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ABSTRACT : The drugs or xenobiotics introduced to the body, are detoxified through the process of
biotransformation in the body. In this process, most of the insoluble compounds become more polar, soluble
and easily excretable. But, parts of introduced materials are metabolized to highly reactive electrophilic car-
cinogens through activation pathways. These metabolites are toxic and can react with DNA, RNA and pro-
teins which are nucleophilic compounds. The objective of this study is to illustrate the deactivation pathways
of two highly reactive epoxide compounds, vinyl carbamate epoxide (VCO) and 2'-(4-nitrophenoxy)oxirane
(NPO). They are the ultimate electrophilic carcinogens of ethyl carbamate(urethane) and 4-nitrophenyl vinyl
ether, respectively. In this research, we studied the inhibition of the mutagenic activities of VCO or NPO by
nuchleophiles [glutahione(GSH) and N-acetylcysteine(NAC)], detoxifying enzymes[epoxide hydrolase and
glutathione-S-transferase(GST)] and intracellular organelles (microsomes and cytosol). In addition we also test-
ed the suppression of DNA adducts formation by GSH and NAC. The results are summerized as follow.

1. The microsomes and cytosol which contain epoxide hydrolase and GST, respectively, decreased the mu-
tagenicity of VCO (74% and 95%, respectivel), and NPO (35% and 93%, respectively). The nucleophilic
GSH and NAC decreased the mutagenicity by 86% (VCO) and 80% (NPO), 76% (VCO) and 40% (NPO),
respectively.

2. The purified epoxide hydrolase decreased the mutagenicity of two epoxides in a dose-dependent manner,
and GSH also decreased the mutagenicity in the presence of GST.

3. Formation of two DNA adducts, 7-(2'-oxoethyDguanine (OEG) and N2,3-ethenoguanine(EG), were com-
pared in the presence of calf thymus DNA and epoxide (VCO or NPO) in vitro system. The amounts of DNA
adducts were decreased in the presence of GSH (25% and 29% in VCO, 32% and 29% in NPQO), and NAC
(14% and 16% in VCO, 21% and 11% in NPO), respectively.

From these results, it is concluded that the ultimate carcinogenic metabolites, VCO and NPO, can be made
in the body, but much of them may be inactivated and detoxified by the nucleophilic GSH, NAC and de-
toxifying enzymes (epoxide hydrolase and GST). Therefore, by these mechanism, the formation of DNA ad-
ducts and mutagenic activities of these two epoxides may be lowered in vivo.
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Fig. 1. Possible metabolic activation pathways of ethyl car-
bamate and 4-nitrophenyl vinyl ether.
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Fig. 2. Synthesis of vinyl carbamate epoxide and 2'(4-nitro-
phenoxy)oxirane.
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Fig. 3. Possible reactions of 2'-(4-nitrophenoxy)oxirane or vinyl carbamate epoxide with DNA to form base adducts.
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Fig. 4. Effects of glutathione, N-acetylcysteine, glutathione-S-
transferase, mouse liver microsomes and cytosol on the mu-
tagenicity of vinyl carbamate epoxide toward Salmonella
typhimurium TA1535. The control incubation mixture con-
tained VCO(50 nmol) and Salmonella typhimurium TA1535(4.
6x10° cells) in 600 pl of 0.1 M phosphate buffer, pH 7.4.
The other incubation mixtures included one or more additional
ingredients: GSH (glutathione; 1.2 umpl), NAC (N-a-
cetylcysteine; 1.2 umpl), GST (glutathione-S-transferase; 50 ng),
dGST (denatured GST; 50 pg), Microsomes (60 [g protein),
dMicrosomes (denatured microsomes; 60 pg protein), Cytosol
(60 ng protein) and dCytosol (dialyzed cytosol; 60 g protein).
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Fig. 5. Effects of glutathione, N-acetylcysteine, glutathione-S-
transferase, mouse liver microsomes and cytosol on the mu-
tagenicity of 2'-(4-nitrophenoxy)oxirane toward Salmonella
typhimurium TA1535. The control incubation mixture con-
tained VCO (50 nmol) and Salmonella typhimurium TA1535
(4.6 10° cells) in 600 Wl of 0.1 M phosphate buffer, pH 7.4.
The other incubation mixtures included one or more ad-
ditional ingredients: GSH (glutathione; 1.2 pmpl), NAC (N-a-
cetylcysteine; 1.2 pmpl), GST (glutathione-S-transferase; S50
ng), dGST (denatured GST; 50 pg), Microsomes (60 pg pro-
tein), dMicrosomes (denatured microsomes; 60 pg protein),
Cytosol (60 ug protein) and dCytosol (dialyzed cytosol; 60

