. (B) The DNA bands were quantified by densitometry and changes were represent in graph. RT-PCR products of mt;A
are expressed as a ratio of mt;A/actin RT-PCR products. Each value represents mean + S.E.M. of six independent experiments. Ant, Post,
Mid and Vert is anterior-, posterior-, middle- and vertebral cerebral artery, respectively. Statistical significance of the data was determined

by ANOVA followed by comparisons using

Tukey’s

method; a: statistically different from Ant (P <

0.001), b: statistically different from Post (P < 0.01), c: statistically different from Mid (P < 0.001).
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Fig. 3. Saturation curve and Scatchard
analysis (inset) of 2-['*°I] iodomelatonin
binding to isolate bovine cerebral blood
vessel membranes. The experiment was
carried out using 2-['*’I] iodomelatonin
concentrations ranging from 0.02-1.0 nm.
The plot represents the specific binding
of 2-['**I] iodomelatonin. The data were

(=)
(9]

Bound (fmol/mg protein)

analyzed by using the LIGAND program.
The result provides a dissociation equi-
librium constant (Ky4) value of 30 pm and
a maximum receptor density (Bnyax) value

15 20

0 T T T T
0.05 0.1 0.2 0.4

2-[?*I] iodomelatonin (nv)

transmembrane domains. The cloning of cDNAs encoding
the human and sheep high-affinity melatonin receptor was
also reported [19]. The cDNA encoding melatonin recep-
tors have been characterized in many tissues including rat
tail arteries [20] and rat arteries forming the circle of Willis
at the base of the brain [4, 7]. Both mt; and mt, melatonin
receptors are expressed in neural tissue whereas blood
vessels contain only the mt; receptor subtype. In order to
identify and characterize the regional specificity of mRNA
expression and receptor binding sites of mt;A melatonin
receptor in bovine cerebral artery. The cerebral artery was
divided into four sections; anterior-, posterior-, middle- and
vertebral arteries. The results of our studies indicate that
the mRNAs encoding mt;A receptors are expressed in the
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of 17.0 fmol/mg protein values. The data
presented are from a representative
experiment in which all points were
determined in duplicate.

bovine cerebral arteries. The lowest level of mt;A receptor
mRNA expression occurred in the vertebral cerebral artery
and the highest level occurred in the middle cerebral artery.

We have also identified the presence of melatonin
receptor in bovine cerebral artery membranes by 2-['>°1]
iodomelatonin binding assay. The binding in bovine cereb-
ral arteries was saturable which correlated with several
previous studies [4]. Capsoni et al. [7] characterized the
melatonin receptors in rat brain arteries forming the circle
of Willis, and demonstrated that melatonin at nanomolar
concentration was able to inhibit forskolin-stimulated
cAMP production in rat circle of Willis. This result
indicated that melatonin receptors in rat cerebral arteries
are linked to their second messenger through a pertussis



Table 1. Summary of 2-['*I] iodomelatonin binding to melatonin
receptors in bovine cerebral blood vessel membranes

Membrane K4 (pM) Biax (fmol/mg protein)
Anterior cerebral artery 320 £ 0.8 18.0 £ 04
Posterior cerebral artery  33.0 = 0.2 18.0 + 0.4
Middle cerebral artery 36.0 = 0.6 21.0 + 0.4%P
Vertebral cerebral artery  26.0 + 0.9 14.0 + 0.585¢

Each value represents mean = S.E.M. of four independent
experiments. Statistical significance of the data was determined by
ANOVA followed by comparisons using Tukey’s method; statis-
tically different from anterior (P < 0.001), °statistically different
from posterior (P < 0.01), Sstatistically different from middle
(P < 0.001).
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Fig. 4. (A) Effect of hydrogenperoxide (H,0,) and melatonin on
endothelial nitric oxide synthase (eNOS) expression in explant
cultured of ring segments of bovine cerebral artery assessed by
Western blot analysis using mouse monoclonal antibodies against
eNOS and actin. The cultured arteries were exposed to H,O, at
100 pum for 2 hr at 37°C or pretreated with melatonin at 0.5 (M
0.5), 1.0 (M 1.0) and 2.0 (M 2.0) mMm for 1 hr at 37°C and then
100 uM H,0, was added and the cultured arteries were incubated
for another 2 hr at 37°C. The control-cultured arteries were incu-
bated with cultured medium for 2 hr at 37°C. (B) The eNOS bands
were quantified by densitometry and the changes were represented
in graph. Results are expressed as mean + S.E.M. of four inde-
pendent experiments. One-way analysis of variance and Tukey—
Kramer Multiple Comparisons Test was performed for statically
analysis. The letter ‘a’ and ‘b’ denote significance between control-
and H,O,-treated arteries at P < 0.01 and, H,O,- and H,O, plus
melatonin-treated arteries at P < 0.01, respectively.

toxin-sensitive G-protein, similar to melatonin receptors in
different areas of vertebrate brain. 2-["**I] iodomelatonin
binding site in bovine cerebral arteries was demonstrated
for the first time in the present study. The data indicate the
presence of a single high affinity binding of bovine cerebral
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Fig. 5. Effect of H,O, and melatonin on phosphorylation of
CaMKII (phospho-CaMKII) in explant cultured of ring segments
of bovine cerebral artery assessed by Western blot analysis using
rabbit antibodies against phospho-CaMKII and CaMKII. The
cultured arteries were exposed to H>O, at 100 um for 2 hr at 37°C
or pretreated with melatonin at 0.5 (M 0.5), 1.0 (M 1.0) and 2.0 (M
2.0) mM for 1 hr at 37°C and then 100 uM H,O, was added and the
cultured arteries were incubated for another 2 hr at 37°C. The
control-cultured arteries were incubated with cultured medium for
2 hr at 37°C. The phospho-CaMKII and CaMKII bands were
quantified by densitometry and the changes were represented in
graph. Results are expressed as mean + S.E.M. of four inde-
pendent experiments. One-way analysis of variance and Tukey—
Kramer Multiple Comparisons Test was performed for statically
analysis. *P < 0.01 compared with control and °P < 0.05 com-
pared with H,O,-treated group.

