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Abstract-Two epoxide-metabolizing enzymes. glutathione-S-epoxide transferase and epoxide hydrase, 
were studied in subcellular fractions of rabbit liver. lungs, intestinal mucosa and kidney. Glutathione-S- 
epoxide transferase in soluble fraction was assayed by a new specific radiochemical method using 
styrene oxide (-8-14C) as substrate, and some properties of this enzyme are described. Liver had the 
highest specific activity of each enzyme, but there was no correlation between the relative specific 
activities of glutathione-S-epoxide transferase and epoxide hydrase in the extrahepatic organs. Feeding 
rabbits a purified diet did not alter the specific activities of epoxide hydrase or glutathione-S-epoxide 
transferase in liver and intestine. Rat and guinea pig had much higher specific activities of glutathione-S- 
epoxide transferase than rabbit in liver and kidney, and slightly higher specific activities in lung and 
intestine. Species did not differ markedly in epoxide hydrase activities when the same organ (liver, 
lung, intestine or kidney) was compared in rabbits, rats and guinea pigs, except that rat intestine 
had much lower epoxide hydrase activity than intestine from rabbit or guinea pig. 

In recent years a large number of reports have sug- 
gested that epoxide metabolites may be the mediators 
of the carcinogenicity of aromatic hydrocarbons. This 
work is reviewed by Sims and Grover [l]. 

It has been shown that epoxides are formed by the 
action of microsomal mixed-function oxidase enzymes 
on molecules having aromatic rings or alkene bonds 
[2,3] and that, in general, an epoxide metabolite is 
more biologically reactive than the parent hydrocar- 
bon. The epoxides of aromatic hydrocarbons have 
been found to bind to nucleic acids [4] and other 
macromolecules and to undergo rearrangement to 
phenols, hydration to diols [S] or conjugation with 
glutathione, which can be the first step of mercapturic 
acid biosynthesis [6]. These last two reactions are 
catalyzed by microsomal epoxide hydrase (EC4.2.1.63) 
and soluble fraction glutathione-S-epoxide transferase 
(EC4.4.1.7) respectively. We have studied some 
properties of these two epoxide-metabolizing enzymes 
in tissue preparations of several organs of rabbit, 
guinea pig and rat. 

Styrene oxide [-8-‘“Cl was used as a model com- 
pound for studying these two pathways of epoxide 
metabolism, since styrene oxide is stable enough to 
study in aqueous assay systems, could .be obtained 
labeled with i4C, and has often been studied as a 
substrate for hepatic microsomal epoxide hydrase in 
several species [7]. The unlabeled compound is also 
available, and the compound has comparatively low 
toxicity and carcinogenicity [S]. 

EXPERIMENTAL 

Styrene oxide-8-i4C (sp. act., 037 mCi/m-mole) was 
purchased from Mallinckrodt, St. Louis, MO., and 

*A preliminary report of this work has appeared in 
Pharrntrcologist 15. 191 (1973). 

diluted where necessary with unlabeled styrene oxide 
purchased from Eastman Organic Chemicals. Glu- 
tathione was purchased from Sigma Chemical Co. 

