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Abstract-The initial rates of hydration of sixteen epoxides in the presence of cytosolic and microsomal 
fractions of mouse liver were determined. 1,2-Disubstituted trans-epoxides were found to be excellent, 
selective substrates for the cytosolic epoxide hydroiase, while 1,2-c&-epoxides were poorly hydrated 
when one or more substituents was a phenyl moiety. Epoxides of cyclic systems including benzo[a]pyrene 
4,5-oxide, and two cyclodiene analogs were hydrated almost exclusively by the microsomal epoxide 
hydrolase while monosubstituted epoxides were hydrated by both systems. Some epoxides which were 
mediocre substrates proved to be reasonable inhibitors of the cytosolic epoxide hydrolase, indicating 
that the structural requirements for substrate binding and turnover are different. Some reagents known 
to interact with sulfhydryl groups, including styrene oxide, proved to be good inhibitors. This work 
facilitates the design of radiochemical and spectrophotometric assays for both major forms of epoxide 
hydrolase as well as prediction of potential intrinsic substrates. Also such data may be meaningful in 
assessing the risk involved in human exposure to epoxidized xenobiotics. 

It is now recognized that there are at least two forms 
of epoxide hydrolase in mammalian tissue (EC 
3.3.2.3, syn epoxide hydrolase or hydratase). The 
most commonly studied form is largely attached to 
cell membranes (although it may appear as a cyto- 
solic form) and is referred to here as the microsomal 
epoxide hydrolase [l-4]. The second form is largely 
present in the cytosol and mitochondrial lumen 
(although a small amount adheres tightly to cellular 
membranes) and is referred to here as the cytosolic 
epoxide hydrolase [5-X]. Both enzymes are of inter- 
est to pharmacologists and toxicologists because they 
hydrate epoxides which are present in the diet or air 
of humans or are formed in uivo from olefinic or 
aromatic precursers. Both enzymes add water to 
epoxides in a trans manner to yield 1,2-diols. How- 
ever, the enzymes differ in their subcellular, tissue, 
sex and species distributions; they selectively hydrate 
different substrates; they are induced and inhrbited 
by different compounds; and they have different 
biochemical and immunochemical properties [S, 
9-141. Although an in uivo role has not been estab- 
lished for either enzyme, both are undoubtedly 
involved in the detoxification of potentially muta- 
genic and/or carcinogenic epoxides. Since both 
enzymes are involved in xenobiotic detoxification, 
and they are induced and inhibited differentially, it 
is imperative for valid risk assessment that their 
substrate selectively is appreciated and that selective 
substrates are available for their analysis. 

Studies on the substrate sefectivity and occasion- 
ally the substrate specificity of the two epoxide 
hydrolases are scattered in the literature [l-5], and 
very few studies have involved a direct comparison 
of activities [6-10, 12. 13. 15,161. Thus, this work 
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was undertake to compare the initial rates of hydra- 
tion of a series of structurally simple epoxides by the 
cytosolic and microsomal epoxide hydrolases. These 
epoxides and several other compounds were then 
screened as potential enzyme inhibitors. 

MATERIALS AND METHODS 

Substrates. Styrene oxide, p-chlorophenoxyepoxy- 
propyl ether and trapls-stilbene oxide were purchased 
from the Aldrich Chemical Co. (Milwaukee, WI). 
Limonene 1,2-oxide, cis-stilbene oxide, allylbenzene 
oxide and cyclohexene 1,2-oxide were synthesized 
by per acid oxidation of the commercially available 
olefins [17]. 1-Phenyl-1-butene and 1-pentene (from 
the Chemical Samples Co., Columbus, OH) were 
oxidized with ~-bromosuc~nimide to the corre- 
sponding bromohydrins which were cyclized in base 
to yield trans-@ethyl- and propylstyrene oxides. The 
cb-/3-ethyl- and propylstyrene oxides were syn- 
thesized stereospecifically from a-bromopropio- 
phenone and buteriophenone by reduction with 
NaBH4 and base catalyzed cyclization. The 7&epox- 
ides of limonene and vinylcyclohexene were pre- 
pared by first protecting the l&position by bromi- 
nation, oxidation with Pn-chloroperbenzoic acid, and 
then removal of the bromines with zinc. In most 
cases the corresponding diols were made by hydrat- 
ing the epoxides in acidic aqueous tetrahydrofuran 
(0.05N H$04 in 40% aqueous THF). In the few 
cases where this procedure led to decomposition, 
the epoxide was hydrated in the dark in 0.2 M acetic 
acid buffer, pH 4.0. In the case of the limonene 
oxides, the cis-diols were also made from 0~0~ 
oxidation of the corresponding olefin [18]. All com- 
pounds were judged pure by thin-layer chromato- 
graphy (TLC) using both a general charring spray 
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after development was found to reduce the chem- 
iluminescence more rapidly. 

