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A study on the metabolism of aromatic organic

solvents and their interaction

(Benzene, Toluene and Xylene)

Ki-Woong Kim, Young Hahn Moon and Sang Shin Park
Occupational Disease Diagnosis and Research Center
Industrial Health Research Institute
Korea Industrial Safety Corporation
34-6, Kusan—-Dong, Pupyeong—-Ku
Incheon 403-120, Korea

— Abstract -

We studied the effects of a single, combined and mixed exposure of benzene,
toluene and xylene on P-450-mediated metabolizing capacity, and the activities,
other related enzymes and the excretion of their metabolites.

1. The contents of cytochrome P-450 and bs in liver microsomes derived from
treated groups were slighly higher than those from the control group: The increases
of P-450 contents were prominent in B3, TX and mixed groups (M)(p<0.05) and
that of bs contents were also prominent Bl, X3, TX and M groups (p<0.05).

2. The activities of NADPH-P-450 reductase in liver microsomes derived from
treated groups were increased: The activity of TX group was prominent.

The activity of NADH bs reductase showed same tendency as NADPH-P-450

reductase: The activities of Bl, T2, BT and TX groups were prominent (p<0.05).



3. The prominent increase of EROD activity was observed with single treatment
of B, T, X (p<0.05), but not the with combined and mixed treatment. Also the
prominent increase of PROD activities were observed with the treatments except
BT and TX groups (p<0.05).
4. Western blotting with monoclonal antibodies against P4502B1/2 isozymes
showed the presence of cytochrome P4502B1 in liver microsomes from rats treated
with xylene and T3, and color densities of bands were corelated with the injected
xylene amounts. The color density against P4502E1 were slightly increased in
benzene, T1 and T2 groups compared with xylene treated groups.
5. The amounts of urinary metabolites of the organic solvents by single treatments
were significantly higher than those by combined and mixed treatment (p<0.01).
These results suggested that P4502E1 isozyme might be responsible for the
metabolism of benzene and toluene, and P4502B1 isozyme is for xylene. We also
found that P-4502B1 was inducible by xylene. When we compared the results of
single treatments with those of combinatory and mixture treatments for the
activities of P-450 dependent monooxygenase, the activities were reduced in the
groups of combined and mixed reatments. Therefore, there must be some
interactions of the organic solvents in inductions of P4502E1 and P4502B1 and in

their action in the metabolism.

Key Words: Benzene, Toluene, Xylene, CYP2B1/2, CYP2E1/2, CYP1A1/2,

Cytochrome P-450 dependent monooxygenase, Metabolites

Abbreviation: B, benzene; T, toluene; X, xylene; BT, benzenettoluene; BX,

benzenetxylene;, TX, toluenetxylene; M, benzenettoluenetxylene
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vt 1y E 7R WReESEr sl A (monocyclic aromatic hydrocarbons, MAH) 7|
F718A= Ad 2 FAF g Hold &AS T ol ol &
JE, Soh2y, AT Az, AZA 2 XA Fom A dnkel AAA ] AEE]
At} (Arlien-Soborg, 1992). WA o5 EZo| tis diAl, SAAEA 2 &
| #Eg gAtE B4l i BE A7 Ae ) sES dideR F 8 9l

=

2

o1} (Rosa %,1987; Sabourin 5,1989; Moretto®} Lotti,1990; Baelum %,1993) w4+
o] A7t= MAHA #7]18A1¢ ddE=d Z2o g A=tk

a8ER B AFsE MAHA 718419 g3 22l benzene, toluene ¥} xylene
S Yo Z Sprague DawelyZl 3FHE o] &3l o, W 2 &3¢ ez F=2
AR F, PgA olE F7I8AE SiSHAL AT

EoOARRES] APES RS ERddel nEt 93 U 354
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= A =8k

Benzene (Parke® Welliams, 1953), toluene (Cohr®} Stokholm, 1979) % xylene
(Ogata &, 1970) 5o A7l o] B A WA, o5 MAHA #7184 tirtel Slof
Al cytochrome P-450 (P-450)°] Azl W A S Ao F#ejsle] benzene
benzene epoxid, toluene¥} xylenes benzene ringol &Y+ methyl7| S FAFEEHS-
= Fdl FE8AHoE WIS A7, ol WEE FIHAES phase I Ao ofsto] i
H Aoz def At (Parke?t Williams, 1953; Cohré} Stokholm, 1979).
ol fr7I&AS] AWAQ ARG A AL Holids AR e WA= phase 1T

® 49 conjugation® = A9l A HUT} phase I &0l oafA] 12 AE3HA ] WMo

il

o] Fo] X = GAolt}. w3 P-450S MAHA 7] 84 ek olyzl & st AR
2% o]&3 (xenobiotics)e] WAl TAdle] S5 Lo E2 Huy A3 FAo]



2 2z gARRAA ASga A7e wE, ARt BFEe S4e fuar)E
At P450e ol wE Amel Aol glent Ave AwAR slwe] Eraw

gom E3] MExdE WaazAe WA (microsomes)ol cytochrome bs ¥ reductaset
3t7 single polypeptide®] heme @A R EA5l+= ZE3 dwldolt} (¥7]d, 1986).
3k P-4502 exogeneous substances ¥RF ofug AAY FAEAJA A HE AHE
o]= 9 prostaglandine®} %<& endogeneous substances Sol&= ZE&E 3}
(Cockerham ¥} Shane, 1994).

aYrz g Aakso]l P-4500 o3 f718A (A 5, 1994 Lewis, 1995;
Osawa %, 1995) % EA3}stE4 (Sabzevari 5, 1995; Lewis %5, 1995, Mannering ¥}
Shoeman ,1996)9] tiAbZ]d 3 #A#HSe] 2F247] A (Uematsu 5, 1994, Tefre &,
1994; Yue %, 1994; Rajasenan %, 1995; Stroop %, 1996)2 ¥3]a Ut}