Glutathione-S-epoxide transferase was assayed by 
measuring the reaction product, in this case S-(2-hyd- 
roxy-1-phenylethyl) glutathione. Incubation tubes 
were set up at 0” containing 160 pmoles HEPES (N-2- 
hydroxyethylpiperazine-N’-2-ethane sulfonic acid) 
buffer (pH 7.2 for liver, 7.6 for lung, intestine and 
kidney), 7.5 pmoles glutathione, 0.6 to 1.25 mg soluble 
fraction protein and water in a final volume of 1.45 
ml. Tubes were placed in a bath at 37” and left for 
334 min to attain this temperature. The reaction was 
started by adding styrene oxide (15 pmoles, 1.5 x lo5 
dis./min) in solution in acetonitrile (50 ~1). After an 
incubation time of 515 min, the reaction was ter- 
minated by adding 4 ml ethyl acetate and vortex mix- 
ing. Unreacted styrene oxide and any phenyl-1,2-eth- 
ane diol formed were extracted into the organic 
phase, leaving the glutathione conjugate in the 
aqueous phase. The ethyl acetate layer was removed 
and the extraction repeated twice. Thin-layer chro- 
matography of the ethyl acetate phase in chloroform- 
ethyl acetate (1: 1, v/v) and radiochromatographic 
scanning of the developed plate showed two spots 
having the same FJ values as unlabeled styrene oxide 
(Rf = 0.90) and dial (Rf = 0.22) in this system. The 
peak at R/ = 022, the R, of the diol, was barely de- 
tectable after incubation of styrene oxide with the 
microsomal supernatant (soluble) fraction (in the 
presence of glutathione). The plates used were pur- 
chased from Analtech Inc., Del., and were coated with 
250 p of Silica gel G containing fluorescence indi- 
cator. Spots corresponding to unlabeled styrene oxide 
and phenyl-1,Zethane diol could be seen on these 
plates by viewing under ultraviolet light at 254 nm, 
since both compounds quench the fluorescence of the 
indicator. 
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Paper chromatograms of the aqueous phase (after 
ethyl acetate extraction) were developed in rl-hutanol 
glacial acetic acid-water (2: I : I. WV) and scanned fol 
14C. A major peak was seen at K, = 0.58. the same 
position as non-enzymatically synthesized S-(2-hyd- 
roxy-I-phenylethyl)glutathione. In some casts. a small 
peak at R, = 0.68 was also noticed. but no peak 
appeared at I<, = 0.88. the Kr to which both styrenc 
oxide and the diol migrate in this system. The peak 
at RJ = 0.68 is probably due to initial brcakdomn of 
the glutathione conjugate to the cysteinylglycinc con- 
jugate. This chromatography was evidcncc that the 
extraction procedure cluantitativclq scparatcd the 
reaction product. S-(2.hydroxy-I-phenyleth\ I)glutath- 
ione. from the substrate and its hydrolysis product: 
hence. the 14C remaining in the aqueous phase after 
extraction was used to calculate flutathione-S-cpox- 
ide transferase activities. Specific activities were cor- 
rected for nonenzymatic formation of the glutathione 
conjugate by assaying for conjugation in the absence 
of tissue and for carryover of radioactivity by assay- 
ing a nonincubated blank containing tissue. 

The 14C in the aqueous phase after ethyl acetate 
extraction was counted bv washing out the contents 
of the reaction vial with lbur (2.5 ml) portions of a 
Triton tolucne scintillation mixture. The scintillation 
mixture was prepared by adding I litct- Triton ~-100 
(alkyl phenoxy polyethoxy ethanol. New England 
Nuclear) to 2 liters of a toluene (Baker analyzed) solu- 
tion containing 16.5 g of 2.5-diphenyloxalole (New 
England Nuclear, scintillation grade) and 0.5 g of /J- 
bis[2-(5-phenyloxa7olyl)]ben/ene (New England Nuc- 
lear, scintillation grade). 

In order to check that all the lJC added could 
be accounted for. portions (0.5 ml) of the combined 
ethyl acetate extracts for each reaction vial were 
added to IO ml of the same Triton tolucne scintilla- 
tion mixture. 

All samples were counted in a Nuclear-Chicago iso- 
cap/300 liquid scintillation system using program 3 
(channels ratio method for finding cflicicncy) as 
recommended by the manufacturer for the systctn to 
be counted. Appropriate quench curves were set up 

to find the counting efficiency in the presence of water 
or of cthvl acetate and these were used to calculate 
the di&in for each sample. 

Epoxide hydrase activity was determined by mca- 
suring the conversion of styrcnc oxide to phcnyl-l.2- 
ethanediol according to the method of Ocsch ct trl. 
[S]. The usual incubation conditions were: 1 pmolc 
styrene oxide (added last): 100 /Imoles HEPES buffer. 
pH 8.9: @4 ~tl Tween 80; and I.5 mg microsomal 
protein in a final volume of I.0 ml. The reaction was 
carried out at 37 and terminated after IO 20 min 
by vortex mixing with 5 ml petroleum ether. Samples 
for scintillation counting were prepared as dcscribcd 
for glutathione-S-epoxide transferase. 

Young adult, male. New Zealand white rabbits 
were used having body weights of 2.2 to 2% kg. These 
rabbits were obtained from Pel-Freer animal sup- 
pliers (Rogers, Ark.). They were killed by air embo- 
lism (marginal ear vein) between X:00 and Y:OO a.m.; 
the tissues were removed immediately and placed on 
ice. The proximal 20 in. of small intestine was used 
for routine assay. (Reasons for this limit are given 
in Results.) This portion of intestine was washed with 

dlstillcd watlx. cut 0,x,,. illld tt1c mllcasa scrapccl and 

used Ibr preparation of subccllular fractions. In latcl 
cxpcriments. ihc niucosa \I;IS not scraped olt: but the 
washed sections wcrc cut up prior to homc~Fcni/ation. 

