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Manganese-induced Oxidative Stress in Nucleus Accumbens of Rat Brain
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Abstract —This study was carried out to identify the cffect of oxidative stress on the pathogenesis of manganese
mtoxication. Five rats in experimental group were given with MnCl, intraperitoneally for 4 weeks(4 mg/kg once
daily, 5 days per week) and another five rats for control group were given with normal saline. In experimental group,
manganese concentrations increased significantly in nucleus accumbens by 142% (p<0.05), SOD activities increased
significantly by 124%(p<0.01), and MDA concentrations increased significantly 148%(p<0.05) compared with con-
trol group. Among fatty acids, total n-6 polyunsaturated fatty acids(PUFAs) increased significantly by 231%(p<0.05)
compared with control group. Arachidonic acids(AA) increased by 224%(p<0.05), and these increase were com-
posed mostly of n-6 polyunsaturated fatty acids(PUFA). Among n-3 PUFAs except linolenic acids, eicosapentanoic
acid(EPA) decreased significantly by 38%(p<0.01) and docosahexanoic acids(DHA)) decreased by 30% (p<0.05)
compared with control group. Our results suggest that the oxygen free radicals produced by manganese may cause
compositional changes of fatty acids in nuclens accumbens of the rat. Characteristics of fatty acids compositional
changes by manganese were the decreasc of EPAs and DHAs(n-3 PUFAS), and increase of AAs(n-6 PUFAs). These
changes with the increase of MDA, suggest that manganese neurotoxicity is caused by lipid peroxidation mediated
with oxygen free radicals, especially superoxide radicals.
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9oy 1994; Huang %, 1998). 3, U2t5%w) sxlsne] ik
ALz guA oo} BAE 2 g, wrk g5 AEE, oFAke] FAA e R Qs U 2N w1k

A B3R, AT A, BoF A W W E 5 28 Melgde] IR 294 A4 e B

°] ‘ﬂ"‘}}ﬁ]&— 8449 55 B MY R 2593, F o] FHH L 3i=H(Cramner, 1998).
&9 9 H]Eﬁi° BE7) A2 AR methyl- w7re] 475 gk 71H-2 AA7A] &l A 73

cyclopenlad1enyl manganese mcarbonyls(MMT) off 2J3t Flo glA] sbet. AHERt vl Zho] bEES] YAFRdol
lr_%‘?: FE3AL YTHNIOSH, 1997). bl 218 277
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] Aol Fedd}= tyrosine hydroxylase2] %"35 %—7}
(Bonilla, 1980), A1ZA2] =3}7] 3A-S-(twnover rate)e)
Uﬂ(Me"d %, 1967), 1‘1‘5‘4] A &Em A, Aol K %7HBarbeau, 1984), NMDA 2124 glutamate =& ]|
), GBo) =il B, a7 A Aol 5 BB s b AEe e =549 Ak8A19) 24 (Chandra
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AE QAREAle] R RS AlAke Bl A4 A
#1724 #FH FARE =9dlo] cyclized ortho-quinone2 2.2
B719Ae] Alsle} ol 2 olgt sz ZsiR] Fme) UA)
2] 7] Z)Qlskal, T WSS AkRE]7] (oxygen
free radical)e} apoptosisel] 213 MEA} Ffsl= AL =
a2 x] 2 vH(Segura-Aguilare} Lind, 1989).

FHE, =g, &2 W AFE5§ v]Es}lo](Donaldson
Knowles, 1993; Sarkar &, 1995; Hussain -5, 1997'
Stajn %, 1997), 71, dzzsle|ny | TS A
2 (amyotrophic lateral sclerosis)?t 7h2 4173w A4 2he]
Ha71A2 2 Abafe]rie] Hate] Al7)EL A=k (Markesby,
1997). /o] A5 22eA Akl 7] Al 2ol
E2) 3= superoxide dismutase(SOD), catalase H gluta-
thione peroxidase?} Z-2 AA BAE3 U3 gl-
tathione, T84 == 1‘4‘3’1]‘1 I Zeke el thiol, ¥leR]
A, C, B9} 22 AEAlke] wE48 AkslEel] & AlA
¥ o}(Sugiyama, 1994). :LEJUr AF - 9)e] Af27)7)