Arinc 5 (1991)2 P-4503} ##ste] =715 o839 benzeneol that H4d=4
S AT g e, 39 o dA%3le] benzene 830 mg/kgS I IFAME & 7HA
27l loj A P-4509] S 8% A, benzened FAE ISt I A%l
AdolA P-4509] ¥ WskE #2Ed F gldvha ®arsslvh ey Pyykko (1983)%
toluene 2,000 ppme dF o] ZZAIZ]1 & oA P-4509] o] T7F HAYTL H

r

(12
oot
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Q

%

13k oW, Toftgard?}t Nilsen (1982)8 xylene® xylene £3% (o-, m-, p-xylene),
ethylbenzeneS 77} 2,000 ppm X2 3Y¥ &< F2ZAZ 3F] 14 oA
P-4509] st&Fe] F7tEe AS #Fesivha ®Ba 519

Pathiratne 5 (1986)% Sprague-Dawely 4l % 21F | benzene, toluene, xylenes 3
A ot dA&e)A Fostd 7Hgol 2olA microsomal cytochrome P-4502] ¥ #o] %
7}t otk benzene FolwolA= SASA] fFolgk F7H7F gl 1o, benzene<
toluene< xylene o2 P-4509] g=Fo] F7Fstivtal K a1dkSth Nakajima &
(1992)> Male Wistar g#E ©]&3}% P-450 monoclonal antibodies®l ©]3} inhibition
ATE 3 A benzeneo WAl glol A PAS0IE & el 9] isozymeo] ¥o]dtthal Wl

sttt ol" 543 4o i AId R 549e ddEes o8t @



EZo] o3 &=-¥k3 9 pharmacokinetic G475 F3ste] HubE <l HUlrl o] Fof
o
=

, FREE 54 2 dAbE

T7F giEoltt (Ikeda, 1974; Sato®} Nakajima, 1979; Okino %5, 1991 ). 3%
benzene, toluene, xylene WALl SQlojAl diAlte] EolAd& ZHAAHS= Z-2 phase [
enzyme®l P-4500] #ojdlti= AFHIE QoL o5 F7]8Ae thAale] o &
Bl o] P-450 isozymeso] #of d=A|oll disA= ol A 7kA] gAd] WA A kil Q).
meba] E AFgAE oE fUIEAE 9, B % EFE FHE FEAZ F oW
Feje] P-450 isozymes©] % (induction) HE=XE #2137 93te] P4501A1/2,
P4502B1/2 % P4502E1/2¢] gt GAFAES ol &ate] Felstua ok olE

et FEEA mebs ou g o zolE AAew thAikE ] )
Ao g JEFES mA=AE FEEAT. wEbA B Ao 542 sEAY 4
H}E 3t ol f7]&A ] frEEE 54 isozymes® FEE Folg

ol f7IEA HFEHE SEAES AMXEAE o]E cytochrome P-4509]

isozymes 2]

it
y

isozymes©] frE=¥H=AE st oo 54 &L WES ol &t {7
Al FRol] w2 Abgkel gl el A=l Gl Hrlel floid 2L Bio-

marker2 A4 &8 312} sk}
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1. A=

Bovine serum albumin (BSA), 7-ethoxyresorufin, pentoxyresorufin, cytochrome C,
NADH, NADPH, sucrose, NaCl, glycerol, BCIP/NBT solution, TEMED, MgCl,, KCI,
glucose-6-phosphate, glucose-6-phosphate dehydrogenase %< Sigma A} (St. Louis,
MO, USA)Z HE Tt e, FoE2Q benzene, toluene, xylenes Aldrich A}
(Milwaukee, WI, USA)= 8 +9fsto] ARgstinh. 71 5o dnb#Ql Aslsh A ofi
AldrichAFeb Sigmart= 58 9)ste] Abgsiditt. ddE

T

AAE 2 FE BAde Sprague Dawleyd 6 FHE FAZFH (18010 g)& AL&3}
Fom, A3 2 FdHd FH 2% (23+27), 5% (65+5%) ¥ AFx=4d (12 hrs light/
dark)® A5l A Alme} 5855 AFEo] HHAAIHT

|

2. A3

Ay A dxzad Foliez £/ (Table 1).

Folurd FRYH wepd &, He 2 £ Fodoer EFsth 9¢d Fo
9] 79+ benzene (B), toluene (T)Z} xylene (X) Fojw-o =2 AliEste] 7zt 0.5,

1.0, 1.5 mole/kg o= Fostlar (97), B Fou-2 B+T (BT), B+X (BX), T+X
(TX) 3703 B+T+X (M)E EF Folg o (1 /)= o] F 14a o= &%
o We 2 &9 T2 1.0 mole/kg 5E (equimolar)Z Eg3le] Folatgdt. 7t
7+e] F7]184AE olive oilol &3AIA 19 134 33U ALste] BAFAL a49lom,
T2 4riE] 2 EF

S
N
N

lo

UL



3. 7F Microsomes #39] g

A EEL chamber WolX CO; gas® EZAIZ]l v A 7+& dAAste] 0.9%
sodium chloride & o2 g Ao, Sad dH 2 dS A% 715 025

M sucrose &do 2 A v, Abs P EE (12,000 xgoll Al 40, 105,000 xgoll
A 604) ke 015 M KCIZ Aojdl 3 HHAES 025 M scurose® resuspension 3}
o] (Park¥ Kim, 1984) vz A a3} cytochrome P-450 dependent monooxygenase
24 %= 9 Western blots 75 A3l A&sisith e AdL2 0-4ToA F3eA