[‘HItruns-Stilbene oxide hydration was measured 
by addition of 10.2 nmoles of substrate in 3;cl of 
ethanol to 20O;~l of enzyme solution. The reaction 
was stopped and extracted as described above using 
ether instead of the ether-ethanol mixture. Non- 
radiolabeled epoxide and glycol (500 nmoles each) 
were added to each channel for u.1;. visualisation. 
The plates were developed in toluene-propanol 
(2O:l) and then scraped and counted as described 
above. 

Hydration of HEOIvI and HCE was monitored in 
a fashion similar to the other nonradiolabeled sub- 
strates in that the enzyme mixtures were extracted 
with ether and the ether dried over NaZS04. How- 
ever, the extracts were then analyzed by electron 
capture GLC without derivatization. 

Znhihirion studirs. To screen for the effects of 
different inhibitors. the previously reported radio- 
metric partition assay with rrans-/3-ethylstyrene oxide 
was used with a substrate concentration of 
5 x lo-‘M [19]. The inhibitor (0.1 or 1.0 nmole) vvas 
added in 1 ;d of ethanol 15 set prior to addition of 
the substrate (also in 1 ;tl of ethanol) to 50 ~1 of 0.5% 
(w/v) cytosolic fraction (0.3 mg/ml prote’in). After 
addition of the substrate the mixture was gently 
vortexed and incubated at 37” for 10 min. The reac- 
tion was quenched with 100 ul isooctane, and vig- 
orous vortexing partitioned the unreacted epoxide 
into the organic phase. A 20 !(I aliquot of the aqueous 
phase was monitored for radioactivity by liquid scin- 
tillation counting. Nonenzymatic hydration was 
monitored by incubation of the substrate with boiled 
enzyme. 

GLC. A Hewlett-Packard 5710A gas-liquid chro- 
matograph with a flame ionization detector was used 
to determine initial rates of hydration of most sub- 
strates. The columns were stlanized glass spirals 
(1.5m x 1.5mm i.d.) containing 2.5% OV 101 on 
Gas Chrom Q (100/200 mesh). The injector port and 
detector temperatures were both 300”. The column 
temperature for quantitation of dials varied depend- 
ing on the compound (see Table 1, 170”, 180”, 200”). 
Nitrogen (carrier gas). hydrogen air flow rates were 
2cJ. 30, and 240 ml/min respectively. n-Butylboronic 
esters of the internal standards and the authentic 
dials (l(J nmoles each) were used to calibrate the 
Hewlett-Packard 338OA integrator based upon peak 
area. 

Hydration of HEOM and HCE was monitored on 
a Hewlett-Packard 571(JA electron capture ga- 
liquid chromatograph using a silane-treated 
1.5 mm x 2 m glass column packed with 2% OV I(11 
on Gas Chrom Q (100/120 mesh). the column tem- 
perature was 250” while the injector and detector 
were held at 300”. The carrier gas flow rate of 5% 
methane in argon was 14ml/min. Quantitation by 
peak area using a Hewlett-Packard 3380A integrator 
was based upon the ratio between the epoxide and 
diol peak areas [I 1 1 201. 

