J. Toxicol. Pub. Health
Vol. 20, No. 3, pp. 213-223 (2004)

eF0|EE F0iet 2lFC

Official Journal of
Korean Society of Toxicology

Available online at http://www.toxmut.or.kr

sliotet cHxjm| & oM Reactive Oxygen Species

The Effects of Oxidative Stress Induced by Aluminum on Cellular
Macromolecules in the Hippocampus and Cerebral Cortex of Rats

MMo=z oIft MNIZ{LEXe] MEIN £=4

SHE - DHE? - Mol - o238 - BafE’
') Q) AL BA, et ol s} ofel st

Chul-Jin Moon', Hyun-Chul Koh?, In-Chul Shin? Eun-Hee Lee' and Hae-Ran Moon'

'Green Cross Reference Laboratory, Seoul 135-260
2Department of Pharmacology, College of Medicine, Hanyang University, 133-791, Korea

Received May 18, 2004, Accepted July 29, 2004

ABSTRACT. This work aimed to study the effectiveness of cellular oxidative parameter (malondial-
dehyde, protein carbonyl, and 8-hydroxy-2'deoxyguanosine). The experimental groups were alumi-
num treated rats and control rats. Aluminum treatd rats were given intraperitoneally aluminum nitrate
nonahydrate (AI**, 0.2 mmol/kg) daily for 30 days except Sunday. Control rats were injected 1 ml of
saline. After the dose, rats were decapitated and hippocampus and cerebral cortex were removed.
The measured parameters were tissue malondialdehyde (MDA, index of lipid peroxidation), protein
carbonyl (index of protein oxidation), 8-hydroxy-2'-deoxy-guanosine (8-OHdG, index of DNA oxida-
tion), reduced glutathione (GSH) levels as well as glutathione reductase (GR) and catalase. Al con-
centrations in the tissues were also measured. All results were corrected by tissue protein levels. The
results were as followed; 1. The concentrations of Al in the cortex and hippocampus were signifi-
cantly higher in the Al-treated rats than in the control rats. 2. Antioxidative enzyme's activity, catalase
and GR, were significantly higher in the Al-treated rats than the control rats. GSH levels were also
higher in the Al-treated rats. 3. MDA, protein carbonyl, and 8-OHdG concentration of Al-treated rats
were significantly higher than those of control rats. 4. The concentrations of antioxidants, and oxida-
tive stress parameter were correlated with the concentrations of Al in hippocampus and cerebral cor-
tex. Catalase and GR activity were also correlated with the concentration of Al. Based on these
results, it can be suggested that intraperitoneally injected Al was accumulated in the brain and
induced the increase of antioxidant levels and antioxidatve enzyme activity. Also, the oxidative prod-
ucts of cellular macromolecules are significantly related to tissue Al concentration. Therefore MDA,
protein carbonyl, and 8-OHdG are useful markers for oxidative stress on cellular macromolecules.

Keywords: Aluminum, 8-OHdG, Malondialdehyde (MDA), Protein carbonyl, Oxidative stress.
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1980; Sies, 1986). WAE ROSE HAYR|A] o AR}
Ae Q97 Yt Aoz T Exet vhE-S sH
=oi(Floyd, 1990) Al AtEA% 2 ti/do] ot

ROSel 93+ AlEe] kel =442 FA A 7EA] 34
oA =oElo] Yt A, DAL thiol 259 4kt
2 9% Bt gratbEd o] 5 2 84 lE
A, B OEESR AN S AEH S JiEE ¥
Aoz Qg uke] Fxpg o] ws), AR gite] 4ks)
2 B2 3 Edolel Wt Folrt o]& Alx A
EAe] 2481 E48 Hreh] A8 IASZEA A
Ao] #akslE<l 4-hydroxynonenal® MDA, Thzle]
Abslare-E-0) 2k3lEl DL protein carbonyl 2 4HslE
o] 28439 glutamine synthetase, 314ke] 4lalE<]
8-OHdG, 8-hydroxyguanine % thymine glycol(Floyd
et al, 1986; Steinbrecher et a/, 1989; Oliver et al,
1990) 5ol 2 A= ot