3 #2]¥ microsomal @A ] WS WA 5] ko] - 80T AAl H s T

Table 1. Classification of experimental groups and doses of aromatic organic

solvents administered

Groups Animals (n) Doses (mole/kg) Remark

Control (C) 4

Benzene (B1) 4 0.5 mole/kg Single treatment
Benzene (B2) 4 1.0 mole/kg

Benzene (B3) 4 1.5 mole/kg

Toluene (T1) 4 0.5 mole/kg

Toluene (T2) 4 1.0 mole/kg

Toluene (T3) 4 1.5 mole/kg

Xylene (X1) 4 0.5 mole/kg

Xylene (X2) 4 1.0 mole/kg

Xylene (X3) 4 1.5 mole/kg

B2+T2 (BT) 4 1.0 mole/kg (equimolar) Combined treatment
B2+X2 (BX) 4 1.0 mole/kg (equimolar)

T2+X2 (TX) 4 1.0 mole/kg (equimolar)

B2+T2+X2 (M) 4 1.0 mole/kg (equimolar) Mixed treatment




4. 7+ 9] microsomal 9¥d 9 P-450 4 F
Microsomal ©¥d o] FE& BSAE RT&EAE 3] Lowry & (1951)9] WHjo=
st P-4509] $#S Omura®t Sato W (1964)e uwhehA] ditsiebrs
microsomes®| bubling A7 ¥ 450nm¢e} 490 nmol A §3 %= AolE =H3Y EFH
A4 91 mM 'Cm' 2 BH FES AAs
monooxygenase JA %= =4

5. P-450 dependent
NADH-cytochrome bs

1) NADPH-cytochrome C (P-450) reductase$}t
reductase =74
st == Master 5 (1967)¢] o=z #4349} Wt

NADPH-P-450 reductase®] 2
E3E 2 microsomes (250 pg/ml)3} 0.3 nmol potassium phosphate buffer (pH
0.1 nmol NADPHZ %3 550 nm oA 3

AN

o

[e)

7.7), 40 nmol cytochrome CE& &% 3t &
A4 21 mM 'Cm 'S o] &38o] reductase TP ES

Aotol B 5%

ol

[¢}

rr

3! =
FLE

N

FH =

oot

=0}

fs

s,

o

A2 3= NADH-cytochrome bs reductase®]

A2 82 of=
Jaldch WS- £¥E = 35 nmole cytochrome C,
60 nmol NADH

Cytochrome CE&
m 'S o]g3}

Hultquist (1978) ®Hol <& =4

=, P4501A+=

2) Catalytic Enzymes &4 % 54
FHEAY FHET FoHE Hele
pentoxyresorufin-O-de-

714 o] Fiol uElrA P-450
(EROD)¢ll

ethoxyresorufin-O-deethylase &l A, P4502B+=
ethylase (PROD)$} P4502E+ p-nitrophenol hydroxylase (PNPH)oll thale] A€ 2 <l

e e



(1) EROD¢} PROD®] &4 % =4

EROD®} PROD®| &/ %=+= Klotz 5¢ W3 (1984)el uwiebr 71de] 75 2elst
o] EROD+ ethoxyresorufine PROD+ pentoxyresorufing z}zb 7|42 A}&3fo] =
Aslgdet. w¢ £8ELS microsomes (3 mg/ml) 100 wlel 0.1 M tris-HCl (pH 7.4)
705 pl, 100 UM ethoxyresorufin 20 ul (PROD®] 49+ 2 mM pentoxyresorufin 20
pl), 100 mM MgCls, 20 M KCl, G-6-PD (40 U/ml), 60 mM G-6-P % NADPE 7}
ZF 25 w1 A £3skal 10 mM NADPH 50 plg #7bste] HSF9E 1 ml2 sto] g

=3 slvk. Elar 37TColA 10 E3F F28k8 A7]aL yA 25 ml WEES FH7hst
aL 700 xgellAl 5 &3t AAEe sk S AS FHskol 575 nmelM FHEE
ato] B F3AS 40 mM 'Cm '2 o] g3te] s sk

i\
o

(2) PNPHe] &A=
PNPH®] &4 %=+ Koop (1986) Wwel ¢l&lA p-nitrophenol®] 7F&2] microsomes
o oJ&|A WA E = 4-nitrocatechol HS FAste] AAEQ &4 FHEE t

Ak WS &3E-2 microsomes (3 mg/ml) 50 pl¢} 0.1 M potassium phosphate

3

A\
ol

buffer (pH 7.4) 80 ul, 1 mM NADPH, 100 uM p-nitrophenol 100 pl& &3+3s}e] 37C
B7F &eukg3 & (0.6 N perchloric acid 0.5 ml & #H7bste] AB&Edslar
(3,000 rpmel A 10 &< At dS5HS FHste] 10 N NaOH 100 plE

512 nmoll A FFEE A3t B FFATE o

mlm

6. Western Blot 4]

o 5 (1987)¢] ol ufetr] Western Blot #41S 3T}
Microsomal ¥ ol ojgt H7]dE2 Laemmli (1970) el <diA  sodium
dodecyl sulfate polyacrylamide gel (SDS-PAGE, 85%)& o]&3dle] 2AAd 3
MilliporeAl  (Bedford, MA, USA)9] Immobilon-P nitrocellulose membrane<



microsomal T Aol HElH gel e &8 F3 235 mAER AFE Z2EIY
Immobilon-P nitrocellulose membrane &2 ©]#A A]Zt}. Immobilon-P nitrocellulose
membrane®] T Ho] o] HE A k& FEE skim milkZ 2 A[F EF Ao A RES
A7 o o]ojA I membranes 10 mM PBS buffer2 1L, P4501A1/2, P4502B1/2,
P4502E1/2 91820 dig dd&dAE 10mM PBS buffer® 500 pug/mlz 32 A A
(Park %,1982; Park %,1983; Ko %, 1987) 2 &clA 12 A7+ ¥& Azl & 10 mM
PBS¢ 0.05% Tweenl 2 A& sttt A2xF Ao vH2-& alkalin phophatase’}
conjugation® goat antimouse antibodyE 5% goat serumo.Z 343k (1:1,000) T},
Foog Ao 1 Ak FF ¥EEA17]3 10 mM PBS¢} 0.05% Tween 1231 PBS
buffer® Al# ¢ th& BCIP/NBT & o2 WaAA Qe vhgHE 2l 39

