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Abstract Glutathione-S-epoxide transferase activit~ in rat liver was studied with three cpoxide sub- 
stratcs. The specific activities in the high-speed liver supernatant fraction for 3MC 11.12 oxide, styrene 
oxide and 3,3.3-trichloro-l,2 epoxy propane were 5.7, 86.4 and 165 nmoles/5 min:mg protein, respect- 
ively. Phenobarbital (75 mg/kg body wt for 3 days) or 3-methylcholanthrcne (20 mg:kg body wt for 
2 days) administration to rats resulted in a 4t~60% increase in enzyme activity. /#naphthofiavone 
administration on the other hand was without any effect on glutathione-S-epoxide transferase activity. 

In animal tissues, polycyclic aromatic hydrocarbons 
arc metabolized at least in part to epoxides[1 5]. 
These highly reactive oxides are known to have in- 
creased biological activity over the parent compounds 
in producing malignant transformations [6  8]. The 
oxides are metabolically produced via the action of 
the mixed function oxidases, principally in liver. The 
epoxides are detoxified by (at hydration to the corre- 
sponding diol by hepatic epoxide hydrase(s) [9 12] or 
(bl coniugation with glutathione as catalyzed by a 
family of enzymes, the glutathione-S-epoxide transfer- 
ases [9, 10, 13 15]. We have studied earlier [16] the 
effect of PBt  and 3MC administration on hepatic 
epoxidc hydrase levels. We now report the effects of 
PB and 3MC administration on the levels of rat liver 
supernatant glutathione-S-epoxide transferase ac- 
tivity. The results of the present study indicate that 
the conjugation of the polycyclic hydrocarbon oxides 
with glutathione is elevated in rat liver by prior 
administration of these agents. 

MATERIALS AND METHODS 

Source of enzyme. Male Sprague Dawley rats were 
injected with the appropriate inducer and were killed 
24 hr after receiving the last injection. The livers from 
the animals were removed, homogenized in cold 
0.25 M sucrose (1:5 w/v), the homogenate was centri- 
fuged at 9000,q for 20 min at 5' and the pellet was 
discarded. The 9(X)0 ~ fraction was further centrifuged 
at 100,000q for 1 hr at 5 , the resultant supernatant 
was carefully transferred to another tube and was 
used as the enzyme source. Protein content of the 
supernatant was determined by the method of Lowry 
et al. [l 7] with bovine serum albumin as the refcrencc 
standard. 
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"t" The following abbreviations are employed throughout: 
PB. phenobarbital; 3MC, 3-methylcholanthrene: TCPO, 
3,3,3-trichloro-l.2 epoxy propane: SO. styrene oxide: and 
flNF. /~-naphthoflavone. 

Assay ol glutathione-S-epoxide tra,?qi,'rase n'ith 
TCPO and styrene oxide. Assays were perlbrmed 
essentially according to the method of Hayakawa et 
a/. [18]. [3SS]glutathione (500 ilCi,'3.88 mg) was pur- 
chased from Schwarz/Mann and nonradioactive 
reduced glutathione from Sigma. T C P O  and styrene 
oxide were products of Aldrich Chemicals while 3MC 
I 1,12 oxide was prepared by the method of Sims [19]. 

Incubation mixtures contained 0.51~mole of 
[35S]glutathione (2 3 × 10~cpm). I001lmoles of 
pyrophosphate buffer pH 8, 0.61lmole of T C P O  in 
5 ILl dimethylsullbxide or 0.5 itmole of styrene oxide 
in 2 #1 ethanol, and enzyme in a total volume of I ml. 
The reaction was started by the addition of the oxide 
solution. After incubation for 5 rain at 22 . the reac- 
tion was terminated by the addition of 50 td of 4 N 
acetic acid. The conjugates produced during the incu- 
bation were adsorbed on 20 mg of activated charcoal. 
After 30min at room temperature, the charcoal was 
collected by centrifugation washed twice with 4 ml of 
water and the conjugates were eluted twice with 1 ml 
of methanol benzene aqueous ammonia t87: 10:3, 
v/v). The combined eluates were evaporated under 
nitrogen and then suspended in 5(1 td of 50". ethanol 
and 201d was applied to Whatman No. I paper. 
Chromatograms were developed in a descending 
manner with , -butanol-acet ic  acid water (12:3:5, 
v/v). The bands on each chromatogram correspond- 
ing to R,t = 0.37 and 0.43 for conjugates of SO and 
TCPO,  respectively, were made visible by spraying 
with ninhydrin. Thereafter, the chromatograms were 
scanned in a Packard Radiochromatogram Scanner, 
the radioactive areas on the strips which were ninhyd- 
rin-positive were cut out, transferred to a vial contain- 
ing 10ml of a toluene PPO P O P O P  scintillation 
fluid and measured in a Beckman liquid scintillation 
spectrometer. The per cent radioactivity' in the coNu- 
gate region was then determined and the nmoles of 
product were calculated. Incubations carried out in 
the absence of enzyme served as control. Dimethylsul- 
foxide at the concentration employed to dissolve 
T C P O  was without effect on enzyme activity. 
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Table I .  Eil/} l l latJc and noncnz),lllalic corijugation of glutathionc x~itlt oxide 
Stlbstrates 