Washed microsomcs \vcrc used to ;~a~ cpo\i& 

hydrasc and wcrc prcpal-cd as follo\+s. A suitable 
Meight of the minced orya~ (all in the cast of lung 
and intestinal mucosa) \\as homogenized in l.15”C, 
KC1 OG M HEPES. pH 7.1. using ;I Teflon motor- 
driven homogcnizcr so that I g tissue was suspended 
in ;I final volume of 4 ml. The homogenate was centri- 
fuged at 600 61 (i)r IO min to prccipitatc nuclear frag- 
mcnts and than at IO.(X)0 (1 for 20 min to prccipitatc 
the mitochondrial fraction. The post-lnitochondrial 
supernatant was centrifuged at 176.000 (1 for 35 min 
using a 60 Ti head in a Beckman L3-50 ultraccntrl- 
fugc. This microsomal supernatant fraction (soluble 
fraction) was used to assay Lrlut~lthionc-S-cpoxidc 
transfcrasc. The pellet was resuspended in I. IY,, 
KC’I- 0.01 M HEPES and rcspun at 176.000 q for 20 
min. The washed microsomes were suspcndcd in 
l’l5”,, KC1 0.02 M HEPES to the desired protein 
conccntr,ition. L 

Expcrimcnts to lind the K,, and I ;,,.lx values of glu- 
tathionc-S-cpoxidc transfcrasc \vith respect to glutath- 
ione concentration were performed using soluble frac- 
tion ahich had been dialyzed for 24 hr against two 
changes of isotonic 002 M HEPES. pH 7.4. to 
remove low molecular weight pcptidcs including glu- 
tathione. In these eupcrimcnts. the concentration of 
styrenc oxide was held at I mM and the glutathione 
concentration varied between 0 and 70 mM. 

In studies whcrc the subccllular distribution of the 
two cpoxide-mctaboliIjng enzymes was examined, the 
preparative medium was 0.25 M sucrose 0.05 M 
HEPES. pH 7.4. since this led to Ices disruption of 
structure as shown b! clcctron microscopy. Protein 
was assay& by the method of Lolvry CJ~ rrl. [Y]. 

The distribution of epoxidc-met~lholirinf cnzytnes 
along the intestinal tract \$2;1s studied b! cutting the 
small intestine into 6-in. scgmcnts. scraping off 
mucosa. and preparing subcellular fractions for assay 
of glL,tathionc-S-cpoxide transfcrasc and cpoxide hyd- 
rasc. 

The efI?ct of starvation on the intestinal enzymes 
was tested using four groups of three animals each. 
One group was starved for 4X hr. the second group 
for 24 hr and the third group for IZ hr. The fourth 
group was allowed normal accc~s to food and served 
as control. All rabbits had unrestricted access to 
water. 

Another expcrimcnt &as carried out to determine 
the effect that diet might have on cpoxide-metabolir- 
ing enzymes. especially in intestine. Sixteen X-week- 
old malt rabbits uerc fed a purified synthetic diet 
obtained from General Biochemicals. The composi- 
tion was as follows: Alphacel (cellulose bulk). 20”,,; 
cottonseed oil. J”,,; salt mixture. Hegsted. 4”,,; suc- 
rose. VI,,: vitamin&c casein. iO”,,: magnesium 
oxide. O.S’,,: potassium acetate. Z?“,,; and vitamin- 
diet mixture. 3”,,. 

Fifteen control X-week-old rabbits were fed stan- 
dard NIH rabbit feed A with the following composi- 
tion: alfalfi meal. 3X”,,; whole wheat. 2X,9”,,; whole 
oats. 17,75”,,: soybean meal. 1325”,,; limcstonc. I.]“,,; 
sodium chloride (iodized). 0.5”,,: dicalcium phosphate. 
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Table 1. metabolism of styrene oxide in preparations of rabbit liver. lung, kidney and intestine 

Spcaiic activity* 
(nmolrs product formed .min-’ .mg protcm ‘) 
Epoxide transferasc Epoxidr hydrae 
(soluhlr fruction): (mxrosomal fraction): 

Liver 
LUlg 
Kidney 
Small mtcstine mucosa 

* Values quoted are mean +S. D. for six young adult male New Zealand white rabbits. body weight 
2.2 to 2.8 kg. 