FAakEAl e o3 AA S 2stgL o, Fofat A

FAkambg-o) Zwe] wFapge] W, Fo i
9] Abgh, 97k o] o] 0] Egk 22 HZ2 7% Aol
o} F2H ] FLEI 2, A ZARR A1 (Mason
=, 1997).

g, H22) - Age]7)8] A7 248 R
1] ulAk(polyunsaturated fatty acids, ©]s} PUFAs), 53]
vhe] o] A T3 A eicosapentanoic acid(EPA).?,]-
docosahexanoic acid(DHAY} e 22 wis] FHs1A &
A&}l (Esterbauer 5, 1991), HAEY O, ~Tako] T
A, Fette] FXEE catalase 2 FAE F4 o] RE
(Halliwell, 1992) 5] o= <la] AlSlH ~Earof 2
8 A XA EREg-o] dofihi= Aoz oA gle] o]

4 34734 Ae] ¥eleR AAfE]7|7t AEET %1
whHalliwell ¥} Gutteridge, 1998).

w72 oxidative stress monoamine €3] dopaminec]]
G v|A= oz 4w YT (Kontur® Fechter,
1988), 2522 AzH 2} vlEo] dopamine® #A3E =
o] FoN9R JEA glvk. 1eBE o] T Wzl 2
Ll *]755’“ o] AbAxfre]7]7) wiAlE st 2% 1]‘*]'51"?}%
o Z1Qgk= SH slel] AlkE Foddt 32 FFA o
A SOD A%, malondialdehyde %= % A|4kE =4
W32 ¥ - B0 24 wEEEe] Wels|Ae)A A
A eae] dehs Frgslaa) sk

Mun

g2] Sprague-Dawleyd] 47 HA#E 4%

3 H¥E] AJdg AR E oF 18°C7) Tr‘7< 15 524
oA ARRBlgvt. A#717E B ARRel B2 AlsE 4ol
Faglon, 2e 5% W x5 78*—‘ sk
3} AZH00-184)9] =R 02 TRt
WA MnCLE 4 mg/lxg(O.S cc/250 gydeke s
a2 0.9% A=AArE 131Y, 5815, 457 S3t
o FAbslai e, 2 %“ T2 v 47 F
FES GrEAskd A & 9 slide glassol|A =<9} &
%74 # (nucleus accumbens)ys -E—E]fﬂ-f:] phosphate buffer-
ed saline §o4 2.2 FAHe}. o] F = "t FA
of AHEBET, YoiAE 289 % S F, #C, 20000
GollA 308-2F AxE=]g F, "J%— —% *rh‘}c’:] A4,
superoxide dismutase(SOD) &4 =
(MDA) &7l AME-3laie).

m”HaOH

malondi-aldehyde

EZZ=Aso| W7t 5= #H SOD 4 =X

wrbese 2FAE 0.1 mie)d #ENA1A](0.5% Triton
X-100, 1.25% (NH,),HPO,) 0.9 miE A2 vh&, ¢ &
10 plE graphite furnace YA-FFEEF =4 (PE 3300,
Perkin Elmer, Norwalk, CT, U.S.A)Z A543l
SOD 42 Sun 5(1988)°] HpHoE AHgksleir),
Xanthine oxidase(l kU/g) 20 ptE- 1 mM sodium salicy-
late’} FHE 23 M (NH,),S0, 5 miell BAsle] 2E%
=7t 167 mU7Y =H=F 3givh. SOD ZFAAIG- 03
mM xanthine £ 40 ml, 0.6 mM EDTA £ 20 ml,
150 pM nitro-blue tetrazolium £ 20 ml, 400 mM
Na,CO; 44 12 ml, 1 g/l bovine serum albumin -4
6 miZ o] AxslFe wA, 5 ml S Al el
2.45 ml®] SOD FHA kS FF3aL, 74 &= SOD &
89 05 mE AT H7}EE ¥, xanthine oxidase
LNS AAZF 3028 AL T 50 Wy 3t E}—
2057 WheAlA S, 0.8 mM CuCl, 498 | mi¥ 5
%, 534 nm ItAe|A FFFZA (DU-65, Beckman,
Fullerton, U.S.A)Z FIF=ZE 223},