Mg protein).
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Fig. 6. Effects of mouse liver microsomes on VCO mu-
tagenicity toward Salmonella typhimurium TA1535. The
mouse liver microsomes were obtained from female ICR
mouse as previously described (Leithauser et al., 1990).
Denatured microsomes were prepared by boiling at 100 °C
for 30 min. Incubation mixture contained VCO (50 nmol)
and salmonella typhimurium TA1535 (4.1x 10° cells).
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Fig. 7. Effects of mouse liver microsomes on NPO mu-
tagenicity toward Salmonella typhimurium TA1535. The
mouse liver microsomes were obtained from female ICR
mouse as previously described (Leithauser er al, 1990).
Denatured microsomes were prepared by boiling at 100 °C
for 30 min. Incubation mixture contained NPO (60 nmol)
and Salmonella typhimurium TA1535 (3.8 10’ cells).
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Fig. 8. Effects of human microsomal epoxide hydrolase on
VCO mutagenicity toward Salmonella typhimurium TA1535.
The human microsomal epoxide hydrolase was purchased
from Genetest Corp (Woburn, MA, USA). Incubation mix-
ture contained VCO (50 nmol) and salmonella typhimurium
TA1535 (3.2X 10° cells).



102 Park, Lee, Kim, Kim and Kim

EAdHo o] AA A LHVCO, 95%; NPO, 93%), /L2
ol 2= GSHE A|As7] $)8te] 2447 2o BAI8) o}o
AHEE F4 A E 2 (dCytosol)2] Ao = S o)Alo] kA

HACHVCO, 22%; NPO, 28%). Z12ir} o] 7)o ThA] GSH(1.2
umol)& 7Hek ol A EAR ol o] 3|5 E A th(Fig. 4
% 5). olelgh 2go] At o) A8, ohd AL Hof
SH4¥ GSHe| 2g01x] ghelaly] 9jate] a4 E—a]El GST
(50 pg)E AR 2RolM GST AHAl= Bl ol FgS
TA Rt o, o719l GSHE 7t Aol %Odtﬁol o

400‘ T T T T
350 B
300
250
200
150
100
50

1 1 ! I
0

0 4 8 12 16 20
Epoxide hydrolase(ug/plate)

His* revertants/plate

Fig. 9. Effects of human microsomal epoxide hydrolase on
NPO mutagenicity toward Salmonella typhimurium TA1535.
The human microsomal epoxide hydrolase was purchased
from Genetest Corp (Woburn, MA, USA). Incubation mix-
ture contained NPO (60 nmol) and Salmonella typhimurium
TA1535 (3.2 10° cells).
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Fig. 10. Effects of GSH on VCO mutagenicity toward Sal-
monella typhimurium TA1535 in the presence or absence of
GST. The GST (human placental glutathione-S-transferase)
was purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Incubation mixture contained VCO (50 nmol), GSH
(glutathione; indicated quantities), GST (50 pg) and Sal-
monella thyphimurium TA1535 (3.1 X 10° cells).
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Fig. 11. Effects of GSH on NPO mutagenicity toward Sal-
monella typhimurium TA1535 in the presence or absence of
GST. The GST (human placental glutathione-S-transferase)
was purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Incubation mixture contained NPO (60 nmol), GSH
(glutathione; indicated quantities), GST (50 pg) and Sal-
monella thyphimurium TA1535 (3.1 10 cells).