7. 8% UARE ] AT 54
Benzene? £% WAFAFE¢] phenol 2 Baselt Y (1980)e. =2 wjd FS =433
I, toluened} xylene?] wWAMHEQ w4l (hippuric acid) ¥ WEvrlx4b (methyl

hippueic acid)& Ogata 5 (1977)¢] #H o] wapbx =A39) o)

8. A=A
A9 Al W AEe JAE HFEHE o8kl dHF F SAS A =Y
S o] 839 t-test, ANOVAG S WHoz zas 4 st



. 2 =

1. Microsomal P-450 3% W3}
A9 o2 Sprague Dawley 2l 7 3 FHE o] &3lo] o] ZZ=Z benzene, toluene,
xylenes ©d, W 2 =3 A2l ¢ 1H49 microsomesol| AJA P-4507} bse] &

& Wsto] tigh A A= Table 20 EAIFE vhob 2ot

Benzen, toluene, xylenes Foigt $ 3+ microsomal P-4502] F3HdsS 743}
of iz FA4A (0524 nmole/mg) ¢ HlWA] @Y Fojatyt W3F Fotofl QloA

B2, T3, X1 % BTwolA HI=eAY ta ad e 445 Bilon, 7
o] FoolAE F7HE B ey B3w (0638 nmole/mg), TXw (0.723
nmole/mg)¥ &3 Fol (0.825 nmole/mg) AT BAEgH R {3t FT7E HSIA
ow (p<0.05), FAEHS FT7F E Fo vl wE P-4509 FTIF wst= W
Foluel TXw ¥ &3 Fofat (MollA] b Fo3st o v F33ko] T7Hd AL #
ZHe & AMES W VIEY] Fodel A= W YEREA ekttt

Cytochrome bs &2l =4 Z3} (Table 2)& P-4509 &&=y W3 AT H
Aok x2aY A9E= 0144 nmole/mg 2.2 =A ¥ on BX i (0.135 nmole/mg)
& ALY EE FolwelA bol FEFel FUtE FAHAS BRIy Bl (0177
nmole/mg), X3 (0.212 nmole/mg), TX (0.340 nmole/mg) % &3 Fo+ (M) (0.295
nmole/mg) oA EASH R Fol3t F7FE et (p<0.05). FolFEjo] uE by

o F¥FL BW wY FolTolA nrh ¥ % EF FolTol oMY FHY 37
g #3% & Atk



Table 2. Effect of benzene, toluene and xylene on the contents of hepatic proteins

Quantities of Protein

Groups
Cytochrome P-450 Cytochrome bs
(nmole/mg of protein) (nmole/mg of protein)
Control 0.524 +0.0170 0.144 +0.0064
B1 0.694 +0.0770 0.177" £0.0085
B2 0.508 +0.0212 0.146 +0.0276
B3 0.638" +0.0183 0.161 +0.0424
T1 0.565 +0.0127 0.171 +0.0354
T2 0.677 +0.0502 0.179 +0.0106
T3 0.500 +0.0171 0.141 +0.0170
X1 0.518 +0.0948 0.178 +0.0191
X2 0.619 +0.0643 0.179 +0.04838
X3 0.601 +0.0350 0.212" +0.0085
BT 0.512 +0.0368 0.188 +0.0226
BX 0.567 +0.0042 0.135 +0.0085
X 0.723" +0.0060 0.340" +0.0262
M 0.825" +0.0297 0.295" +£0.0021

Values are expressed as meanzS.D from four animals.

“ Significantly different from control (p<0.05).



2. P-450 °]¥A reductase? A=
P-45001 &8 o] EAS tAA 7= A At e EH = olu AAE ALE
= AA-"EA o] NADPH-P-450 reductase®t NADH bs reductase®= 3o 3o,

o A benzene, toluene, xylenes o] & NADPH-P-450 reductase®] £
]

9 29
Az, g xza oA = 0.0213 nmole/min/mg &2 FAEAoH T,
g FolzolAe BAEE W% Uz urh 2718 R4S wd 2y

sk wl ;?_:?j]- _IT:_
Wl Foluwrdl TX el Awk SAA o2 fod F7HE veEbltt (Fig. 1)(p<0.05).

Fig. 1. The effects of benzene, toluene and xylene treatment on the activity of
hepatic microsomal NADPH-P-450 reductase. The bar represents the mean values

of four rats. *: Significantly different from control (p<0.05).



%] (0.442 nmole/min/mg) Et} @<, ¥

R EG FolT B
Btk ey BASH o Fol3 S7hE B
< Bl, T2, BT, TX % &3 Folatol3lth (Fig. 2)(p<0.05).

Fig. 2. The effects of benzene, toluene and xylene treatment on the activity of

hepatic microsomal NADH bs reductase. The bar represents the mean values of

four rats. *: Significantly different from control (p<0.05).



3. Cytochrome P-450 9]=4 monooxygenase &A% W3}

1) EROD &4 %=
Polycyclic aromatic hydrocarbon (PAH) =] g]e 2]3g A
Fejo] T a4 FEEA EROD ZA x| So]3 W3}

A vehd A3 Fig. 37 2ok

Fig. 3. Effect of benzene, toluene and xylene treatment on the activity of EROD.

The bar represents the mean values of four rats.