nmoles 5 rain 
3 MC oxide SO T ( ' P O  

Incubation system 22 37 

- Supernatant 0.86 0.94 29 ,<',3 
+ Supernatant 2.82 5.32 107 24S 

Legend: [ '~'S]glutathionc v, as incubated with the oxide substratcs at 22 
or 37 for 5 min (SO or TCPOI  or l0 rain (3M('  11.12 oxidc) in the presence 
Mr absence o[ a rat liver superl+lalant fraction which contairied I.I 1.6 mg pro- 
tern. The temperature of incubation with SO and T C P O  ~as  22 . The anrounl 
of conjugate was dctcrmincd ,is described in the text. 

,4ssay q!  glutathiom'-S-el~O.xidc tran)ibrasc actit:ily 
with 3 M e  11,12 oxide as suhstratc. Assays  were per-  
f o rmed  essent ia l ly  as  descr ibed  above  except  the  incu-  
ba t i ons  were carr ied  ou t  at 37 for 10 m m .  T h e  cxtcnt  
o f  the  n o n - e n z y m a t i c  reac t ion  at this t e m p e r a t u r e  was 
the  s a m e  as a t  22 . In addi t ion ,  the locat ion o f  lhc 
c o n j u g a t e s  (R,  = 0.63) was  c a s i h  a sce r t a ined  ullder 
a tI.V. light. 

R ES 1 l/f.',; 

T h e  fo rma t ion  of  a glu ta t l l ion¢  c o n j u g a t e  of  3M(" 
I 1.12 oxide,  SO  and  T C P O  was  testcd u n d e r  e n z y m a -  
tic and  n o n e n z y m a t i c  c o n d i t i o n s  at 22 and  37 
(Table  1). T h e  ex ten t  o f  the  nonenz.~.matic reac t ion  
is l imited a n d  not  m a r k e d l y  altL~cted b 3 increas ing  
the t e m p e r a t u r e  f rom 22 It) 3 7 .  T h e  n o n e n z y m a t i c  
reac t ion  was  h ighes t  wi th  T C P O  but  s igni l icant l  2 
lower  t h a n  tha t  of  the  e n z ; m a t i c  react ion.  O n  the 
o the r  hand ,  an  increase  of  <<'48 per  cent  in the  con j uga -  
t ion o f  3 M C  11,12 oxide  with g l u t a t h i o n c  was 

obse rved  in the e n z y m a t i c  ca ta lys is  bx rais ing the 
t e m p e r a t u r e  f rom 22 to 3 7 .  

The  e n z y m a t i c  reac t ion  with 3 M e  11.12 oxidc  was 
l inear with respect  to (a) s u p e r n a t a n t  prote in ,  up to 
4 mg  per assa3 a n d  (b) t ime. to lOmin .  

T h e  relat ive act ivi ty of  ghi ta th ione-S-e l~oxidc  t rans-  
fcrase in the rat l i~er supernatanl  fract ion was deter- 
in incd wi th styrene oxide.  T C P O  and with 3 M ( '  1 I, 12 
oxide  as subs t ra les .  T h e s e  da ta  are  p resen ted  ill Tab lc  
2. O f  the  three  cpoxides .  T ( ' P O  was  the mos t  effica- 
c ious  while 3 M e  11.12 oxide  was  the least reactive. 