Table 1. Adducts formed in reaction of VCO with calf
thymus DNA in vitro

DNA adductt VCO only VCO+GSH VCO+NAC
OEG 31,200 600" 23,500+750 26,800+ 150
EG 5,400+50 3,650+40 4,2501+80

‘DNA adduct formation by VCO (3 mg) in the presence of
absence of glutathione (GSH; 2 pmol) and N-acetylcysteine
(NAC; 2 umol) with 8 mg calf thymus DNA at 37 °C. HPLC
separations were performed with liquid chromatography e-
quipped with model SF770 Spectroflow Monitor fluorescence
detector (Kratos, Schoeffel Division, Westwood, NJ, USA).
For the analyses of OEG and EG, a Chromomegabond re-
verse-phase column (5 pm particle size, 4.6 mm X 250 mm,
ES Industries, Marton, NJ, USA) was used after passage of
the DNA acid hydrolysates through a RP-18 precolumn (7
Mm particle size, 3.2 mm X 15 mm, Brownlee Labs. Santa
Clara, CA, USA) essentially as described by Fedtke et al.
(1989).

"Average = standard error (pmol/mg protein).
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Table 2. Adducts formed in reaction of NPO with calf
thymus DNA in vitro

DNA adduct NPO only NPO+GSH NPO+NAC
OEG 29,4004-3,1500 21,000£250 24,800+950
EG 4,600+450 3,2504+20 4,100120

‘DNA adduct formation by NPO (5 mg) in the presence or
absence of glutathione (GSH: 2 umol) and N-acetylcysteine
(NAC; 2 umol) with 8 mg calf thymus DNA at 37 °C. HPLC
separations were performed with liquid chromatography e-
quipped with model SF770 Spectroflow Monitor fluorescence
detector (Kratos, Schoeffel Division, Westwood, NJ, USA).
For the analyses of OEG and EG, a Chromomegabond re-
verse-phase column (5 pum particle size, 4.6 mm x 250 mm,
ES Industries, Marton, NJ, USA) was used after passage of
the DNA acid hydroltsates through a RP-18 precolumn (7
pm particle size, 3.2 mm X 15 mm, Brownlee Labs. Santa
Clara, CA, USA) essentially as described by Fedtke et al.
(1989).

®Average =+ standard error (pmol/mg protein).
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2. Phase | & phase Il 201 2|8t S¢igi0|d M| &2}

Genetest Corp.(Woburn, MA, USA)o| A 7913 microsomal
epoxide hydrolaseE o]-&3F EQWolAl o] AHd|A VCO
9 NPO BFo|M Sk oJ&EX o7 EAMo]A L o351
(Fig. 8 2 9).
Ab Eldboll A 22l El GST &7t EA3AY Z248kA] o
)\PEHO]]}\1 -‘:.—O:]\:ﬂ ]kLQ_ GSHO]] %E]: _,]..;.X%OE E—O:]B—‘IO]H
£ AR, GST7 EAske 4ol ne} ZahA &4
Hol A& A5t ATHFig. 10 L 11).
3. FIMMEAQ GSH ¥ NACZI DNA 2712 &Moo
ojxl= %”?J

Calf thymus DNAS} #F A=A Bt 2 119] in viro vt
Sl FAHE DNA Frte= 64 A= OEGS EGZ
HPLCE A3 A3 SdvolA g AAstgd GSH(2 pumol)
T NACQ pmol) 2% 30~40% A9 DNA B7HE 84
& A A3 th(Table 1 Z 2).