+ Total activity was calculated by multiplying the specific activity by the total microsomal or soluble 
fraction protein for that organ and finding the mean ,S. D. for each organ. Even assuming that 
only 50 per cent of the endoplasmic reticulum is recovered in the microsomal pellet. total epoxide 
hydrase activity is much lower than total glutathione-S-epox~de transferase activity, especially in liver 
and lung. 

4 See text for preparation of subcellular fractions. 

0.1%; Delamix, 0.15%; vitamin Dz and C fortification, 
@I%. 

Four animals from each of these two groups (puri- 
fied vs regular diet) were sacrificed at 2-week inter- 
vals. and levels of epoxide hydrase and glutathione-S- 
epoxide transferase in liver and intestine were mea- 
sured. Liver and lung microsomal benzphetamine-hr- 
demethylase activities were also measured, since it has 
been reported [lo] that the pulmonary mixed-func- 
tion oxidases are induced in rats by some vegetable 
components in food. 

Benzphetamine demethylase activity of liver. lung 
and intestinal microsomes was determined as pre- 
viously described [l 11. 

RESULTS 

Glutathione-S-epoxide transferase activity was 
found to be localized in the soluble (microsomal 
supernatant) fraction of liver, lung, kidney and intes- 
tinal mucosa of the rabbit. Liver had the highest spe- 
cific activity and kidney $ to f of the specific activity 
of liver. Lung soluble fraction had about f of the 
activity of liver soluble fraction, and intestinal mucosa 
had the lowest activity of those organs studied- 
about + of the liver’s activity. Values obtained for six 
typical animals are given in Table 1. The total capa- 
city of the organ to metabolize epoxide under the 
conditions of assay used was also calculated and is 
shown in Table 1, but it should be noted that the 
specific activities found under these conditions were 
lower than the I/maxfor epoxide transferase, so these 
may not be maximal turnover rates in vitro. In the 
intact animal, rates of conjugation may also depend 
upon the concentration of glutathione in uivo in the 
various tissues. 

The highest epoxide hydrase specific activity and 
total activity were also found in liver, and this enzyme 
was localized in the microsomal fraction of each tis- 
sue examined, as has been previously reported for 
liver [S]. Intestinal mucosa microsomes had the 
second highest specific activity, and kidney micro- 
somes had lower specific activity than intestinal mic- 
rosomes. Lung microsomes had very low epoxide 
hydrase activity-about $0 that of the liver. The total 
activity of lung was about 10S3 that of liver; since 
1 mM styrene oxide is an order of magnitude greater 

than the K, for epoxide hydrase [ 121. the measured 
activity should have been close to vmamarand, therefore, 
a good indication of the relative maximal potential 
turnover rates of epoxide hydrase in lung and liver. 
The epoxide hydrase activity of lung microsomes 
could be measured accurately only in the presence 
of 2-3 mg microsomal protein per incubation and 
by using an incubation time of 15 min or longer. 
These conditions of assay would result in hydrolysis 
of more than 50 per cent of the substrate if liver in- 
stead of lung microsomes were used. Epoxide hydrase 
activity in lung microsomes was linear with time up 
to 30 min and with protein between 2 and 6 mg/incu- 
bation vial. Heating lung microsomes to loo” and 
then cooling before assay abolished the epoxide hyd- 
rase activity, Assaying the lung epoxide hydrdse acti- 
vity in the presence of 0.5 and I.0 mM trichloropro- 
pene oxide, a known inhibitor of epoxide hydrase 
[ 131, gave progressively less product formation. 
although the type of inhibition of the enzyme in the 
lung was not determined. 

Incubating lung microsomes together with liver 
microsomes or with kidney microsomes led to the 
hydration of the same amount of styrene oxide as 
would be expected from the sum of the two separate 
activities in each case, so that the low lung activity 
does not appear to be due to any potent epoxide 
hydrase inhibitor present in lung microsomes. For all 
four organs studied, sonication of homogenate for 10 
set prior to differential centrifugation almost doubled 
the microsomal protein yield. but led to no change 
in the measured specific activity of either epoxide 
hydrase or glutathione-S-epoxide transferase. 