Upper letters (a,b,c,d,e,f,g): The same letters are not significantly different (p<0.05).



zae 3 EROD9 &4 %+ 0.175 pmol ethoxyresorufin/min/mg of microsomal

AN

protein 2% FAo] Hlom, fREEATE benzene, toluene, xylenes T, WH 2

Y Fold ol deiAel ERODS A4 ®E dixd ®oh AR Frtd

i\
ox
i
b

gtk 2 WY 9 PRI AT A 9 FolzlAw FA%ACE
I FHE BAT <005, FEFAS FRU FEusl BE Aot wasA
sk,

2) PROD®] €4 %=

PROD &/ k== P-4502B1/2 &9 &4l 5ol AedE wol=d, 54 2=
Fig. 4°l YeEi At
W3k FolatQl BT, BX, TX w49 PROD &A%+ 0.339, 0.306, 0.369 pmol pen-
Fo (Mol A= 0.313 pmol/
min/mg &2 HETQ 0405 pmol/min/mg Rt} FAa¥E SHAZ Hgouy BT M
o ARk FATA R FoF FAAE HAoH VIEY @Y TN dER B

g 244 A% feld 218 wAY (p<005). APE F xylene © Fole] 7
g

—

toxyresorufin/min/mg of microsomal protein &2, &

¢
bip

LA o] Z717F =859 o, toluene £

=
=3
xylene Foltdh W23 Aol &= F7hE = ¢ AU

Ethanol?} acetones ol ¢34 A&l =l FX=7F dojip= P-450 2E1/2 FEfo] 54
F4E F2 PNPHO aniline p-hydroxylase (AH)2] A =0 Eojd W3S Hol:=
dl, =¥ delx= PNPH 24 %5 S48t 1 A3 Fig. 59 2th

Zol s PNPHE X =71 246.17 pmol 4-nitrocatechol/min/mg of protein £



A= em e @, W % EF FolwelMe PNPH 4 %w diza H
=

Fig. 4. Effect of benzene, toluene and xylene treatment on the activity of PROD.

The bar represents the mean values of four rats.



Upper letters (a,b,c,d,e,f,g): The same letters are not significantly different (p<0.05).



Fig. 5. Effect of benzene, toluene and xylene treatment on the activity of PNPH.
The bar represents the mean values of four rats.

Upper letters (a,b,c,d,ef,g): The same letters are not significantly different (p<0.05).

3}
o}

4. GAMEA FAE o] §F WeolA

R

»

A
1) & Foate] WAstes 74

Benzene, toluene, xylene 52 Fo F%E 05 1.0 1.5 mole/kg AF &2 3} 3
FoF A&l B} FAFSE 749 microsomesS o] -&3Fo] P4501A1/2, P4502B1/2 %
P4502E1/2¢] %5 monoclonal antibodiesE ©]-&3}o] #4319t

Fig. 6,914 2 4 Jd& vl9bzo] xylenes o3 & 23k 7182 microsomesell
AolA = P4502B1 S A o] o] dAA 3] Frhetlon, Folgke] Tl weEk e
dwde] g wlglste] F7FE= AS immunoblotoll A #eldr 4= Qlduh I
toluenes 15 mole/kg A5 FoJ3F ol = P4502B1 FEjo] T9ar7F FrysE A
S gos 4 gt Benzene toluene 0.5, 1.0 mole/kg Fojatoll A= P4502E1/2
g grol ZlEFS] Fojwt BT thA FUtHE e AS gl ¢ AdJ (Fig. 7). 19

£3 Folw ®Fol lojA P4501A1/2

5
a1

Y benzene, toluene, xylene® ¢, W3t
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Benzene, toluene, xylenes oY %
1

AEQGAE ol g3t FAH F
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o] FotoA oWl WMt d=AE B Y. WA, P4502B1
Bl BX, TX 2 &3 Foat (M)olA dufde] ¢Fo] F7le AL #&EsN oY, 53

¢ ool Jlge AQE wrh 457 AN F7hE AL ATt (Figh).

d

(Fig.7).
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Fig. 6. Western immunoblot analysis for microsomes of rats treated with benzene,
toluene and xylene utilizing mouse monoclonal anti-rat P4502B1/2 antibodies. Liver
microsomes (100 upg) were loaded for the groups: control, benzene, toluene and
xylene treatment (injected intraperitoneally once a day for three days, killed 24 hrs
after the last injection). C, Control; Bl, benzene 0.5 M/kg; B2, benzene 1.0 M/ kg;
B3, benzene 1.5 M/kg; TI, toluene 0.5 M/kg; T2, toluene 1.0 M/kg; T3, toluene 1.5
M/kg; X1, xylene 0.5 M/kg; X2, xylene 1.0 M/kg; X3, xylene 1.5 M/kg; BT,
B2+T2; BX, B2+X2; M, B2+T2+X2. a) Single treatment, b) Combinatory treatment.

a)

C Bl B2 B3 T1 T2 T3 X1 X2 X3 BT TX E

b)

MW C BT BX TX M E



Fig. 7. Western immunoblot analysis for microsomes of rats treated with benzene,
toluene and xylene utilizing mouse monoclonal anti-rat P450IIE1/2 antibodies. Liver
microsomes (100 ug) were loaded for the groups: control, benzene, toluene and
xylene treatment (injected intraperitoneally once a day for three days, killed 24 hrs
after the last injection). C, Control; Bl, benzene 0.5 M/kg; B2, benzene 1.0 M/ kg;
B3, benzene 1.5 M/kg; TI, toluene 0.5 M/kg; T2, toluene 1.0 M/kg; T3, toluene 1.5
M/kg; X1, xylene 05 M/kg; X2, xylene 1.0 M/kg; X3, xylene 15 M/kg; BT,
B2+T2; BX, B2+X2; M, B2+T2+X2. a) Single treatment, b) Combinatory treatment.

5. Benzene, toluene, xylene? A& 2tgo] o3 g dAHE 9] nj M F

ol=dol Aol FYEH thF-iEe] A olEd ArE A &l oA A&5H
QA UAHAE S AXHA HEE FHe EEE AR wjdHA T IR e 2 24
O E s E 7] % 3kt Benzenes phenol®, toluene< v}k, xylene2 W€ up Al

o2 MEHo nFow wjddEn.