HESULTS 

GLC methodology. To increase the accuracy and 
precision of the GLC assays, an internal standard 

method was employed in much of this work. and for 
the analysis of HEOM and HCE hydration was based 
upon the ratio of the diol and the epoxide substrate 
[ll. 201. Most of the epoxide substrates used in this 
study were so volatile that large and varying amounts 
of the epoxides were lost during work-up. This prob- 
lem was avoided only when samples were carefully 
concentrated using a small Snyder column. Even 
relatively high molecular weight compounds such as 
the stilbene oxides readily evaporated during 
work-up or from cellulose pre-layer TLC plates if 
extraordinary care was not taken. In contrast, all of 
the dials were nonvolatile. stable compounds. Thus, 
it was decided to use them as internal standards. 

As shown in Table 1. one of three internal stan- 
dards was chosen for each compound which gave a 
sharp peak near but distinct from the product diol. 
Experiments in which diol mixtures were extracted 
with a variety of different solvents and then the diol 
ratio was analyzed by GLC demonstrated that the 
polarities of the dials were so similar that the internal 
standards also served to correct for extraction effi- 
ciency. Styrene oxide and trans-stilbene oxide were 
analyzed by monitoring total diol produced, by 
monitoring the dioljepoxide ratios following careful 
work-up. and by the internal standard method just 
described. All methods gave similar results. but the 
internal standard method was used for subsequent 
studies because it gave the least variability and was 
less laborious. 

Standard suhsrrarrs. tratzA-Stilbene oxide was 
chosen as the standard substrate against which other 
epoxides were compared in preliminary studies 
which indicated that this epoxide was an excellent 
substrate for the cytosolic epoxide hydrolase [12]. 
There was little substrate loss due to volatility during 
the course of the reaction. and trans-stilbene oxide 
was found stable in ethanol solution at room tem- 
perature and showed negligible nonenzymatic hydra- 
tion. The compound is not highly soluble in that a 
1.25 x 1OJ” M solution in distilled water is visibly 
turbid. Thus, all studies were run at 5 x 1OJ’M to 
facilitate direct comparisons of rates. 

Conversion of tr~~rrs-stilbene oxide to its diol at a 
substrate concentration of 5 X 10 ’ M and an enzyme 
concentration of 1% (n:/v) was out of the linear 
region in less than l(J min. At 0.25’/( the hydration 
rate was linear for more than 30 min. and approxi- 
mately 40% of the epoxide was converted to dial. 

Styrene oxide lacked the numerous attributes of 
trans-stilbene oxide as a substrate; however. it was 
used as the standard substrate for studying the mouse 
microsomal epoxide hydrolase because it has been 
very commonly employed by numerous previous 
workers [ 1.21, 

Initial rates of hydrctriorz. The initial rates of 
hydration of the thirteen alkyl epoxides by the cyto- 
solic and microsomal hepatic epoxide hydrolases are 
shown in Table I. All trans-epoxides opened to 
rrythro-dials and all cis-epouides opened to tlzrco- 
diols with both the microsomal and cytosolic epoxide 
hydrolases. The tran.c-disubstituted epoxides of the 
substituted styrene oxide series were excellent 
substrates for the cytosolic enzyme. The initial 
rates of hydration of these epoxides were 
propyl>ethyl>~phellyl~~mcthyl (A>B>C>D). 
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Table 2. Hydration of henzo[a]pyrene 4,5-oxide by the cytosolic fraction’ 

Amount of diol (nmole) 
5 Cytowlic Incubation 

fraction time Boiled Normal 
(\v+ equivalent) (min) enzyme enrymc 

I 45 0.075 i- 0.054 0. I.30 i- 0.032 
Yll 0.043 i 0. I3 0.150 + 0 ill’ 

5 45 0.170 k 0.050 0 361 t (1.(I_JX 
90 0.079 2 0.049 O.h77 i- 0.006 

10 30 0.051 t 0.026 0.317 f 0 031 
60 0.087 2 0.065 0.7h-1 i O.(l37 

F A 5 X 10 ~’ M solution of benzo[a]pyrene 4,5-oxide was incubated in Trk bufler (pH 
7.4. I = 0.2 M, with 1 x 10 ‘M EDTA) with or without enzyme. 