The  effect of  pr ior  a d m i n i s t r a t i o n  o f  p h e n o b a r b i t a l  
upon g lu t a th ione -S -epox ide  t ransfc rase  act ivi ty was 
a sce r t a ined  with the  three  subs t ra les .  These  da ta  arc 
t abu la t ed  in Tab le  3. Highly s ignif icant  e leva t ions  of 
52. 20. a n d  35 per  cent  were obse rved  with s tyrene  
oxide.  T ( ' P O ,  and  3 M e  11.12 oxide,  rcspeciivel3., as 
subs t ra tes .  

The a d m i n i s t r a t i o n  o f  3 M (  to rats  is also a t t ended  
b} all increase  in the specitic act ivi ty o f  the  e n z ) m c  
in the rat liver s u p e r n a t a n t  p r epa ra t i on  (Table 4). 

Table "~ ... Relative roll',it,< of ~]utatllione-S-transfcrasc x~itll various epoxidc 
substralcs 

Epoxidc 
StlbSlrale IllllOICS conjtlgttte 5 nlill nlg I',rotcm 

Styrene oxide x{~.4 + 2.6( 10Ill 
T ( ' P O  165 ± ";.2{1921 
3M( '  11,12 oxide 5.7 ~ {}.2{7i 

I nz~lne acth.it 3 \'~as determined \'~ith the cibove cpoxidcs a~, substralcs as 
described in the text. The incubation ~<is conduelcd at 22 f~w 5 rain. The 
data arc presented as means ~ S.E.M. 18 deterxnmationsl. The ligurcs wilhm 
the parentheses represent the rehttivc substrate efficacy' w.ith lhe conjugation of 
styrene oxide set as 10() per cent. 

Table 3. Effect of phenobarbital admilfistration on glutathionc-S-cpoxMc translerasu 
acthi tv  

nmoles conjugate. 5 m i n m g  protein 
Treatment  St~,rcnc oxide T C P O  3 M e  1 I.l 2 oxide 

Saline ,~6.4 _~ 2.6* [65 + 5.2 10.8 Z (L4 
Phenobarbital  131 ~: 4.9 198 + 4.4 14.6 :+- (!.3 

(P < O.O(H) {P < ().()Oil {P < 0.0(tlt 

* Values represent mean ~ S.E.M. of eight dclermmations.  Male 50 60 g rats ,,,+ere 
injected i.p. with phenobarbital,  75 mg,kg body wL for three days and were killed 24 Ill" 
after the last injection. The activily with styrene oxide and T C P O  was determined at 
22 while that with 3MC 11,12 oxide v, as determined al 37 . The P values were determined 
and are indicated within the parenthescs, 



Effects of phenobarbital and 3-methylcholanthrcne administration 

Table 4. Effect of 3MC administration on glutathione-S-epoxide transferase activit_,, 

Treatment 
nmoles conjugate, 5 lnin,,mg protein 

Styrene oxide TCPO 3MC 11,12 oxide 

Corn oil 80.5 _+ 3.9* 126 _+ 8.6 9.5 + 0.4 
3MC, 20mg/kg 122 + 3.7 172 + 4.9 14.5 ± 0.5 
3MC, 40mg/kg 123 ± 2.8 178 ± 2.9 15.7 + 1.1 
3MC, 60 mg/kg 129 ± 4.4 162 ± 10.2 14.6 + 1.4 
3MC. lO0mg/kg 153 + 5.7 187 + 3.7 15.8 ± 1.1 

* Values represent mean + S.E.M. of three determinations. The rats were injected 
at 24hr intervals with 3MC at the specified dose and were sacriticed 24 hr later. 
Activity with styrene oxide and TCPO was determined at 22 ; that with 3MC 11.12 
oxide at 37 . 

Table 5. Effect of 3-methylcholanthrene and fl-naphthoflax, one administration on glutathione- 
S-epoxide transferase activity, 

10,s3 

nmoles con ugate 5 minmg protein 
Treatment Styrene oxide TCPO 3MC 11,12 oxide 

Corn oil 82.6 _+ 3.0(8)* 134 ± 7.1 (4) 9.4 _+ 0.318) 
3MC 24hr 112 + 2.1 (81 177 + 3.4(4) 14.71 ± 1.0/8) 

(P < 0.0011 (P < 0.001) (P < 0,001) 
3MC 48 hr I1g + 4.6(4) 179 ± 5.3(4! 12.0 ± (/.5(4) 

(P < O.O01j (P < 0.001i (P < 0,001) 
fl-NF 81.8 ± 3.6 127 _+ 4.9i41 10.3 ± 0.4 

(P > 0.01~ (P > O.OII IP > 0.011 

* Mean _+ S.E.M. (number of determinations). Rats were injected with (a) 3MC (20 mgkgl 
daily and were sacrificed 24 hr later at the times indicated m the table or (b) fi-naphthoflavone 
(flNF) 100 mg/kg, for two days at 24 hr intervals and were sacrificed 24 hr after the last 
injection. 