The rate of formation of the styrene oxide glutath- 
ione conjugate was found to be linear with time up 
to 15 min when catalyzed by liver or intestinal soluble 
fractions and for at least 15 min with lung soluble 
fractions under the conditions used. Epoxide hydrase 
activity was linear with time for 20 min in liver and 
kidney microsomes, for 15 min in intestinal micro- 
somes, and for at least 30 min in lung microsomes. 

Varying the amount of protein added to incubation 
vials did not change the specific activities of glutath- 
ione-S-epoxide transferase measured when up to 45 
mg liver soluble fraction protein was added in the 
1.5-ml reaction volume, or when up to 1.8 mg lung 
or intestinal soluble fraction protein was added in 
the I+ml reaction volume. 
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T‘able 2. Localization of epoxidc-mctabol~/in~ en/Jmes in tbf k~dnq 

MCdUlLl c <U,\‘\ 
(nmokb pt duct lnmi~lcI />I I’dii<:1. 

min ’ mg ~~I’~I~I~I ‘I Total medulla X~IYI~)~ mm ’ mg ~~!O~CIII 
I i)(.li L<IIli(\ ,lili,ii! 

‘1 Iota1 conic\ .wiiiti I I’I.LI i,ililCi :lill, IL! 
~.... .I, 

Cpoxldc tl amfcras~ 
lsoliihlc fr:~ct~o~>l ?I.0 I08 122+i1 _ :I1 x -I. 1 i ?i + 10 i>,i 
F\>o~I& h>dl.asc 

,mlcroco”,~\, I XI (I I4 IN5 0 0111 0.01 

* Styrene oxide (pmoles) conjugated (transferase) or hydrolyred (hydrase) by the total protein in medulla or cortex 
soluble or microsomal fractions from two kidneys was calculated by multiplying the specific activity by the protein 
yield for that fraction. Results are from one experiment in which three rabbits were sacrificed. Separate values for 
each animal were obtained for the soluble fraction enzyme. and the microsomes wcrc pooled for the epoxide hydrase 
data. In order to verify the distribution of epoxide hydrase between kidney medulla and cortex, the cpoxide ltydrasc 
assay was remated usine cortex and medulfa microsomes prepared from the pooled kidneys of three more rabbits. 
and the results were sim&r to those reported here. 

Epoxide hydrase activity was linear with a microso- 
ma1 protein concentration between 05 and 3.0 mg/ml 
of incubation volume for liver, intestine and kidney, 
and between 2 and 6 mg protein/ml for lung micro- 
somes. 

A relatively even distribution of both glutathione-S- 
epoxide transferase and epoxide hydrase is observed 
along the length of the small intestine, with slightly 
higher activities of both enzymes in segments from 
the proximal 24 in. Mixed-function oxidase activity 
is found to be substantially higher at the proximal 
end [14]. 

The localization of the two enzymes in the kidney 
medulla and cortex is given in Table 2. The specific 
activity of epoxide transferase was about the same 
in medulla and cortex. whereas epoxidc hydrase speci- 
fic activity was three times higher in microsomes pre- 
pared from medulla than in microsomes prepared 
from cortex. When the protein yields of the cortex 
and medulla are taken into consideration, 17 per cent 
of the kidney transferase activity is associated with 
the cortex soluble fraction. but only 3 per cent of 
the kidney hydrase activity is present in cortex micro- 
somes. 

Epoxide hydrase was assayed in washed and un- 
washed microsomes, and the slightly higher specific 
activity found in washed microsomes corresponded 
to the slightly lower protein yield in washed micro- 
somes. When calculated per g of tissue, the activities 
were the same in washed and unwashed microsomes. 

Both epoxide-metabolizing enzymes were fairly 
stable at &4” under the conditions of preparation 
of tissue employed. When glutathione-S-epoxide 
transferase activity was assayed in soluble fraction 
that had been stored in the refrigerator for I day. 
the activity measured was about 90 per cent of the 
activity found when the same soluble fraction was 
assayed immediately after preparation. Thereafter. 
activity fell off gradually with time of storage at @4 . 

Epoxidc hydrase was an unusually stable enzyme, 
especially as compared with microsomal mixed-func- 
tion oxidases. Suspensions of liver or intestinal muco- 
sal microsomes stored in the refrigerator at 0 4 had 
only slightly lower hydrase activity when assayed 1 
month after preparation as compared to freshly prc- 
pared microsomes assayed the day the animal was 
sacrificed. Epoxide hydrase activity in liver. intestine. 
lung or kidney microsomes was not affected by heat- 
ing the microsomal suspension at 60 for 5 min prior 
to assay. However. both microsomal epoxide hydrase 
and soluble fraction glL~t~~th~onc-~-cpoxide transfcrase 
activities were aboiishcd by heating at 100 for 5 min. 