A similar trend was noted earlier for a series of 
terpenoid epoxides [ 111. The four monosubstituted 
epoxides (E, F. G. H) were all hydrated at reason- 
alble rates. It should be noted that. under these 
conditions in the mouse. styrene oxide (H) was 
hydrated faster in the cytosolic than in the micro- 
somal fraction. As indicated earlier [24]. at the high 
substrate concentrations often used in previous stud- 
ies styrene oxide inhibits the cytosolic epoxide 
hydrolase. The cis-stilbene oxide (I) (investigated 
earlier with the microsomal enzyme [25]) and cis- 
/Smethylstyrene oxide (J) were each hydrated at 
rates approximately lo-fold lower than their corre- 
sponding trans-isomers. Interestingly, hydration of 
the cis-o-ethyl- and propylstyrene oxide derivatives 
(data not shown) was negligible by either fraction. 
The l.l-disubstituted 7,Slimonene oxide (L) was 
hydrated at a very slow but detectable rate by the 
cytosolic enzyme. 

Negligible hydration was observed for the epox- 
ides on cyclic systems including vinylcyclohexene 
1,2-oxide (K). limonene 1,2-oxide (M). cholesterol 
S-h-epoxide (data not shown). HEOM. HCE and, 
as shown in Table 2, benzo[u]pyrene 45oxide. The 
initial rate of hydration of benzo[a]pyrene 4.5oxide 
by the cytosolic fraction was estimated to be about 
0.1 pmole min ’ (mg tissue equivalent)-’ or about 
3000 times slower than the hydration of trans-stilbene 
oxide. HEOM and HCE have no detectable diol 
when incubated in buffer for up to 90 min. During 
this same period no hydration of the substrates 
appeared to occur with up to 1% (w/v) of the cyto- 
solic fraction under conditions where 0.01 pmole 
dial . min-’ . (mg tissue equivalent)- ’ could have been 
detected. 

As indicated earlier, the microsomal fraction was 
very poor at hydrating the truns-/Salk$styrene 
oxides (A. B. D) and truns-stilbene oxide (C) 
[l, 5,6. 12. 191. The monosubstituted epoxides 
examined were hydrated at similar rates in both 
fractions. Interestingly, allylbenzene oxide (F) was 
hydrated seven times faster than styrene oxide in the 
microsomal fraction and cis-stilbene oxide (I) was 
hydrated three times faster. Vinylcyclohexene 1.2- 
oxide (K) is interesting in that it was very poorly 
hydrated by both fractions. Possibly it could be a 
good inhibitor of the microsomal enzyme. Both the 
1.2 and the 7.8-limonene oxides (L, M) were good 
substrates for the microsomal epoxide hydrolase. 

Inhibition of cytosolic hydroluw. The thirteen 
epoxides and their respective dials. which were pre- 
viously examined as substrates. were also screened 
as potential inhibitors of the hydration of trrr,~/i- 
ethylstyrene oxide (Table 1). The only epoxides 
which caused significant inhibition at one-fifth \uh- 
strate concentration were those which were also good 
substrates for the cytosolic epoxide hydrolase. Fat 
instance. the best inhibitor, tmns-stilbene oxide. has 
a K, of 1 x lo-‘M compared to the K,,, of ~rrrr?.c-/i- 
ethylstyrene oxide of 7 x lo-’ M. At two times huh- 
strate concentration, vinylcyclohexane 7.8~oxide (G) 
and the two limonene oxides (L. M) gave approsi- 
mately 50% inhibition. As expected. the inhibition 
caused by high concentration\ of styrene os~dc 
increased with preincubation time. None of the com- 
pounds caused inhibition when the juvenoid R X-15$ 
(K,, = 2.0 x 10m6M) was used as a substrate ;I\ 
described earlier [5]. Inhibition by the corresponding 
diols was verv low. 