Fig. 8. Concentration of urinary phenol after benzene administration.
The bar represents the mean values of four rats (C, control; B, benzene; BT,
benzene+toluene; BX, benzene+xylene; M, benzene+toluene+xylene).

. Significantly different from B (p<0.01)

1

i)
HE
rlot

e duz Fold F dAREESl phenold] =3 wiA

g vlugk A3} benzenes FostA @2 dlFE2w9 &F phenol® 793 g/g

Benzenes ¢, H

creatinine©] 1 2.1} benzene @Y FoitoA = 3251 g/g creatinine, g Folwl
BT, BX #olAE 2542 2 2871 g/g creatininel.® ©d Folit wroy zZ+z} 22%¢}
12%7F #HaE SAAE Btk EF FoATdAE =F phenol®] wiEFe] 1895
g/g creatininel. 2 ¢F 42% A w7 7HAH Z=AXE B} (Fig. 9).

Toluene FoI9] 7%, toluenes ©d FoIgh 49 =% hippuric acide] w4 &2

g/g creatinine ©.2 °¢F 11% A=7l #H4aE FAHAE HAow, T3 FoATgAE

50% AxE7F 742" wjAd % (151 g/g creatinine)S 29 oW, BT w3 M oA 9 tj

AR O] v TS toluene @Y Folwt HUTE SAISTA O R FoltA Fad wAES
At (Fig. 10)(p<0.01).

XyleneS ©d, #Hg
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o

% W% YAMEE2l methyl hippuric acide] B

I
HE



AgS o, 3 &3 Folel A FAHT A3, xylenes FoISHA B2 oA

o
ot
el
rlel

+ X% methyl hippuric acid’} 45 #] &%t (Fig. 11). Xylenes @Y Folsh o
ol A ] methyl hippuric acid®] W4 %S 162 g/g creatinineo] 32 ¥ Fofa<l BX,
TX FoddoldE= 095 2 093 g/g creatinine, &3 Foltol A= 0.76 g/g creatinine
ot olE widFe il TATHoR fFostden (p<0.05), HAHo= oF

i= T

40-53% A =9 methyl hippuric acid’7} Z4&5HE= A #&ES 5 Aok



Fig. 9. Concentration of urinary hippuric acid after the treated with toluene.
The bar represents the mean values for the four rats (C, control; T, toluene; BT,
benzene+toluene; TX, toluene+xylene; M, benzene+toluene+xylene).

. Significantly different from T (p<0.01)



Fig. 10. Concentration of urinary methyl hippuric acid after xylene administration.
The bar represents the mean values for the four rats (C, control; X, xylene; BX,
benzene+xylene; TX, toluenet+xylene; M, benzene+toluene+xylene).

! Significantly different from X (p<0.01)

Iv. ;1 &

P-4502 hydroxylation, N-oxidation, sulfoxidation, peroxidation, deamination, de-
halogenation % N-, O-, S-dealkylation %S¢ Ut%3 W8-S Zwjsle] alcohol,
aliphatic, halogenated hydrocarbon, cyclic &3% 2 keton# % %2 #7184, &%
9 sFoAEdSo thAl (Powis, 1975 Sato %,1981; Koop 5,1985; Patten %,1986;
Ciaccio®} Halpert,1989; Sherson %,1992; Hanioka %,1995) ¥4k olyz} AW T4
240 Ak A" Rol= 9 prostaglandine %9 thAbel = zHgEtE (Lu 9F West,

1980). P-4509] wdlS F (specise), Y (sex) ¥ Aoz RE ZayyE ZE59



AP WHAE AolE Ho AMg FE H VAES oA dAztA Wzl
P-450 superfamily?] FH/T 9o o2t} (Nelson &, 1996). 8 e A4A
ol 9JaiA AN FAELI olEH tirtel P-4500] # @t AL we A 9l
o, ol" FRFe P-450 F9EATE BojsteAel tig A= obF W F3g AE o]
W, 53] #Fow FYH FRHe {7]E&Ad dEd d+= oS vEFstok (Peng
5,1982; Patten 5,1986; Ko 5,1987, Guengerich 5,1991; Nakajima 5,1992; Hanioka
5,1995).

aYrz BoATidas A 2 AddTels de A& = benzene,
toluene, xylenes AT F71 &A= sty ol& 718412 hAA] P-450°] &
oAgtt= AL olu o AFAEdd oA Hi Hlou (Park? Williams,1953;
Cohr¢} Stokholm,1979; Ogata ,1970) oj®H Feje] P-450 &9 &47t Folst=A ol
el A= obd7bA EH sttt webd E Aol P4AS01AL/2, P4502B1/2 2R
P4502E1/2¢ W1$ monoclonal antibodiesE ©]-§3lo] o]& f7]&A19] F=d webA
o' FHe] TR FREM, B 2 E3dE dur F2E Afde ol 59
B4 7t ouEd WstE BHol=A8 L2 Yo wetA aFom wjdEHE gt
o] wjAd I At ol #F7]&AY FEAES AT Gk
WA HFEE2 (inducer)® benzen, toluene, xyleneS T3 & 7449 microsomal
P-450¢] % &S dxae] FAX vug Ay, bl Foatd WP Tl B2,
T3, X1 ¥ BTwoARF B8t AY v #ad §39 S4X5 Hlon, 7]Ee
Bl1, B3, T1, T2, X2, X3, BX, TX ¥ M FofadA+= S7HE 2. 53 TX o3
&3 FoAT(M)el A= P-4502] S7H7F A AR (p<0.05). E38F cytochrome bsoll o
g T st P-4500 & dEH v A¥Fow A4 HA=dH, Bl (0177
nmole/mg), X3 (0.212 nmole/mg) TX (0340 nmole/mg) %E &3 FoJ+ (0.295
nmole/mg) A2 F7F= dAAGY. FAEZY F7F % Fo FEoo wpE P-450
I bso] F FF Wste TXw 3 &3 FoAL M ALE v& Fodddds veby
A ok 2 AP & AgAe] A AFS HWA] Fo] s Aol o