After adminis t ra t ion  of the polycyclic hydrocarbon 
twice at  20mg/kg.  the specific enzyme activity was 
elevated 52, 37 and 53 per cent respectively, with styr- 
ene oxide, T C P O  and 3MC 11,12 oxide as substrates. 
At the higher dose, i.e.. twice at 100 mg/kg, increases 
of 90, 49 and 66 per cent respectively, were noted. 

The effect of a single or of two doses of 3MC tit 
20mg/kg  body wt upon enzyme activity in the rat 
liver supernatant  fraction was also studied. These 
data are represented in Table 5. Highly significant 
increases with all three substrates were observed at 
these times. On the other hand, f l-naphthoflavone 
adminis t ra t ion did not affect the specific activity of 
glutathione-S-epoxide transferase in liver with any of 
the substrates. 

DISCUSSION 

The formation of polycyclic hydrocarbon oxides in 
biologic systems is of great importance in carcino- 
genesis as these substances, at least in some instances, 
may be the ultimate carcinogens [4,6, 20]. Conse- 
quently, the enzymatic pathways for the inactivation 
of these oxides will play at major  role in the potential  
susceptibility of a tissue to their carcinogenic action. 
At least two mechanisms for this detoxification are 
available, epoxide hydrase and glutathione-S-epoxide 
transferase. We have recently reported on the distri- 
but ion of the former in rat liver, kidney and lung [12], 
in its activity in regenerating rat liver and during de- 
velopment [21], and  on its blockade by T C P O  [21]. 
We have also shown that  the application to mouse 
skin of T C P O  along with 3MC restihed in a consider- 

able rcdtlction in latency' time before the onset of 
tumors, an increase in the per cent of mice exhibiting 
tumors, and a profound increase in the numbers  of 
tumors  per mouse [22]. 

In the research reported in the present manuscript,  
we have initiated studies on the activity of the second 
enzyme system which is capable of catalyzing the in- 
activation of the polycyclic hydrocarbon oxides, glu- 
tathione-S-epoxidc transfcrase. The enzyme {or 
enzymest does (or do) indeed ca tabze  conjugate for- 
mat ion with 3MC 11,12 oxide as substrate but tit a 
considerably lesser extent than with several other sub- 
strates employed in this study, namel 3, T C P O  and 
styrene oxide. 

Boyland and Wil l iams[13]  and Hayakawa et  

al. [18] have previously reported the intertiction of 
st'~rcnc oxide with glutathione as catalyzed by a 
transferase while F~iellstedt et al. [23] have estimated 
conjugate formation v, ith T C P O  as substrate. Using 
rat liver homogenates,  Sims [19] presented evidence 
for the formation of a glutalhionc conjugate of 3MC 
11,12 oxide. 

Considerable evidence has been accumulated which 
suggests inultiple enz',,mes with transferase acti- 
vity [2&26] .  Furthermore.  it has been claimed that  
one of the transferases, glutathione-S-transferase B, 
is identical to the intracellular protein which is in- 
volved in binding of a number  of anions, ligan- 
din [27]. One  of the pieces of evidence in this regard 
is based upon the analogous induction by phenobar-  
bital of both  ligandin [28] and of the transferase [27]. 
We have reported in the present manuscript  the ele- 
vated aclivit3 of the transferasels) in liver with either 
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TCPO. styrene oxide or 3MC 11.12 oxide as sub- 
stratcs. In addition, we have also observed an in- 
creased activity of this (or these) enzyme(s) after 3MC 
pretreatment. 

|! would be of paramount importance to ascertain 
the relative activities of these enzymes, active in 
detoxitication, in tissues which are susceptible to the 
action of the polycyclic hydrocarbon, e.g., lung or 
skin. and the inducibility of these enzymes by barbitu- 
rates or other substances. Furthermore, the effects of 
exogenous glutathione or inhibitors of glutathione 
synthesis upon the carcinogenic process would be of 
interest. These studies are presently under way. 
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