7150 dFv)Ee AlxEAde] digh
A A3} HHSE3) gakslE e 24

A A To) tiE-Eolfen, AL Aesh A
3} DNA9] Ak} &4 7k iiTh

Ho| A dFujFo| BolHo 7 HHHE BoE AxA
(striatum), sin} 2 AR d2iA Slem(Deloncle
et al, 1999), 3] &Fu|ge] 2gt HYF o Folx 3
oz sjuje} v u]d el mslA E(pyramidal neuron)
9] F3b}t vehdtis. R v JriWeinstock, 1995).
oo & A= vl i s FoA dEnlgoel o7k A
AW AhERFe] Atsly & F-E ddstr] flste] 7]
Zo) AE = catalase?} GRY FAE, GSHY FX,
MDAY & 2A3193, A2 AE2ZAM protein
carbonyl, 8-OHdG2] AHFH7+E A =3stax} sHATH

Az ¥ e
AEK=

MESE. AISEEAM AF 65 AF 200~250 g
W)l 42 Sprague-DawleyAl BFE AREsIgiod,
FAQR vl dizad AR Eith 3
ot FRINZ ARSAe] &= 25°CH o, BFANAl AlF
d Alsel B8 AlgE £A] 2%t g 9 H AP FEEY
HE-& 240~300 g2 Frhslen, Solg 9 5
g 2 Ee] Wshs TR it

et=0|E F£0{. Aluminum nitrate nonahydrate(Sigma-
Aldrich, USAYE Aa el Fo] AL, o1&
Zo 0.2 mmolkgelitt. &FuE AgolAE alu-
minum nitrate nonahydrate® A3 FE2] A5 uwe}
B3 2dsEA B0 FARIEL, izeelM e A
PAEFTe 1 mE FARITH EFReE FA710
17hgol .

HZ=Eo] X2]. FFHAE FAAIZ] 1€ el AR
own AEsl A thg HolA] sfrte} tiHH A S
28kt ¥W%2S 1 mM deferoxamine mesylateZ}
3% sodium-potassium phosphate buffer(pH 7.0)
3 mioll %o} homogenizer{IKA-ULTRATURRAY, T25,
Janke & Kunkel GmbH Co., Staufen, Germany)E -
AgslAnk. #EALS ultrasonic cell distruptor(450,
Branson, U.S.A)E o|&3ld 7 wattd] power® 20%7¢
oo gslglon, 4°C, 20000 gollA 1587 Y4lR
sl B FEFHE ABEE ARSI

Mgy

=Z|LHe| ¢20lE M. AE 200 pE wfA/AA
(0.2% Triton X-100, 0.14 % Mg(NO,),) 800 ule} 41&
t}e B|EEARESEBA T A (PE 4100, Perkin Elmer,
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Norwalk, CT, US.A)l 20 uE FYst] F4=8 =74
EIo3A=

ZEje] MDA 2 =2l MDAS FxE= LPO
586 kit(Oxis, U.S.A.JS o]&ste] Akt A& 200
wlell butylated hydroxy toluen(Sigma-Aldrich Co., St.
Louis, MO, USA) 10 piE 4o] 1913 AkstE A
o2 TBA Al9F 650 wiel 5G4 150 wE FH7kekich
45°C &pzoll A 1A7E §<F vHgATA TBA adducts A
alo] A
Zde oo the 3378451, Agilent, USAE o]
&3lef 586 nme| M FHES AT FEN
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ZZ|Lie] protein carbonyt M. =2 protein car-

bonyl?] == Levine?] WHOE Akt tHLevine et

al, 1990): A|& 05 miZ 1.5 ml £%2] A4 FHo

Bzsl o2 20%(wA) trichloroacetic acid® H71ske
chl RS AAAIZ . 11000 golld 587 dAEE st

£ sl
Azl 7% F 05 mie] 10 mM 2,4DNPH €48 ¥
T OIATZE 59 Aol wWhREte] feAst AZ T 1 miel
ethanol-ethyl acetate(1 : 1) £ AL H7}8laL 10
E7F Aeo] w3k g 11000 gollx] 387 falEe]s)
FEe) 7 WA RS AANTE A S 33 v
Atk 6 M guanidine £9-& 1 ml #r}eka 37°Ce| &4
Zol| M AIZE B3 WSl Thd AAES Bl
11000 gollA 37+ ddEelstd gai=A] 22 =28
R385 380 nme] oA SRS SHseH, &
F4AS4 22,000 Mem'& o]83le =5 ALt