flo

r



2,000 ppm9] toluenes 3¥ F<F Fost & FFH IHF 9 microsomesol A Al P-450
o] F g% W3IlE B 1%k Pyykko & (1983)2] A 3}9} benzene, toluene, xylenes
Aete] 3d EQF FoIdta Hde] microsomal P-4509] F ¥%F WstE dEEte] R
a3k Pathiratne & (1986)¢] A2 3¢} =g A4S Btk &3 Adet 3 5
(1995)0] ol del ®agh AAze} Hlszsglvh. oY e Ad= P-4509] 3ol F

g0 webd Fge AFolE vhEY)

rr

(species), F2F%E 2 A2 FH F5H
w2 H<Y} (Nebert®} Gonzalez, 1987).
Tk, NADPH-P-450 reductase®] &A% WstE XY, dixate 4% (0.0213
nmole/min/mg) Rt} 7] &4 FoJot BTl glojA dAme] Frivh @ o,
NADH bs reductase®] 7 $-°l%= NADPH-P-450 reductase®} H]5:3F 7ol A x W
st7F et wetA olEdo] AR F5HEH oS ATV fsiAE P-450
of oJajA 1 A2 4bs-3kd #}go] dojupol wm 18 7] 9= ol F FTFHC
reductase o7} D8 F Zow AzHEH.
ol= o] gk AL HAolA P-4509] Fog A2 H=54d E4S 54 =4
2 A% AlA phase I 45 283 Ao FA4=43 2
oh P4501A1/2 B ELR7E AYAQ SA4S 2 7122 oo agE 7kl U
Z k3l 4  (polycyclic aromatic hydrocarbons, PAHs)Al =& 24 aryl hydrocarbon
hydroxylase (AHH)2} EROD<e] &4-S Mol (Guengerich,1978; Lu9l West, 1980),
P4502B1/2 dEle 9184+ PRODA &4& HAY (Ryan 5,1979; Guengerich
5,1982). Ethanol®} acetone 5 P4502E1/2 e FHEAE
m o] FeEAe 5olA<l wkg-2 PNPHO AH Gol €4S ettt (Peng %,1982;
Patten %,1986; Ko %5,1987; Umeno 5,1988). uwztA & AFoAs= @<L gl Whak

= 3527 (monocyclic hydrocarbon hydroxylase, MAH) 7]&#% g Al&4

r_>.:
)
o
o
b
Ho
kil
>
N

= =742 benzene, toluene, xylenes T, HW3I} %2 TF Fo3 T 7+
microsomes P-450 2]¥£A v &4 % EROD, PROD % PNPHol| tfst A xeo] w3}

g =439



W EROD® &A% W3lE HW benzene, toluene, xylene Folat R 5o glo]A
Folata] g2 gz SA4E By Sk AS T AT 53] Tl Fofate A
o =7t J3l9 T (p<0.05).

!

=ty Folatel 9lojx PRODS @A EE vas] HW w3t
e AleR BE Fofdel glejd PRODO F7tE &
xylene?} toluene FojwolAe] &% F7H7F AP oM, xylened A& Fol&
Lo webA wEl A 4% 7S dERH

PNPH® &A% ®stE HW, dXate] &A% (24617 pmole/min/mg)¢t Fof 9]
FAEE Huy ¥ RE FolwoA PNPHS 4% F7h7F @Asd o (p<0.05),
benzene¥} toluene Foltoll Aol Z717)F xylene, g % £33 Tl ZF7 B}
i S7HEASS B T AU

o] el Aol A B FARo] FoAEHe] TRl Fol Wl webx P-450 ¢F

ol

4 Euasse] BHEI Aol

il
¥

701, benzene¥} tolueneS F& PNPHY A4
To 93S xylene PRODC FAHEE dAA3 Z7A7]= RS Hol benzened}
toluene2 P4502E1/2 F Q] H9 axo] galA] o5 571849 tArld #eo &=
© 2 ®olH xylenee P4502B1/2 FEje] T EAS Megdor fmsle] thalol
st Aow AZtHEch gy o]E P-450 oEA FHlast 71Fel wEkA A
o 71de FEAL YEsi oA @A FAE wEvS spA
Aol oJa A P4502B1/2 2 P4502E1/2 FEHj 9] F9 847 fFEdca 94
3 & W glvh Z#A PA501A1/2, P4502B1/2 % P4502E1/291 & monoclonal

mlm
>,\I

o

oX,

qE 7HA

oo K

antibodiesZ ©]-&3}o] Western immunoblotZ %3dle] &<l st HFEEHER
benzene, toluene, xylenes ©d, Wi 2 &3 Fo3t 7H4 9 microsomess AF-&31o]

A2 A} A= benzened} toluene T Fofwtoll Al P4502E1 Tl A o] Al F7H}



At} Toluened 79| benzene iLE]o] methyl7]7} ZAIEZ EL &
M= P-450° 9l8iA methyl”] 7} 448} (hydroxylation) ¥ & A%<l uHkg-&
AXAA A7 o] FojA+=H|, o]u] methyl”] S hydroxylatione Al7]&=d P4502C11/6
¢} P4502B1/27F Evla4S dt= Ao ®Hi Hlth (Nakajima &, 1991). Toluene®}
xylene2 benzene®| = ZA toluene benzene ring®l methyl”]7} sty xylene
methyl”7] 7} F70 ZAFEE 2o9lo] 7+ &4 #A%7F w$ fAFskH, =2].848)
AN AAE vty wEA ¥ ATl oA GdEE Fou B TXE Y &
Fojgtol A P4502B1 T Aol =7l A A% AL toluened} xylened] FAMSEE-
FZujat= P4502B1 T &7 F B diste] SR Agow <l
TN Ao AzkErh. v PAS0IAL2 FES T EAE 9, BE 2
Fojgto A #EE A ¢ttt Nakajima 5 (1992)% Male Wistard] 3 FH & o] &
Ao A benzene? tAlel P4502E1 FEl9] s a7t #HdsH tolueneo & H-E]
p-cresol Aol P4502B1/27F #olsttial Rl et webA SGUMELFAE ol &
AAstetA el AT AHNE Fgs B, benzene¥ toluened T3 FEAE=
P4502E1 F&47F HEH Ao, xylened A e]d oA = P4502B1 & do] of