2 cytochrome P4509])

2l Ve she, HF AAHAA
242 VCOrZt A" Bi(Dahl 5. 1978, 1980;
273k VCO7} 34w %l o.n (Park

BAESY &3] EAdte fu
= 24

%, 1090), 7 AL, AeEs 4ol T, ol e
ol tlolae] 45} flol Beol 43 B E 7N,
VCOE 7t-a) 5 o] glycolaldehyde 2 28] Elthi= Alalo] B
LA Park 5, 1993). ol9} < @3] NPVEZ} cytochrome
P4500)) ©]3}] epoxide 3}5E2] NPOZ thALE a1, Bof ols)
glycolaldehyde®} 4-nitrophenol 2 EjHty B 1E Y oH
(Isobe 5, 1985), Eilo}4d-& ZtErhal B s ch(Sone 5,
1989). o]2jgt A &A& VO VCO 3}3HE 1 vl :3te] o]3igt
& Boh &8 d4dste] NPVESE NPO7} 2ot o] 9l
B 3t vH(Park 5, 1997). YA © 2 vinyl ether:= B9t
43 epoxide F3F AHEE WEO dialEvin BmEHAY
(Murphy %, 1981, 1983; Isobe &, 1985; ParK %, 1995). B3k
vinyl ether SHIES ZHF SehdolNx Wby 2t
(Osterman-Golkar 5, 1977; Watbe 5, 1978a,b; Guengerich 5,
1991, park 5, 1997). o213} vinyl ether 3}3HE-& ¢-2) A&
£F 7hEd &3] 2ol TepaE AlFoly nRAEe] 98
E4d8 A4

o Mo m{n

¥ APolME BB 4Ao| ofF ulLauME T2
Moz & o7t Qe HE AANA WHBHY F¥)
epoxide- VCO9}E NPO - 31388 o] &3lo] o]& 38 &
g3t #A S wrele 1 sk

A3 490 GSHY NACTH Ed%io]A &4 5ol n)x|=
FEE BEA F EE BTN 70“1:‘.?& ARl oA
ENE BT o]F A BH GSHY NACY} &
urobE o) AR epoxide 332 N EAN O AFS

at7] giolct.

Epoxide hydrolase<= epoxide & dihydrodicl 2 A& A|AF+=
& 2ol tH(Oesch, 1973). Epoxide hydrolase(epoxide hydrase =t
+ epoxide hydratase):= microsomal cytochrome P450 monoox-
ygenaseol| o} A F o] QlE JlrRE ZAE arene oxides
1} aliphatic epoxideo] &2 7}8) rans-1,2-dihydrodiol 2 %3t
Ale AL Fujhe, vl dihydrodiol 3EE-&
epoxide BTk o] oFgle] whg-Afo] Wol W rh(Sipes %
Gandolfi, 1991). Arene oxidet UutH oz EorAdlel syt
Az F3EZ A4 (rearrangement)E o] phase 11 F 4 Ao
o =@w2e doA #5o] #Hcrk(Sipes ¥ Gandolfi,
1991). X1 F7HA] Ho® 4742 M= b2 &efo] epoxide hy-
drolase7} ¥ 1 %) tHAriyoshi 5, 1994). &, $7}1%] njolaz
% Hel(& FZ23EH £ xenobioticsE 7148821 7] & mi-
crosomal epoxide hydrolase$} cholesterol 5,6-epoxidel}
steroid epoxideE 7}5EB)A|7]=  cholesterol epoxide hy-
drolase)?} F7}A] M E2 Hef(c}kst 79 epoxideZ 7}

H 3§ A]7)+= cytosolic epoxide hydrolase ¢} leukotriene A2 leu-



104 Park, Lee, Kim, Kim and Kim

kotriene B,2 7}pE&|A|7]= leukotriene A, epoxide hy-
drolase)® g THDaly 5, 1972; Gill 5, 1974; Watabe 5,
1981; McGee ¥ Fitzpatrik, 1985). 0] 559 microsomal epox-
ide hydrolase7} w59 Wb golut AZAY M
epoxide2] E-2413}o) =2 FrH(Oesch, 1980). NEW 47|#
Q slolaRE Al o 70% Fx EAWolAo] oA ¥
lov, #AdE nlo]AZES A Alde EdYolA A4 4
=7 8 AT o] mlo]lazFel $7E epoxide hy-
drolasee]] &J&f 2 H2}A] obEzlQ] epoxideEo] dihydrodiol
2 2843 HASS ATy, WA E vle] a2 E o3
M= 9ol A g7t YERE o f+ B HPoRE
A = Qo gyt rloja g Fel e dHEER 1Y
o)) wio] 2142431 epoxide5o] vl Fo] o thul
Ay} 2830 o] & P WGE o] FolE AR 47