arteries. The dissociation equilibrium constant and the
maximum number of receptor values are comparable to the
previous reports [4]. Savaskan et al. [21] studied in vascular
MT,; immunoreactivity in human as well as in Alzheimer’s
brain, showed that MT; are located in the adventitia of the
vessel walls and not in the smooth muscle cells. Endothelial
cells did not show MT; staining. In addition, the finding of
increased vascular MT; immunoreactivity in Alzheimer
patients by this group suggests an important role for
melatonin in regulating regional blood flow. The up-
regulation of vascular MT,; receptor may represent a
compensatory mechanism to overcome the impaired mela-
tonin levels reported for Alzheimer’s disease [22]. It is also
noteworthy that nocturnal melatonin secretion is impaired
in stroke and migraine patients [23, 24]. This line of
evidence may lead to better understanding of the cerebro-
vascular protective role of melatonin.

Endogenous NO is generated from arginine by a family
of at least three distinct isoforms of NOS enzymes.
Neuronal NOS (nNOS) and eNOS are expressed consti-
tutively, and their activity is regulated by local calcium/
calmodulin concentrations. Whereas, inducible NOS
(iNOS) which is present in neurons, vascular cells, and
glia, produces NO independently of calcium concen-
trations [25-27]. While NO normally functions as a
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physiological neuronal mediator, excess production of NO
mediates brain injury. Overactivation of glutamate recep-
tors associated with cerebral ischemia and other excito-
toxic processes results in massive release of NO. As a free
radical, NO is inherently reactive and mediates cellular
toxicity by damaging critical metabolic enzymes and by
reacting with superoxide to form an even more potent
oxidant, peroxynitrite. On basis of these mechanisms, NO
appears to play a major role in the pathophysiology of
neurodegenerative disorders such as stroke, Parkinson’s
disease and amyotrophic lateral sclerosis [28]. There is
now evidence that oxidative injury can induce endothelial
cell damage [29, 30] and up-regulation of eNOS expression
in cerebral blood vessels [12]. In addition, the protective
effects of melatonin against ROS induced DNA damage
and cell death of bovine cerebral endothelial cells has been
documented [29]. It has been demonstrated that not only
melatonin but its metabolites, N'-acetyl-N>-formyl-5-
methoxykynuramine (AFMK), and N-acetyl-5-meth-
oxykynuramine (AMK), are also effective free radical
scavengers. Therefore, some of the protective actions of
melatonin could have been a consequence of its metabo-
lites [31, 32].

In the current study, we examined the inhibitory effect
of melatonin against oxidative stress-induced eNOS
protein expression in bovine cerebral artery. Our results
show that hydrogen peroxide, which is pro-oxidizing
agent, increased eNOS protein levels in cultured bovine
cerebral arteries and this effect was abolished by mela-
tonin. The inhibitory effect of melatonin on NOS activity
has been reported both in in vivo and in vitro studies [16,
33]. In addition, the postulate mechanism that H,O,
mediates an induction of eNOS levels was identified in
the present study. Recent evidence has demonstrated that
H,0, upregulates the expression of eNOS mRNA via a
CaMKII-mediated mechanism in bovine aortic endothel-
ial cells cultured [34, 35]. From the results of the present
study, it seems that H,O,-induced increase in the levels of
eNOS via CaMKII activation, especially increasing
phosphorylation state of this protein kinase. Melatonin
inhibits this effect by attenuating CaMKII activation via
direct scavenging hydrogen peroxide [36]. However, the
mechanism underlying the inhibitory role of melatonin on
H>0O,-induced increases in the levels of eNOS in bovine
cerebral artery remains to be fully elucidated.

At present, therapeutic applications of melatonin has
been indicated in many conditions including sleeping
disorders, circadian rhythm disorders, insomnia in blind
people, insomnia in elderly patients, ageing and in a variety
of neurodegenerative diseases [37]. It has been reported that
nocturnal melatonin excretion is lower in patients with
ischemic stroke [38] and rats deficient in melatonin
sustained greater brain damage after stroke [39]. It seems
reduction in melatonin levels may be detrimental and
provoke cerebrovascular disease. In light of present results
in inhibition of hydrogen peroxide-induced eNOS expres-
sion by melatonin in bovine cerebral blood vessel, we
hypothesize that melatonin may have a role in the biolo-
gical regulation of cerebrovascular disease probably via its
effect on the NO. Additional pathway for a more specific
role of melatonin on pathophysiology of cerebrovascular

40

disease is the discovery of new receptors for the melaton-
ergic system. Further studies are necessary for a better
understanding of the role of melatonin in the pathophys-
iology and treatment of cerebrovascular disease. Melatonin
plays an important role in toxic free radical scavenging,
NOS activity inhibition and neurovascular regulation,
offering a new paradigm for studying pathophysiology
and treatment of conditions that involve free radicals.
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