When 0.1 M HEPES b&r (final concentration) 
was used, the pH optima of the giL]tathione-~-epoxide 
transferascs were found to be pH 7.2 for liver and 
pH 7.6 for kidney. lung and intestinal mucosa soluble 
fractions (Fig. 1). At pH X or greater. the rate of 
nonenzymatic synthesis of the glutathione con.jugate 
was high. 

Epoxide hydrase in microsomes had a broad pH 
optimum in the range 6.S to IO.5 with 0.1 M HEPES 
(pH 6.5 to 9) or Tris (pH 8.6 to 10.5) buffer. Assays 
were usually performed in 0.1 M HEPES at pH 8.9. 
since this pH was quoted as the optimum pH of the 
purified enzyme [f 21 in the guinea pig. 

Apparent kinetic constants for glitltathiol~2-S-cpox- 
ide transfcrase were obtained from the Lineweave 
Burk plot by a computerized least squares technique. 
The regression line drawn by the computer was 
weighted according to Clcland [El. Apparent kinetic 
constants with respect to glutathionc were determined 
using 1 mM styrenc oxide concentration in each tis- 
sue. Apparent K,, and I,;,,,, values for styrene oxide 
were determined at glutathione concentrations of 5 
mM (Table 3). 

The specific activity of epoxide hydrase in small 
intestine or liver microsomes from rabbits maintained 
on the purified diet was not significantly different 

Table 3. Apparent kinetic constants for ~lut~~thione-S-epoxide transfcrasc in soluble fraction* 
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Fig. 1. Variation with pH of liver and lung glutathione-s- 
epoxide transferase activities. Key: (A) liver soluble frac- 
tion: nmoles product formed.min-‘.mg of protein-‘, cor- 
rected for nonenzymatic conjugation at each pH. Highest 
specific activity was seen when the incubation mixture was 
at pH 7. (m) lung-soluble fraction: nmoles product for- 
med.min-’ . mg of protein- ‘, corrected for nonenzymatic 
conjugation at each pH. Highest specific activity was seen 
when the incubation mixture was at pH 7.4 to 7.6. (0) 
nonenzymatic conjugation: nmoles conjugate formed 

.min-‘. 

0 ID 20 30 40 ! 
Hours fasted 

Fig. 2. Effect of starvation on epoxide hydrase activity. 
Key: (A) liver, microsomal epoxide hydrase; (0) intestinal 
mucosa, microsomal epoxide hydrase. Values are mean 

is. D. of four animals. 

from that of rabbits on standard feed at any time 
tested (Table 4). Glutathione-S-epoxide transferase in 
liver and intestine soluble fractions tended to be lower 
in rabbits fed the purified diet, but the differences 
were significant at the 5 per cent level (Mann-Whit- 
ney U test) for only three of the eight comparisons, 
namely liver after 6 weeks on the diet and intestine 
after 2 and 4 weeks on the diet. Benzphetamine-N- 
demethylase also tended to be lower in the liver mic- 

rosomes from animals fed a purified diet, but the dif- 
ference was significant at the 5 per cent level only 
after 6 and 8 weeks on the diet. Lung benzphetamine- 
N-demethylase activity was not affected by the diet 
differences. Animals maintained on the purified diet 
gained weight less rapidly than animals fed a standard 
diet, but the lowering of body weight at the time of 
sacrifice was significant only at the 2- and 8-week 
time points. 

Table 4. Effect of diet on styrene oxide metabolism in vitro by various tissues of the rabbit* 

2 (10) 

Weeks on diet (animal age. weeks) 

4 (12) 6 (14) 8 (16) 

Tissue Parameter Regular drrt Punfied diet Regular Purified Regular Purified Regular Purified 

Liver 

LlJtlg 

Intestine 

Epoxide hydrae 
(microsomal)t 

Glutathione-S-epoxide 
transrerase 
(soluble fraction) 
b-Benzphetamine N- 

demethylase 
(microsomes)t 
Average protein 
yield in microsomes: 
Epoxlde hydra% 
Glutathione-S-epoxide 
transrerase 
Benzphetamine N- 
demethylase 
Averaae protein yield 
(micro%es) 
Epoxide hydrae 
Glutathione-S-epoxide 
transferasc 
Benznhetamine N- 
de&hylase 
Average protein yield 
(microsomes) 
Body wt of 
rahhtts (kg) 
No. of rahhlts 