E£Z28o| MDA 5 &M

A A48 TBA k8ol €3] 44%E MDA &=
£ Shah 5-(1983)°] HhH2= AeFslge). AAdE=d &
ol 05 mlE FHig = 175% TCA 0.5 miet 0.6%
TBA(PH 2.0) 0.5 miE &7} F 1587 B $x=A s}
T A2l 1087 418 T 70% TCA 0.5 miE %7138}

3 2087 d& Szl HEAslATE. 2,500 rpmel|l A 15%-2F
ARG T AENS 534 nm e A FRREAH 2
F4=5 438 EFAE T malondialdehyde bis
(diethyl acetal) 24 wE 0.01 M HAE 10 miell 4ol 64
2t ok A2l vhA|sed dadek
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Table T. Manganese (Mn) concentration, superoxide dismutase (SOD) activity and malondialdehyde (MDA) concentration in nucleus

accumbens after administration of MnCl, (4 mg/kg, i.p.) for 4 weeks

Group Mn conccntr:;:Ltion SQD activit;i MDA concent:,ration
(ug/g protein) (urtit/mg protein) (ng/g protein)
Normal saline 1.02 = 0.06 0.58 =+ 0.02 21.60 = 2.27
MnCl, 1.45 £ 0.10 0.72 £ 0.03 31.99 & 3.47
p-value< 0.05 0.01 0.05

All values represent mean® SE (n=5). p-values indicated the comparison of values of normal saline group.

EZH8o| X[ =M =X

FA AR 2 ml®t hexane:isopropyl alcobol(3:2 v/v) 1
mlE A= T 7,500 G 1087 €AlR= sl 4
Z2] =¥k 300 uiE #H3F ok methanol:hexane(4:1 v/
v) 2 mE A71ERET 200 9] acetyl chlorides 7}8}al,
100°CeA 14]7F F3t 71 E}ed dEz)slsd et Aol W
745t w3 n-hexane 1 mi#}l 6% potassium carbonate 5
ulE 718132 1,000 GellA 15871 dalEesisdt, A5
3 wE #H3sle gas chromatography(HP 6890, Hewlette
Packard, U.S.A)¢l F=Hslgct. FFHL myristic acid,
docosahexanoic acid, linoleic acid, palmitoleic acid,
stearic acid, palmitic acid, eicosapentanoic acid, arachi-
donic acid, linolenic acid, oleic acid, arachidic acid<]
Eolo g 247he) X 10 mg/mlo] Tt

&37go| Y &= 53
ZA9] w7lew 2 MDA 52 BA)7] ¢85l S5
AE zz]e] gy =22 ot gdyal =r=

bovine serum albuming FFC.ZF. dle] Lowry 59 by
L2 ZAsiv). A vaat o) w24
o 001 miek Ak DO5 N NaOHe =<l 10%
Na,CO; 15 ml, 1% CuSOz5H,0 0.7 ml, 2% potas-
sium tartrate 0.7 ml) 1 mtE 4 T} A2l 1587k
k231 vk Folin A]2FQ2 N folin-ciocalteau-phenol 10
mI ZFT 90 mD)S 3 ml A7 oRE ALoA] 45871

Z sttt A 540 nm P4 BBBEA (DU 65,
Beckman, USA)E FH3TE FAslgrt. BFEHoEz=
bovine serum albumin 0.3% $°8-& AM&3}ic).