T ot vlo]ARFe) 8% oJEX AFAA & vlo] AR Fo
Aol oA aHE FrbsAen, WA E qt
ol &3 EHOR Bl A H
U, WA SR e vpejag g v 1 et 84 gad
4 9%} =3 4=4=52) ¥ microsomal epoxide hy-
drolase 2 o] &3 &3 o]&4 A ML epoxide hydrolase

ide 38 2o] HlgAM 2T B8A3} i} nfo]z 2 E ol
ol Ehol o8 U2 ] B2 HT UgEdo] Eajd A3
2 Azt ik

GST:= 9JF-2RE oL 3§59 NAC A|(mer-
capturic acid) A< A DAE Zujr7]= EholtHMantle
5. 1987). GST= A|Z 43} vpo| 2ol 25 EAsh} HE
Ao A B E7F BHE 5~40u] BrhSipes % Gandolfi, 1991).
o] FAubeoAE R2xZ GSH7F st GSH= o
FEo THEE AT mmolar FEE FAstH, GST Z4
o} o] whgEAY, T HIEAHOEE ofe] 7hA] FxA
A 2AF vr23l=  nucleophilic scavenger®  A-3hr)
(Kosower 2 Kosower, 1978). GST+ 214z ©x 915 &
H3t= 8152 T A3 GSHY sufhydryl?) 7} whe-8le =
Zu5l= FAE glutathione thiolate anion(GS-) ¥Hg A2
et~ 9219} GSHE) sulfhydryl 7] Alo]ol] thioether Agto] &4
glth(Sipes % Gandolfi, 1991). GSH %352 cysteine 4
2 Agld L acetylation)o] NAC A2 =of 44 ulf
4 Ft}(Sipes 2 Gandolfi, 1991).

GSTE &&3lx e MEF AgoA GSHE st
de AEFe SIS A oA shloy, GSHE
A% = (dialysis) AE 2 Aol 1 EeIMo)A ol
A5zt g2k 22y o37)e] GSHE 7het 9o thA

Edvlold oA &7t EHE AL Hten, GSHe
GST ¥4 H8or wAd GSTE AMEE A B} HA A
%L GSTE AMRE off E¢olA oA A7t o A8k
t}. GST7F A3t AY £a3HA] g dellA GSHe &%
27 g GSHY HZo wet Sdmo] A axjzt
Z7HEen, GST &AM 4 1 37} oS Zetgd. ol
GSHe] Bdddo] A4 58L& GST7} a4 og njlse]
B 1 G37h s vebd 8 AlAbs Fig. 30041 B
o] VCOS} NPOE= in vitrod) Al 5714 guanine F-7}&-& 7+
E 4 Ytk o]l H71E-E it o8] DNAZLE] 4/ de-
purination¥|¢] 2|2 5 ?loH, HPLCE o] &3l J44&
712 A ¢ glrh(Fedtke 5, 1989). F7}4] 33HE EFo
A F RMEE OEG7E whEoA]n, EGe B}t Ago g 7
Z59t}h & 27159 OEGE DNA HAlaA ol A miscode®
7hsAdel Adgle]l Matgg el Ao d8"a &+ gl
(Barbin ¥ Laib, 1985). Z22]1} guanine ¥.t}i= 47| depurina-
tions] 7] W&ol apurinic siteE FAd}o] Bl L v
9 2= 9lth(Loeb, 1985). o]ol H]3te) EGE 742§ miscod-
ing ¥/t 248t 4A SAMo|E opy] ek (Singer 7,

!