ZZ|Lje] 8-OHIG .
3t Gupta®] ¥'H(Gupta, 1984y F78dt °l&
AL, FEE 8-0HAGY] FFE HPLCE ol83sto &4
Stk AR 1 miE 1.5 ml £33 dMRHFE ¥
3 proteinase K &3l buffer 270 pE #7118k o,
proteinase K& 30 u¥ skt 56°CollAl 1A1Z7F &
ot HkS-A]1Z1 H phenol : chloroform : isoamyl alcohol
(25:24 ;1) 4L 400 p 78k AT 14000
romellA] 1587 AR ste] 42 A4S 035 mE
YA EH £7 the ethanol 0.7 miE #7181l
HolFrh. 142 Bt 20°Ce WEA BXg o
4°C, 14000 rpmellx] 1587 A4Felste] 43S A7
3ok, Yo AAE-S 70%(vA) ethanol 1 mIE AR A
2 5 o) daiEste] FEAe AAAZHT def
DNA ZAE-E 20 mM sodium acetate buffer(pH 4.8)
0.2 mlZ %9 t Neclease P1 20 uge H7igk H
37°C &FzolA] 30R7F vHEAIZTE 1 M Tris-HCI buffer
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(pH 7.5)2 20 ul A7+ t}2 alkaline phosphatase®
A7V}, 37°C 2524 1417 HESAIH DNAE #3)
A7) § 50 pie ABE HPLCY) FUsted #4185
2-deoxyguanosine UV 71&71(2487 dual UVD, Waters,
USA)E o]&3le] 245 nme] 3ol HEsHAL, &
OHdGE #7187 &71(464 ECD, Waters, USA)E
o] g3ate] 600 mV, 10 nANe] Z7o2 HAEsIt. H
3= binary pump(1525, Waters, USAJE ©] &3,
NEFYL ABAZFY71(717, Waters, USANE AME
3Tk o] BAE 100 mM ammonium acetate(pH
5.0), 24€-& I3 AH (Atlantis dC18(5 um, 4.6 x 150
mm), Waters, U.S.A) gl°]&] *2]= chromatography
program(Breeze ver. 3.0, Waters, U.S.A & AH8-3}%1

ZE|LHO| catalase EME. =2 catalase EHT
=4 e o3 2UTh AlE 0.2 mE A3 &
F3}al, 37°Ce) 2=zolM 187 A& v, 50 mM,
pH 7.09] Qitgkz=goiow wh= 1 mig 7]249(65
mmol H,0,}& A7Islsith. 37°Ce] 24%0lA 4 &3] 1
E7F kAR 5 1 mie] A EA(32.4 mM am-
monium molybdate}s 4101580t FAEE 7148
1 migk vReAR &A1 miZ 41 F, A5 02 mE 3
7¥5 O 37°C 2504 287 BAEi Y. A8 ¥
NagE EFZEAE o83t 410 nmel elA 53
=5 243, Aikale ot 2Tt

Activity(kU/L)

_ sample blank - sample absorbance

blank 1 - blank 12 x 271

ZZELHel GR #ME. =2Z#9 GRY =
340 kit(Oxis, US.A Y o3t =433t 0.2 mig)
A 8E cuvetted] WAL 0.4 mie] NADPH &S 5%
5 wEle o]gsted AoFUtt 102 AR 287

N e
=
0

340 nmel HYANH FREE 2R 3, Aa40] TL
5 F7be Adste] Thew 2 A2 ol83te] ALtaky

tHe = 6.22 x 1073).
mU/mL = (AAy/miny6.22 x 10° mi/nmol

ZELHe| GSH ¥&. =79 GSH A% GSH-400
kit{Oxis, U.S.A)E 0|88l A3t 0.3 mie] A&
o] 0.1 mi&l 5%(w/N) metaphosphoric acidg #7138t
o Q1913 AlslE WXAZl H, 4°C, 3000 goltA 10
7 ARYE AEe Bkt 4Ed 0.3 midl
elxtelE=gd 0.6 miE EF3l 560 wel 4-chloro-1-
methyl-7-trifluromethyl-quinolinium methylsulafate &
Ae Hrlsled thioletherE: FAAANZTE. 30%(whiv) FAF
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ShIEF §9 50 piE 4132, 25 + 3°CY] Yol 1082
b AA thioneS F& ¥ BAZE=AZ )83l
400 nme] IPgella] 10 AR 287 FREE S
asint. AR vkt 2githe = 0.0118).