A wide varjety of compounds were then screened 
as potential inhibitors of truns-lJ-ethylstyrene oxide 
hydration by the cytosolic epoxide hydrolase (Table 
3). p-Nitro-2-bromoacetophenone (1) was earlier 
reported to inhibit the microsomal epoxide hvdrolasc 
presumably by alkylating a catalytically important 
histidine [26], and it caused good inhibitlon of c! to- 
solic epoxide hydrolase even in crude form. I)- 
Nitro-2-bromoacetophenone is known to modify ;I 
number of different amino acid residue\. but II\ 
selectivity, for instance with serine proteaseh. I\ 
thought to stem from formation of a “transition-lil\~‘. 
intermediate at the active side following cnLymatic 
attack on the polarized carbonyl. Thu\. a \ ariet\, ot 
carbonyl containing compounds \vas scrccncj ;I\ 
potential inhibitors (12-15, 20-30). 5.5’.Dithiobi\ 
(2-nitrobenzoic acid) (2) also caused significant 
inhibition at one-fifth and twice substrate concc11- 
tration. Thus. compounds 1 and 2 were u\ecI <I 
standard compounds for the comparison ot other 
inhibitors. A variety of moderatclv water ~olul~lc 
amino acid modifiers failed to cause signilicant 
inhibition of the cytosolic epoxide hydrolase acti\ it\. 
However, the sulfhydryl modjfxing organome~-cur’i- 
als (9, 10) were excellent inhIbItor\. (‘halcone ;md 
l-hydroxychalcone (12, 14). but not ;I clo~l) Irclatcd 
compound (15). were found to be good inhibitor\ 
as could be anticipated for a sulfh!,dr!,l contalnlng 
enzyme. As covered in greater detail ctscwhrre (711. 
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Table 3. Percent inhibition of the hydration of trans-/!Gethylstyrene oxide (5 x 1W’ M) by a variety of compounds of 
diverse structure 

No. 

Inhibitor concentration Inhibitor concentration 

Inhibitor structure lo-‘M lo-‘M No. Inhibitor structure 1W’M 1K M 

1 

2 :&S-SON,0 COOH 

9 

3 c 

1 NW&H, 

4 

O,N 0 SO& 

0 NO2 

N”2 

0 
5 OCH,CH, 

OCH&H, 

0 

6 NO2 

CI 0 0 OH 

NO2 

7 NO2 

0,N 0 0 SO,Na 

NO2 

8 
ITNHZ 

0 

9 CIH~ SO,Na 0 0 

10 HOH~ 0 0 SO,Na 

11 

31 15 

26 61 

<lo 29 

<lo 

<lO <lO 

110 <lo 

<lO 27 

(10 <lO 

98.2 

97.3 

<lo <lO 

28 46 

84 98 

73 89 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

0 
CL&-- 

HO 0 0 CF, 

F&F, 

i? 
CH,(CH,),,CCF, 

:: 
CH,(CH,),,CCF,CF, 

0 0 

‘-O=CF < 

<lo 

42 

<lo 

<lo 

<lo 

<lo 

12 

13 

<lo 

<lo 

<lo 

10 

15 

11 

91 

<lo 

37 

<IO 

< i0 

17 

17 

< 10 

<IO 

<lO 

24 

45 

35 
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the corresponding chalcone oxide proved to be an 
excellent inhibitor. Trichloropropene oxide (16) has 
been widely used as an inhibitor of the microsomal 
epoxide hydrolase. Although it fails to inhibit the 
activity of the cytosolic epoxlde hydrolase on R 20158 
[S], it is a good inhibitor of tran.s-/j-ethylstyrene oxide 
hydration. A variety of fluorinated compounds failed 
to give significant inhibition with the possible excep- 
tions of 26-28 and 30. 