64 + I.5 7.6 k I.2 6.4 k I.0 55 + 0.6 6.0 + I.9 4.9 & 1.7 8.2 + I.6 8.2 k I.5 

29-5 + 4.2 27.5 i 2.4 30.0 ? 6.0 24.6 f 3.5 28.2 f 2.1 22.2 + 24 27.2 * 1.3 239 rk 5.1 

4.9 f 0.8 

191 * 3.5 
0.18 f 0.6 

7.1 + I.1 

62 * 2.2 

9.6 f 1.3 

50 * I I 

6.1 + 04 

0.4 * 0.2 

12.8 i 05 

I.92 k 0.13 
4 

4.6 k 06 

13.0 f 4.3 

NDP 

ND 

7.2 i 3.4 

I@0 * 24 
5.2 k 0.8 

4.1 * 03 

0.5 * O-l 

10.9 f 4.5 

I.66 * 0.04 
4 

5.2 + I.2 

19.8 + I.4 
ND 

6.9 f I.5 

3.7 i I.4 

9.4 + I.0 

3.6 i_ 0.9 

4.6 k 0.6 

0.5 f 0.3 

IO.6 i 2.6 

2-26 t 0.32 
4 

4.1 + I.3 

I56 k 3.8 
ND 

68 i 1.0 

5.7 + I.2 

9.6 + 2.1 

33 + 0.4 

3.1 f 0.8 

0.3 * 0.4 

12.7 ?I I.3 

202 + 0.2 
4 

6.3 i 1.9 

20.2 * 3.3 
0.15 + 002 

64 * I.4 

6.7 + 21 

IO.5 + 1.2 
2-5 f 07 

3.8 f 0.8 

0.6 t 0.2 

I I.9 * I.3 

2-63 + 0.22 
4 

42 * o-7 6.8 f 0.9 

17.3 f 1.6 17.1 * 3.7 
ND ND 

5-3 * I.1 

5.1 + 0.6 

9.6 + 2-l 
3.2 + I.5 

2.7 i 0.4 

0.3 + 0 I 

I25 * I.3 

2.23 & 0.43 
4 

6.6 * l-5 

7.3 i 3.7 

9-9 * 0.7 
3.7 + 0.4 

3.9 * I.0 

0.7 * 0.2 

18.7 ? 2.6 

3-05 k 0.27 
3 

53 + 0.3 

20.8 k 7.1 
ND 

6-8 It 0.3 

5.2 t I.4 

130 * o-9 
3.1 * 07 

2.8 k 0.5 

0.6 + @I 

18.0 2 I.6 

2.25 f 017 
4 

* See text for composition of each diet. 
t Activities are expressed as nmoles product formed, min- ’ mg protein - ‘. The value quoted is the mean k S. D. 

Assays were performed as described in the text. 
1: The average protein yield in microsomes is expressed in mg. g wet wt tissue-‘. 
8 ND means not determined. 
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Starvation of groups of animals for up to 48 hr 
also had no effect on the activity of microsomal epox- 
ide hydrase in liver or intestine as compared with 
that of unfasted animals. However. rabbits fasted for 
48 hr had higher microsomal epoxide hydrase activi- 
ties than the group fasted for 24 hr (Fig. 2). even 
though the liver weights and protein yields for these 
two groups were not different. 

A species comparison of epoxidc-metabolizing 
enzymes is summarized in Table 5. Both guinea pig 
and rat have higher hepatic enzyme activities of glu- 
tathione&epoxide transferase than rabbit. Hepatic 
epoxide hydrase activities are similar in rat and rab- 
bit. while guinea pig has higher activity. The low spe- 
cific activity of epoxide hydrase in rat intestine is con- 
sistent with the results of Oesch et al. [S]. 