S
E APYAL FTLEFOAE BASE 4 28

24850 vl Wilcoxon rank sum test® Fw#} 9t
FFEA257Y] 4948 ARG, BE 434

L
SPSS(ver 10.0) =2 7#1-3- AME3gom | ARl g3t &
o) 0.052 ARSI

l

J

Maizn
AN PheEE BFATe] Az ¥

142%(p<0.05)2 fr2lakA 2718193z, SOD FA-2 124%
(P<0.0NZE 3 S7ksld e, MDA X% 148%
(p<0.05)2 3P Z7181TH(Table I). AAF 24 H3}
S Ho EZX|¥MAk(saturated fatty acids, ©]3} SFAs)2l
palmitic acid, stearic acid, arachidic acid: ZPAlET
A2 FAALE g Apel7k glsl2ut, myrstic
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Fig. 1. Compositional changes of (a) saturated fatty acids and (b
monounsaturated fatty acids. Values are meanxSE (n=5).
*p<0.01 compared with the control. Abbreviations: C14:0
myristic acid; C16:0: palmitic acid; C18:0: stearic acid; C20:0
arachidic acid; C16:1: palmitoleic acid; C18:1: oleic acid.
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acid(15.70£ 1.28)Ye HZEFEAlTe] W)27~(23.01£2.19)] H]
# 55%(p<0.01)2 F28 ZH4siet(Fig 1) TUEE
3} 2] ¥k A (monounsaturated fatty acids, ©]3} MUFAs)3]
palmitoleic acid, oleic acide F w7t BAHL = F9
gk Ao)7t Aok Fig. 1). n-64] w7 HEEIAA(poly-
unsaturated fatty acids, ©]&} PUFAs)Y 7 -$-, linoleic
acid(4.30.70)ye FZHFARTo] HEFL(1.12£0.16)00 B
114%(p<0.05)E. -2 84 %7184 1, arachidonic acid
(4227-!—642)5 N Z£(14.1843.62)°1 H]$224% (p<
005)1 2|8 Zryshedvl(Fig. 2). n-34] PUFAs®] 7
%, linolenic acide= F TZkel] FAASE 27t e}
%21}, eicosapentanoic acid(2 17£0.38)= HZF(4.79
10.53)0 Bl 38%(p<0.01)Z. FsM ZAslFal, do-
cosahexanoic acid(2.10£0.61)= H=7(5.75£0.78)1 Hls]
30%(p<0.05)2. 2314 Z4slsivh(Fig. 2). PUFAsS n-6

control group
Mn treated group

% total fatty acid

c18:2 C20:4

(a)

% total fatty acid
£

Pl

C20:5  C22:6
(b)

Fig. 2. Compositional changes of (a) n-6 polyunsaturated fatty
acids and (b) n-3 polyunsaturated fatty acids. Values are mean®
SE(n=3). *p<0.05, **p<0.01 compared with the control. Abbre
viations: C18:2: linoleic acid; C20:4: arachidonic acid; CI8:3
linolenic acid; C20:5: eicosapentanoic acid(EPA); C22:6
docosahexanoic acid(DHA).
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=1 Mn treated group
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Fig. 3. Fatty acid composition by saturation degree. Values are
mean T SE(n=5). Abbreviations: SFA: sum of saturated falty
acids; MUFA: sum of monounsaturated fatty acids; PUFA: sum
of polyunsaturated faity acids; M/S: sum of monounsaturated
fatty acids/sum of saturated fatty acids; P/S: sum of polyun
saturated fatty acids/sum of saturated fatty acids.

Aol n3A2 T8I v|@AA, & n6A IHEEAREo]
Tzl Hla) 231%(p<0.05)2 BAHL R Fosk 71
ST, & n3 Ax dET ¥ 85%(p>0.05)F Fhh
AT FAALE fAeA] ¢sdrt. n-3Ae] A& n-6
A2 H]= W=l vE 294%(p<0.0)E $ro)sA 7}
it

Apke) Edjwe] whE wlael|M, & SFAs, & MUFAs,
% PUFAsE 257 P0FAbest et 2 $AH= &
)&t zfpol7t ¢l & SFAsel WEF & MUFAs, &
PUFAs®] B]E - Zbof| 8t =}e)7} %ialE}(Flg. 3).