A variety of previously described terpenoid com- 
pounds [I 1 . 201. some of which are shown in Table 
3, were also tested as possible inhibitors. .4s exem- 
plified by compounds 33 and 40. all of the diols 
tested proved to be poor inhibitors. The epoxides 
were reasonable inhibitors and their inhibitory 
potency generalI) correlated with their apparent 
affinity for the enzyme when tested as substrates. 
For instance. the 25epoxide (39) is a poor substrate 
and a poor inhibitor when compared with the cor- 
responding 6.7.epoxides (37. 38). As discussed ear- 
lier. substitution about the cpoxide moiety increases 
the apparent affinity of the substrate for the enzyme 
but substitutions greater than 1,2-disubstituted epox- 
ides decrease rather than increase the rates of 
hydration. The 6.7.epoxygeranyl coumarin (35) was 
a surprisingly good inhibitor. The lack of inhibition 
by the free phenol (36) indicated that the terpenoid 
moiety is important for inhibition. Interestingly. this 
compound is the most abundant coumarin in 
grapefruit oil 1271. Based upon the known inhibition 
of the microsomal epoxide hydrolase by trichloro- 
propene oxide and c\clohe\-ene oxide. compounds 

32 and 41 were prepared. The!, proved to be onI\ 
mediocre inhibitors. 

An appreciation of the substrate selrctivitb and 
ultimately substrate speciticity (k,,,,:K,,,) of the 
enzymes Involved in the metabolism of rpoxidiLed 
compounds is important for ;I varietv of reason\. 
Some epoxidized xenobiotics are poientially dan- 
gerous toxins, carcinogens and mutagens, On the 
other hand, epoxides occur on ;I \vide \.ariet\ ot 
natural and industrial products xnd intermediate\. 
It may be desirable to !imit human exposure to sonic 
of these materials. but large scale rcstrictior ot 
human exposure to epoxidrs and their precursor\ 
would be socially expensive. personally unpleasant 
and restrictive. and probabl? not toxicologicall! 
valid. Thus. regulatory agenclcs need information 
on the potential affinity of such epoxide$ for DNA 
and their reactivity with biological nucleophile5 a\ 
well as their metabolism. 

Based upon this and previous studies with the 
cytosolic and microsomal epoxidc hydrolases. the 
enzyme systems in the species studied appear to hc 
complementary. The cytosolic enz\‘mc is \ cry poop 
at hydrating epoxides on a \,ariety of cyclic system\ 
possibly due to steric hindrance. The marginal 
hydration noted for the cvtosolic cposidc hydrolaw 
on benzo(a]pyrene 35oxide could tic due. in part. 
to a small amount of the mlcro\rmal cpoxidc h) dro- 
law present in the cqtosolic fl-;lction. /1.mf\-l .‘- 



Disubstituted and tri- and tetrasubstituted epoxides 
appear to be hydrated almost exclusi\,el>, by the 
cytosolic epoxidr hydrolase in mouse liver. i,i.s- I .3- 
Disubstitut~d cornpounds in the /~-~llk~lst~reIie oxide 
series are ver! poorlv hrdratcd by either s\‘stem. 
Fortunately, they are m&bolizeci by conj&gation 
with gtutathione. An intere>tinp observation is that 
the Guinea pig [IS] ,IIKI t~unur~ [ 161 do h\dratc c,is- 
ii-ethylstyene oxide. indicating the potent&l import- 
ance of comparative \tudirs. Other disubstitutcd 
compounds wch as t?.s-stiibene oxide and c,i.s- 
eposysteric acid [ Ii)] at’r hylrated by both fractions. 