Za B gFo g #HE HJYOHERE xyleneo] o] FHELE FESE AL o

m?L' )
o

_()|L
£
Ho

tlo

H
il

(ot
st

rsL'

T ol=dd W wAIAY SAERES ATkl e FEEded dig
T, FX, A 9 vl #3F pharmacokinetic 17¢F TE A G8tA Q1 AF7b
Halgojol dlt} (Sato®t Nakajima,1979; Sabourin %,1989; Moretto®t Lotti, 1990;
Chen 5,1991; 7 %,1994). 1evt e A3xEe 9air 3%+ pharmacokinetic
As ddEH] dg AU dFEela HEEAY] F o g das aAvA B



gom g4, EdEdY FFo BnE AW SR g A TR, &
29 2 Fol wEpA AR oS Holil Qlth (Sato®t Nakajima,1979;
Sabolainen,1980; Tunek %&,1981; Iregren %,1986; Nakajima “5,1988; Okino %&,1991).
Ikeda & (1972)< toluene©| benzene®] WALE A AIte] benzened =485 4%
A 4 ki B s o m Sato?t Nakaima (1979)% WistarA female ratsE ©]
&3to] benzene?t toluene® sEE HE|ste] HAFTAIG F HooA FolE
Wslel mFoA tAAE ] wjdFS A5 A benzene toluenes @Y Fo
shglem Hoh WEgFAA oAbzl AdEvar B &tk Rithimaki (1979)+=
toluene™ xylene®] WAIA] 12} HE ¥ & HAE+= benzoic acid?} methyl benzoic
acid7l WF oA ZAadHeE A4S Ha 9201, Iregren 5 (1986)2  toluened}

alcohol& 3503 Ao A alcoholo] o3 ke Ay = kot ® . dk¢dch

!

HH g9 Aol oA benzene, toluene, xylenes W, w3 2 &3 Foldl
T oA dixbES] wjAd S SHS Ay, gl Foldt Ho B Y 2 £ Foa
oA wjdako] TAaFE= AS #EASI Y. Benzene2] WAFEC phenol?] wiAd @2

&
G Foluwd HluA] £33 Folat (M) oARE FAEA R fogk HAE HYS
e B>BX>BT>M + 202 YER (p<0.01), Toluened A¢%= @ F
Hop B 2 &3 Foared dojx =T tARHER] hippuric acid®] Wi EFo] T>

2 AAE HAoy BT M ol AvE $AstH o2 {23t i
E Rt (p<0.01). Xylenes Fo3 A9dAe ©d Foat Bt B 24 &3 Fo
7o 4] methyl hippuric acid®] A& a7 BAEAH o2 F9] At (p<0.01).
ojgpto]l {F7]&A Folut BTl QoA TddEd FodoA Ho WHE W EF
Foatol Al tiababE o] wid o] dA S A AL tAEE e AAE g Ayt
Bojzlth Wt Foitol ojA ol F7IEAS] S5 AES HW, benzenedl thHAltol
xylene Bt} tolueneol 23k A =H8-9], toluene?] WAl xylene Xt} benzeneol
o3 A ZFEo] thax Z Ao R YEW o, xylene? WAFl+= benzeneZ} toluene?
AA Aol vs=g Aow AFEJT
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1. Cytochrome P-4503} bs &S tfZatollA Bl Fofitd dojA thik 713 A
S BESAT 1Yy P-4509] s B3, TX, €3 Foa (M)elAl, bs &3 BI,
X3, TX 21 &3 Folatolx dA3 F715 BAT (p<0.05).

2. NADPH-P-450 reductase®] &A=t iz Wt Folatel glojA F7hE o
TX FofdtoA EAgA o2 Fo8 715 & F AAJT (p<0.05). NADH bs
reductase?] SAHEE hET HY Fo BF oA FrlEJ ey Bl, T2¢9 TX

ol el F7H7F BATgH o7 Fosth (p<0.05).
3. EROD #Ax=E hxa Hrh F9

o oA HAE FI7FE e, benzene,
toluene % xylene T FotoAnt EATH O R Fo|g F7HE HAT (p<0.05).
PROD &A=+ X Bu @ FoddA F98 S7HE B (p<0.05), =B
2 EFFATolE G FoATolA Boh AU, 1 AT BXS M dolA dA
etk (p<0.05). ®=8 PNPH S E& dixar Hoh Foli EFo gloja dA% &
7Fe Bl Wb (p<0.05), BX9F M el A= 3Ha %

4. AN EAAZS o] 83 Western immunoblot A &4 benzene (Bl, B2, B3)¥}
T1 (0.5 mole/kg), T2 (1.0 mole/kg) oA = P4502E1 ©Hefd o] <fo] 7]Ele] Folt
Bt vA FrhElew, T3 (1.5 mole/kg) w3 xylene (X1, X2, X3) FofutolA=
P4502B1 ©iide] o] AA F7HE BUTE WE 3 £ FoTolA= P4502EL
gl o] BX ol A, P4502B1 © A& TXeF M el F7he Hilth

5. Fol3d o uwlglA benzene, toluene % xylene s WARIES 4% A3 o
A Tl By We 9 EF FoALol A dAREE S A o] A E Yk Benzene
= M, toluene? 29+ BT M+ 18]al xylened A$-ol+= #HEg % =3 %

o A EATtH o R fFolgk HAE BESAT (p<0.05).
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g% AAHY RAEAE AAE Aste] tAAES WUF] FhY AOE A2
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