[t

al

# dFellA MnCL, Fof 5 213 w2 SFA el 7}
7 5 S99, 2> FlellA SOD ¥4= 3 MDA
TE EG WAL F SAALE o SrEsE,



217 jo] SEAOI Uz iof 25t MBE LA B AT 29

d
]
~J
—_—
s
P
r\l

ol 3 - 7 LE S5 WA Ee ARfE]
7] B3], 0,7 ¥ =Y 7 dst FAR s Eo
Archibald®} Tyree(1987)% Mn*'e] =wgle] AM3}E
whaled cyclized ortho-quinones- 3AsRE FAl] =wR]
FEE AsAFIAE, o] AA A Akdf]7]7) A=A
or=ra dlgt). By} o] F ddAe] Wk ® cyelized
ortho-quinoned| A &t 71| =7} wiAd el semiquinone
< JAse FAANAM 0,7 S, o Hkse] A F
=%} hydroquinoneo] FAE A}, o] F dH= AfAkEE o
0,72} Mn & A ZN wuiRie] 418} 9 R X3
7RSS, L AR Bzk] A3 g4 AIASAd o) At
S 7oz FAE =) (Segura-Aguilar?} Lind, 1989),
o] JFEL E QoM #aAy SoD FA®E SV wigtk
o &gt 0,7 Ukl 7jealE Feolgt FMAS ek g
H, 77}t SOD ZAE| A ikl W e A7
7} 719] glet elell Higt AAHA wjme Brhssiic
o4 34 (Sunderman £, 1989), <A(YiinZ} Lin, 1994),
7}=F (Manca 5, 1991) 5 o~ 35| A AapAbEbS-
S T ALoE duA glen, o dTelME B
ez fe]gk MDA $715 Be| 97le] x| zpitslahg-
T 7RI 498 A9} AR AR g
7re) Esol| &) oA elze] W], Knight®} Voorhees
(1990)%= in vitrool| A o] @& zle] PUFAse] dF<l
Jinolenic acid®- AFSMA|A A AAleEe] S-S HF3)
937, Misiewicz 5(1999)2 FFa4NA Wkl 2%
2R HEFAM MDAZE F7FES Barsigdet. =
&}, Yiin (1996)2 w7l =2 8 2}e] HAlellA] MDAY
Z7}8} FA)ol SOD, glutathione peroxidase @ catalase®}
72 Aslad g er) Fv)ECka sl o, Sloot
B(1996) 27 ¥ AxAelM o]Fa T e] AkfE]7]
9] ¢]&Q] hydroxyl radical(OH)2] A& &2 7= &
g g RN ks o] AkafRE)7)7) wAE et
A zpatEpbgel] 7| elgvle 7S SN skT gl
PUFAs= -EEo] linoleic acid®} linolenic acid=F¥E]
FAE =, )52 AN FAEHA gdi= Gt
28 AL Bl Tl 2 o1FEAe] YA o}
2} 1-341¢} p-6AlE EHFE, n34e)E linolenic acid?t
olZ¥H 3FAE  cicosapentanoic acid(EPA), docosah-
exanoic acid(DHA) %-¢] EHEHIT, n-67 <] linoleic
acide} o] Z5E AIE arachidonic acid(AAY} FEgkElth
(Youdim et al., 2000). AA M LoflA AHFARS A E=ke] T
9] FPAA 2f-5A (Stillwell 5, 1993), FAe] FA
% (Shikano 5, 1993) A&} whiizlzle] AFFA18-(Salem
3} Niebylski, 1995) % prostaglandin, leukotriene, throm-
boxane - eicosanoid TS 418 ATA =AM L] 98 &
clekl AEEE 7)Fe Teshe AR deA vt &

%, PUFAsE 59743, #Ae92E, §4 A7 HAlbert
et al, 1998; Nordoy, 1999)F ®]Fsle], 784 73
(Vreugdenhil 5, 1996), -$-25(Hibbeln, 1998), =44 3l
FAR(Stoll 5, 1999) AL FHAA Age] AP
AN A dsle BAE Belw, ol FZ n-34
PUFAs B3], DHAS} EPAZ| Foddled ehd AaE o
A siet.