The rrlclno~ull4titutcct rpositles arc h>;drated 1~1 
both the microsomal and c!;tw)lic epox~dr hylro- 
lases. Such rapid hydration 1s potentialI) important 
because many munosubstitutrd cpoxidc5 \3 ill react 
with DNA. For inhtancc. st! rcne wide and allyl- 
benzene oxide are mutagens in the ,%ne5. systi1m 
lvhitr the ~~)rres~~~l~~lin~ 1.2-~ii~ub~tit~lt~d com- 
pounds are not. With an eposidc: of given reacti\it! 
the mutagenic potency of a compound then depends. 
in part. upon its affinitl, for nucleic acid as shown 
for a series of glyid)i ethers [ZS]. Allylbcnzenc 
oxide pro\idr< ;I nice mc~dcl for a variety of ally1 
collt~~inill~ drugs and other scnobiotics such as allyi- 
barbital and safrole n hi& arc likcl! to be eposidized 
it? rhino. The plycidyl ether of /T-chlorophtnol pro- 
vides a nice model sub\tratc for SC\ eraI malor intlus- 
trial products. For instance. wer 260 million pounds 
of the diglysidyl ether (?is-phenol A is produced 
annually in the United States M bile phenylplycidyl 
ether is also ;I major itl~red~~llt in many epoxy-rcsirl 
systems. The lack of hyhxtion of the 1 .2-rposidc 
of vinvlc\clohrxnr b! either fraction ma,: indioute . 
\vh\ vinvlcy~lohcsrne dioxide was an cffrctnx rnditr- 
me& cdmpoun~i i/r C!~PO. The lack of hydration of 
benzo[rr]pyrenc J.%oside. I IEOLI. HCE. and other 
epoxides on cyclic systems indicated that the cyto- 
solic epoxide h>cirolase will not be found important 
in the metaholi\m of most arene oxide\. cy9odiene 
epoxides. and other such compounds. 

A second \,alue of such substrate selectivity studies 
is to indicate potentially useful model substrates for 
use in routine as~!‘s. Ircril.s-/i-Methyl-. ethyl- and 
propylstyrene oxides are good. discriminating wb- 
strates for the cytowlic cposide hydrolases of 
rodents, The con~po~~nd~ arc wmcnhat \wlatile, but 
they are reasctnabl! \+ atcr soluble and. especially 
rrans-&ethyl- and propylstyrcne oxides, arc very rap- 
idly turned over b) the c! tosolic enzy~ne. rr-url.s-Stil- 
bene oxide is also ;I good wbstrate for the cytosolic 
enzyme. It has the advantage of being leas volatile 
and very stable to hydration m hufter. The dials of 
each of these cortqmu~~ds differ greatly in polarity 
from the epowidr so that cpoxidc hylration can he 
monitored by a simple partition method. Sever;ll of 
these compounds ha\-c been radiolabeled at 
52 mCi/mmolc and all of the) compounds (A-D) \vere 
radiolabeled at .A 10 C‘i,~mmole in quantitative ~icld 
using [‘HjNaBf-I4 [7. 1Y. tI]~plibli~h~d ~~if~~rrn~,t~~~i,]. 
The difference in the ultraviolet spectrum of WWIV 
stilhene ox& and its corresponding dial also allowed 
the development of ;I continuous spcctrophotornctrlc 
assay [2Y]. 

represent good model substrates. Substantial spec- 
tral differences have been demonstrated for some 
glvcidvl ethers and their corresponding diols. also 
r&in; the possibility of continuous assays. Allvl- 
benzene oxide might be considered as a potential 
replacement for styrene oxide as a microsomal epox- 
ide hqdrolase model substrate. Not only is it hvdrated 
seven times faster. but it shows greater specihcity of 
hvdration by the microsomal enzyme, it is less vol- 
aiile, less mutagenic. and much more stable both in 
buffer and upon storage. This single substrate can 
be used to monitor both the microsomal and cvtosolic 
enzymes if one takes advantage of their different 
subcellular distribution and/or pH optima. 

Two other compounds appear to be useful sub- 
strates for the microsomal epoxide hydrolase. In this 
laboratory tic-stilbenc oxide radiolabeled at 
511 mCii’mmole or 10 Cijmmole has proven to he an 
excellent model substrate for the microsomal epox- 
ide hydrolase of a variety of species including rhesus 
monkev and man. It is relatively nonvolatile, stable 
and rapidly hydrated by the microsomal enzyme. At 
a pH of 9.0 very little hydration of this substrate is 
catalyzed by the c)-tosollc epoxide hydmlase. but it 
is slowly hydrated by the cytosolic enzyme at neutral 
pH. The 1,2- epoxide of limonene is hydrated seven 
times faster than sty-we oxide by the microsomal 
epoxide hydrolasc. while its hydration by the cyto- 
solic enzyme was nondetectable. It could be readily 
radiolabeled by the selective reduction of the 7,8- 
olefin with tritium gas. 