This study demonstrates that. in the presence of 
saturating concentrations of glutathione, the specific 
activity of glutathione-dependent S-epoxide transfer- 
asc in rabbit liver soluble fraction was about five 
times the specific activity of microsomal epoxide hyd- 
rase, using 1 mM styrene oxide as substrate for each 
enzyme (Table 1). In lung under the same conditions. 
the specific activity of the glutathione-S-epoxide 
transferasc was about 40 times that of epoxide hyd- 
rase; in kidney. glutathione-S-epoxidc transferase 
activity was about eight times higher than cpoxide 
hydrase activity. However. the specific activity of glu- 
tathione-S-epoxide transferasc in the soluble fraction 
of intestinal mucosa was only slightly higher than the 
specific activity of intestinal mucosa microsomal 
cpoxide hydrase. We have not yet attempted to deter- 
mine how this potential activity correlates with the 
actual metabolism in 13iro of epoxides in the different 
organs. Presumably. how a particular epoxide is 
metabolized by different organs depends on such fac- 
tors as the stability of the epoxide in the cell environ- 
ment, the relative ability of different tissues to trans- 
form hydrocarbons to cpoxides. and the effective level 
of epoxide-metabolizing systems. One would specu- 

late that the balance of these factors is crucial in 
determining localized damage caused by a chemically 
reactive epoxide to the organ. particularly an epoxidc 
generated in Gco by the microsomal mixed-function 
oxidases. The comparatively low ability of lung to 
metabolize epoxidcs. particularly by the epoxidc hyd- 

* llnpublished obscrwtions in this laboratory. 
t R. M. Philpot. J. R. Bend. M. 0. James and J. R. 

Fouts. manuscript in preparation. 

rase pathway, may be a significant factor in the com- 
parative vulnerability of lung toward polycychc hyd- 
rocarbon carcinogens. 

The preliminary kinetic data for glutathione-S- 
epoxide transferase which are reported here indicate 
that much higher concentrations of epoxides (than 
would normally be present in r)ico from the intake 
of foreign compounds) are necessary to saturate the 
enzyme. In addition. the concentration of glutathione 
available in the organ (about 5 mM in liver, but much 
less in other organs)* is of the same order as the 
K, value for glutathione. at least in the liver. There- 
fore. in the situation irr rim the rate of glutathione 
conjugation of epoxides like styrene epoxide would 
be lower than the C,,, value for the enzyme in vitro, 

and would vary significantly with the concentration 
of glutathione in the organ. The amount of glutath- 
ione available in any tissue might be expected to 
affect the toxicity of an cpoxide. (This is consistent 
with studies that show increased tissue necrosis by 
epoxides after glutathione depletion [ 16, 171.) 

The epoxide hydrasc activity of intestinal mucosa 
was not altered by feeding a synthetic diet for 8 weeks 
or by starving ammals for up to 48 hr. and this agrees 
with our results. to be reported elsewhere,? that epox- 
ide hydrase is not induced in the rabbit by common 
microsomal mixed-function oxidase inducing agents 
as determined in rats, e.g. phenobarbital and 3-meth- 
ylcholanthrene. 

We found marked species differences in glutath- 
ionc-S-epoxide transferase activities between rabbit. 
guinea pig and rat when the enzyme was assayed un- 
der the same conditions of substrate and glutathionc 
concentration in tissue preparations from these three 
species. We have no information at present as to 
whether this is a reflection of differences in the 
amount of cnzymc present. if differences in some 
other enzyme-related factor affect the measurable 
transferase activity. or if completely different enzymes 
are present in these three species. 

The high specitic activities of glutathione-S-cpoxide 
transferase found in liver suggest that endogenous 
compounds or their analogs might be natural sub- 
strates for this enzyme. For instance, the metabolitc 
of ethynylestradiol reported by Bolt rt al. [18] could 
have been formed by epoxidatron at the 1.2-bond and 
subsequent conjugation with glutathione. catalyzed 
by glutathione-S-epoxidc transferase. 

Overall. this study indicates that although liver is 
quantitatively the most important site in the metabo- 
lism of epoxides. intestine. lung and kidney were also 
capable of detoxifying epoxides, since cpoxide hydrase 
and glutathione-S-epoxidc transferase were found in 
these organs. Lung and intestine provide routes of 



Hepatic and extrahepatic metabolism of an epoxide 193 

entry of foreign chemicals into the body, and kidney 
is a route of elimination, so the presence of detoxify- 
ing enzymes in these tissues may be important to the 
defense mechanisms of the body. Ratios of activities 
of glutathione-S-epoxide transferase and epoxide hyd- 
rase are quite different in the organs studied. and this 
may be a contributing factor toward selective tissue 
toxicity after ingestion of xenob~oti~s which are epox- 
ide precursors. 
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