o8 o] oJ5ha, n-34 PUFAsl 7105 <5
e B9} Akfa]r) e BE Z)ge] o8 vl
= A BoFT Q. = Benito 5(1997) A5
A wjekde] AH71E 5.6%2) EPA] 23] 'SOD, gluta-
thione peroxidase 5 3MALFEAS] A7} F7Mgoal 3
9lem), Relton 5(1993)7 Glozman (1998 F&4 3
S B3| oln] Akifelrld] o8 WEl7iAde] & odeA ol
= d3E|e] 384 &Ale] DHA EFoll &s] dAErtar
slgden] Billman 5(1994)2 AZHE Az Fd
77 o2 R usledth. Youdim#® Deans(1999)ye 1=
o] Z7VRE xzxloA Alfe]7)= F718kal PUFAs
X 7+AFeA S49151, Urano 5-(1998) €571l whet
A FA A AR Frie} elA - 7% Wyt
SukEe | o2 M Ewhe] PUFAs B3|, DHAS| 7hie}
T Jepts Fatels sigich

o] Aol A WzhEAl & #akEl AE A W Ee
72 DHAS} EPA ZE n-34 PUFAsY] 7540

" n-3419) linolenic acidelly F8EE F=X] Es)9iAL o)

FukEl AAEE Felsl 4 glgiwl. SHH, Lauritzen &
2000y A3 JHAZ wjeke] FoI% linolenic acid’}
el &3t A AANEALE dshs EAE RelX
at ZE A4k (saturated fatty acids, ©]3} SFAs)E 417X
Fx2kgo] gl 2AE d9ed, £ 9FIM= myristic
acidZ A 9|3t SFAse} vl 8- 3}Aulik(monounsaturated
fatty acids, ©]3} MUFAs)e| WzFRARzol M 28k AleolE
Holx] ehgke}. o)7L SFAseh MUFAs7} Abaxfre]7]el 2|
3} AR AAbEle] 25k Akl BIZISER] 3-8 AAlslT, ¢
= AkRE7F C=C 152 HAE TAHFL 9] o
F4Y TEF A PUFA7} A|AgAlspi-gol] #eFshe}
¥ AN (Bsterbaver 5, 1991)#% Yxdch.

o] dFollr TARY Ak} A = B EAA Wzt
* n-34] PUFAs? 742} 549k n-64] PUFAs? AA2)
Z7tdet. o]¥& SAL n-3Alel W3 n64 ¥l Hlm
M oS HAEA elde. olel 2 AL 249 &
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T2 3, 2B A 5o vlokgt 271 E g
¥ oh(Hummel, 1993; Simopoulos, 1991). FE3}, Donald-
son? Knowles(1993ys QF-5oA Kol AESH M3}
7} A apakEbge] kel 7]QlEil, EAlHME AAYY
27 = EAlL Helvkdl §1¢3em, Osterode®t Ulberth
(2000)= <dej] hg% 2R AT AA FEI)

A5l vlEsle] Frldoia » aslgioh

AA2] 342 dihomo-gamma linolenic acid25E] A
5, phospholipase A,(PLA,V| £EFH A2 283}
welA] zhe] PLAS A = HHTE S7H7E 2
45 g 23, AA2] F7WL 29E Zele) iFHA
T B AT o] FAE FA Ik 39,
Shikano £(1993)# Martin(1998)2 X &3t 7|22 2 23]
g}, DHAZF PLAS] A ZE A5A]7)e 2hge] g
B sl o] do% DHA® 47} PLAS AT
9 Ve ek, AgE 2 AA7 5718 75 o] Sl
&% AR AR wepd 3F Gl wkzke
PLA,®] & 243} n-34] PUFAs 53], DHAS} EPA §
7} S o) w|A= dke] Wit Fr} A7 Aed
Ao Az,

o)Ake) A= wgte] s WA AkifE]7]7F =]
ZFA NN XAk 2 EE 2 o AlEE
o}, g7kl 218 AAlk A Ee] 542 n-34] PUFAsS
EPA, DHAS] 749} n-64] PUFAsQ] AAS] F7leied],
MDAS] Z7}¢} Zulsl ]Eiw} W3 Wk AAEY7)A
o] AAafE)7) B3] 0,7} Holshs x@Aspakepikgel 9
g YL AR

HAfe] 2%

B ATE 19999 Fokdjstw wdTH] APe o)
o} F7)el AR,
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