A third value of such substrate selectively studies 
is that they may indicate potential intrinsic sub- 
strates. The large variations in cytosolic epoxide 
hydrolase acti\;ity a-served with sex and age and the 
failure of attempts to induce the cytosolic epoxide 
hydrolase with variety of compounds including 
phenobarbital. 3-methylcholanthrene. butylated 
h~drox~janis~~le. stilbene oxide and others may indi- 
cate that the cytosolic epoxide hydrolase has a con- 
stitutive role in addition to its ability to metabolize 
xenobiotics. The high affinity of the enzyme for 
terpenoid epoxides [ 1 l] suggested that it could be 
a scavenger enzyme for such by-products of steroid 
biosynthesis iis squalene dioxide and lanosterol 
24.2%epoxide. These compounds are substrates for 
the cytosolic epoxide hydrolase and the high affinity 
but low tunrover of these substrates would he appro- 
priate for compounds produced in small amounts as 
biosynthetic by-products [S]. ‘These epoxidized com- 
pounds have been shown to be quite potent as 
angiotoxic agents following itijection into rabbits 
[30]. 

The rapid hydration of cis- and tmrrs-l.Sdisub- 
stituted IipophGic epoxides indicated that lipid epox- 
ide\ could bc good substrates for the cytosolic zpox- 
ide hydrolasc [ 111, When subsequently tested. the 
cb- and tmrw-Y, IO-epoxides of stearic acid as \nrell 
as their methyl esters were rapidly hydrated [IO. 1.71. 
such epoxides arc knwin to form in lung tissue 
following exposure to smog components [31], and 
they may also form as a result of lipid oxidation and 
pcroxidation occurring in normal tissue. Both the 
cytosolic and microsomal epoxidc hydrolase as well 
as glutathione S-transferases are probably involved 
111 such catabt~lism Gnw it was previously found in 



1164 B. D. HAhlhlocK and L. S. H~s-\c,.x\\~ 

this laboratory that cholesterol 5.6-epoxide IS an 
exceptionally poor substrate for the cvtosolic epoxide 
hydrolase while a number of steroid epoxides are 
good substrates for the microsomal enzyme [2-3, 321. 
The increased rate of hydration observed in com- 
pounds such as vmrw-/3-propylstyrene oxide or allyl- 
benzene oxide indicate that lipid epoxides in which 
the epoxide is n or /zI to an olefin or conjugated 
olrfinic system should be excellent substrates for the 
cytosolic epoxide hydrolase. Such substrates could 
be the epoxides of arachidonic acid or leukotriene 
A,. The hydration of the later compound to the diol 
leukotriene B, is not inconsistent with the proposed 
mechanism of epoxide hydration by the cytosolic 
epoxide hydrolase. 

A knowledge of inhibitors of the cvtosolic epoxide 
hydrolase again has a variety of apphcations. If man 
is exposed to such inhibitors in addition to a poten- 
tially toxic epoxide. risk is enhanced. The high affin- 
ity and low turnover of some terpenoid epoxides as 
well as chalcone oxides [ll. 231 could present such 
a rick. Additionally. inhibitors can provide mechan- 
istic information on the enzyme. The potency of a 
variety of amino acid modifiers indicates that a 
sulfhydryl group may be catalytically important. 
Potent inhibitors may be of use in eliminating the 
role of epoxide hydrolase in short-term mutagenicity 
assays and in determining the pharmacological or 
biochemical role of epoxide hydration in hepatocytes 
or irr c~irw. To this end a variety of potent inhibitors 
ha\,e been synthesized. based upon the chalcone 
oxide structure [2J]. 

Thus. the cytosolic microsomal epoxide hydrolases 
appear complementary in that between them they 
hydrate a wide variety of cpoxidized xenobiotics. 
Although both the cytosolic and microsomal epoxide 
hyirolases have been found in all vertebrate species 
examined. the substrate selectivity studies described 
here should be applied cautiously to other species. 
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