mM = {(A - A;)/0.0118}

o2l

ZELe| CHHE Fzk 2o Tl P2 Lowry
o) W g olgstgom(Lowry ef al, 1951), 2 A
Fo) e Y MRS o) FE2 ro] 239
Aatolo]| 23k @22 BASATE. AR 0.1 mloll 2 N
FAFUEF £ 0.1 mIE A& H, 2= B4 108
ZF HkeAIZl o Ao w AEY 1 mle) complex-
forming A19H2%{w/) Na,CO; : 1%(wA) CuSO,5H,0 :
2%(w/v) sodium potassium tartrate = 100 :1: 1}&
A3 A2A 1087 w3A1ZE H, 0.1 mi9] folin Alek
< Arbeih. A7 Bt A2 WX g B35
CAE o]&3ld 550 nme] oA FEEE SA A
o} HFEAOZE 0.3%(wh) bovine serum albumin
(Sigma-Aldrich, U.S.A.}S 3]43le] ALg-31iT).

[y
A1)
1=

-

A= Hed + TR BB Azt
AU ZE MannWhitney test, 23U dFo]E3}
AP el AAR/AE Spearman's rho test® A
sl felrEe 0.065107 AHSE BA 2o
SPSS 7.5% 4.

N

3

Al Concentration in Cortex (ug/mgprotein)

Control

0.2mmol/kg

04622 ZEZ9] 3.74 = 0.46 Ug/MQpoenith 2135}
A ESdt. sfehy] $F0E Fee A48T 14.90 = 1.33,
2T 7.41 = 0.80 UO/MYpoen® BAZCE Fol%
2ol 7F AATHFig. 1).

sl T et SIS 5T

=T dollA] catalased] BAHEE diRwo] 145 +
0.29, A¥Zo] 2.79 + 0.28 kUMY AL, Sw}ol
Me gizTo] 0.87 = 0.19, A&@+o] 1.66 + 0.34 kU/
MOy B7 Folg ztolzt AUATHFig. 2). GRY
S tE A tizo] 11.17 = 1.25, AQFE
°] 156,51 + 1.63 UMmg,uen 1AL, Bt E it
o] 10.77 = 1.40, A&l 17.19 = 1.10 U/Myyowein
2 ZAHLE Fogt Apol7t AUTHFig. 3). GSHe &
T g thzxgto] 2.87 = 0.05, A& o] 3.09 +
0.06 mmol/mg, el A2, vl M e tizTo] 4.68 =
0.19, A&+l 6.03 = 0.33 MMOl/Myp,pen22 Fr2l et
ztol 7t AATHFig. 4).

MZLH XS] Mtapd &4

MDAE tiE T Aol thza 050 + 0.01, ¥+ 0.62
£ 0.04 umol/mgp e, 1AL, ButeliME iz 0.79«
0.03, A¥F 0.97 = 0.06 UmMOol/My,een-E 23 2}
o)7} AUATHFig. B). AL protein carbonyl &
= W&2°] 0.57 = 0.01, 4¥8F°] 0.70 + 0.04 pmol/
Mproten®l FL, St M= thze] 0.76 = 0.03, 2E
2] 0.92 + 0.07 umol/mgyer22 2017} 231t
(Fig. 6). 8-OHdGS tH¥d F=& 10° dGF 22
1.00 = 0.13, A& 1.63 = 0.210191, ainfollAE 10°
dGF thE+ 1.17 £ 0.12, A¥F 1.92 + 0.252 F9|3
2ol 7t AR THFig. 7).

e, (D)

Al Concentration in Hippocampus (ug/mgerotein)

Control 0.2mmol/kg

Fig. 1. Comparison of aluminum concentration between control and Al-treated rats. (a) cerebral cortex, (b) hippocampus. Data

are the mean + S.E. **p<0.01.
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Catalase Activity in Cortex (kU/M@potsin)
Catalase Activity in Hippocampus (KU/mgyiein)

Control 0.2mmoltkg

Fig. 2. Comparison of catalase activity between control and Al-treated rats. (a) cerebral cortex, (b) hippocampus. Data are the
mean + S.E. **p<0.01.
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GR Activity in Cortex (U/mM@ptein)
GR Activity in Hippocampus (U/mggyetein)

Controt 0.2mmol/kg Control 0.2mmol/kg

Fig. 3. Comparison of GR activity between control and Al-treated rats. (a) cerebral cortex, (b) hippocampus. Data are the
mean + S.E. *p<0.05, **p<0.01.
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Fig. 4. Comparison of glutathione concentration between control and Al-treated rats. (a) cerebral cortex, (b) hippocampus.
Data are the mean = S.E. *p<0.05, **p<0.01.
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Al Concentration in Cortex (Lg/MQpotein) Al Concentration in Hippocampus (19/Mptein)