&

A NH,, CO,
or

+
N 4-Nitrophenal

0 :
i \ ol mc—sn B
H,C— CH —0—C—NH, I | |

\/ & C~N—C— C+N—C—CO0H
3 [‘u @\ i@ ]
o ® CH, H
5- | Cys
Vinyl Csrbamate Epoxide(VCO) o CH, Gly
T [
3
2
<)

H—C—NH; G

COOH
Glutathiove

H ; ]
Py

: . |

?;—g—g——cﬁ"—g—ﬂ‘— ¢—coon
/ NAC cn, 0! H

NO, | 9 gy

2'-(4-Nitrophenoxy)oxirane(NPO) / H-C—NH; G

Noumutagenic
glutathione adduct

COOH

] COOH  COOH
H,C—S—CH,
Mercapturic acid
Thiaglycolic acid
Fig. 12. Possible inactivation pathways of vinyl carbamate
epoxide and 2'-(4-nitrophenoxy)oxirane.
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1987, 1991; Cheng =, 1991). o] DNA 72 @A 213

4 2491 GSH T NAC Z7 Ao 1 84 o] @43 7452
EP ol A Ealo] DNAM L WA A=A <l epoxides}
Agsle] o] & 7ped HF WEEY S A A 2R
o|tt.

oj4te] AnE U2 B8/43 #4S Fig. 120 BAISHA
t}. ko 2 o] A¥ol| A epoxide &35 0] GSHY NACS} A3
8ty whEo] A= mercapturic acid 3-3HEol UIg A7t A
]jojo} 3}, HPLCY NMR& o] &35} ep0x1de hydrolasei]
o A2 & e B F tlAMEES] dihydrodiolel
th3k 3ol dalo} Ao, I £3agtES wEE &

491 glucuronosyltransferaseol] 2|3} glucuronide Z&HE-of o

g A% E Wagojo g},

NAC# 3jE2H4d| #Bodl= § 401 ep0x1de hydrolase, GST
ool EAE THHs AT 271989 shol R 3 AE
2g olgalel HEFAAAY welB A FrE Buoly
3} DNA ¥7h8 9400l ti@ o)Al Z3h8 29se] thest 2
R EERY

VCO % NPOS] E¢uio]A]& epoxide hydrolaseE -3}
£ vlolZ2FH GSTE 3hidhe AEE F8e ostd
VCO9 A¢ 7—}7" 74%%} 95%, NPO2] 74 732} 35%¢} 93%
Zasglon, a8 GSH, NACY 98| x GSH2
AL 86%St 80%, NAC 75 76%St 40% ZAamdct. &
£2]5 epoxide hydrolase £x]&}o VCO 2 NPO2] EH B o]
*3& epoxide hydrolaseo] thal] &2k o]&H okto g oxg
AoH, 3 GST EAjsto X d¥ols GSHe| &% ¢
3 oo g Zdddolo] dAE et VCO 2 NPOE 2
+ DNA adduct§] 7-(2'-oxoethyl)guanine (OEG)¥} N2,3-etheno-
guanine(EG)g #Al8l=d| GSHe| 7 ¢ VCO9| ¢J3t OEG &
AL 25%, EG 4L 29% 7FA4aA1A o1, NPOd| 98t OEG
9} EGY AR 242t 32%} 29% 7+ AAF . NACE VCO
o 93l OEG 3A —% 14%, EG A& 16% 7}AhAF o,
NPOol| 23t OEG &4 3 EGY HAE z2H7} 21%%} 1% 7
I

ole{gt Az Hol AWM FdeE HF AHpA 2

B

ru>i »ore o

23¢ VCOS NPO= Al Exst= HAE
GSH, 7]g} 28l4 229 NAC 2 A H=2re &
GST$} epoxide hydrolase & 40l &J3jo v A glxm, 2

©Z DNA ¥7HeS 4% 4 ole HF Wy 2=
o] ZraE]7] Wiol Edoelrt At e = qlrt.
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