Catalase Activity in Cortex (kU/M@gcoiein)
»
L J
Catalase Activity in Hippocampus (kU/mg;oein)

Fig. 8. Correlation between tissue aluminum and catalase activity. (a) cerebral cortex, (b) hippocampus.
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ol p=0005

GR Activity in Cortex (U/mg,gein)

GR Activity in Hippocampus (U/m@ein)
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Al Concentration in Cortex (Lg/MGprotein) Al Concentration in Cortex (Lg/MQrotein)

Fig. 9. Correlation between tissue aluminum and GR activity. (a) cerebral cortex, (b) hippocampus.
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Fig. 10. Correlation between tissue aluminum and GSH. (a) cerebral cortex, {b) hippocampus.
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11. Correlation between tissue aluminum and MDA. Panel (a) was cortex and panel (b) was hippocampus.
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r= 0,699
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12. Correlation between tissue aluminum and protein carbonyl. Panel (a) was cortex and panel (b) was hippocampus.
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Fig. 13. Correlation between tissue aluminum and 8-OHdG. (a) cerebral cortex, (b) hippocampus.
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B sTele| AEA
ZAZE 4Fu|F =59 catalase BT 7] AFHA
Fe EHH»VEOH Al 0.767, simlollA 0.7142 o] A

JAZE Ao, FAHeR Fo3lthFig. 8). GR &

.1

Q=7 AT dxgdo] 0.705, vk 0.684%
AlfFig. 9). GSH FE7re] AAlss == 0.645,
&lul 0.644% Tl"] o] AABAZE UATHFig. 10).
MDAg}e] Al s= tiH 3 d 0.698, slinl 0.6700) R
(Fig. 11), protein carbonyl#¢s A#ASLE diH=d
0.699, 3llvl 0.637(Fig. 12), 8-OHdG2}e] AaakAl= o
X33 0.679, sli7l 0.682Z(Fig. 13) %) AABAE B
Rom FAHCZ Folsint.

]

o

Yaldo] AZujFL ferritinoll A=} LHkEm F
3} 73R Zolt}. Transferrin-metal complexs receptor-
mediated endocytosisg® B3] X7 &0 Eo|7it}
(Govyer et al, 1995). AZA N ferritind He] o] =
o= A2 GRulgol AR ferriting A@ sl 4A ¥
H3# AHblood brain barrier) £33 4 9182 9n
SHHFleming and Joshi, 1997). & A& oA slinte} o
HAdoN HWERFEY FosH] £ 4FruE FEE
Blemz E7hf FARR ¢Fujge] HzHo=z a3
Aoz PEUSS & F AsTh

I718MEE 3 superoxide(O, W Z2kekEA(H,0,)
2 hydroxyl radicaliOH - }7} 7222 ROSY)| k=24 o] A3}
A £4E AT AUk Ak &gl didk AlEdele
HeFe 84, HEAF WS 53l o]Foix|ed), o
719l= catalase, glutathione peroxidase, glutathion
reductase ¥ superoxide dismutase ¢ FAbstEA
9}, glutathione, tocopherol 2 ascorbic acid 5¢] &
2beiAl7E leKFloyd, 1990). 2A® ROSE AA37] 9
g 27] Wor|de gitalase] gstel gatsiAl, 1
222 H- AN A SoltHThomas ef a/, 1990). £ 4
TAME Z7] H)EA9) catalase2] AT i
o F7HIAT. e 9 A} sep 25 4kEkA9) GSHe
SE7F S/, AslE GSHE #IA717] 1%k GRe)
=7 xR S/, GSHE AlZUollN 2
23 thlof71E 7}74_:_ A= tripeptideo]®, )& aks}

o] 279 ¥ alky! ““: lipoxyl ZFe1d-g sl g},
ZESA| jJer—G‘f"‘s oju} gxdtolH Rl HZA M=
GSHe| v%7t ad" Z\_i HHe glorKSian et

gt =

al, 1994), ¥F2o =2 Q3 23lF EAAdE
Ao GSH FEE FoRAITH ZhlMs Aldako]

HaEe Aoz veht 3UcKSies, 1986). £ A-ellA
A Bge] ddEEME GSH-J =7t 7k Ae
A8HA B4 2716le GSHY Amrt ey GRY &

AE7} S7F8PAA oxidized GSH(GSSGY7F GSHE 3+
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