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Abstract—The influence of eleven xenobiotics on the activity and amount of hepatic microsomal epoxide
hydrolase was determined. Activity was assaved using three different substrates after rats were fed.
throughout 3 weeks, diets containing one of six hepatocarcinogens. viz. 2-acetylaminofluorene. 3'-
methyl-4-dimethylaminoazobenzene, 4'-fluoro-4-dimethylaminoazobenzene. thioacetamide. aflatoxin
B, and cthionine. Five hepatocarcinogens induced activity 4- to 10-fold: ethionine was relatively
ineffective as an inducer. Two non-carcinogenic analogues of hepatocarcinogens, viz. fluorenc and p-
aminoazobenzene. caused no appreciable increase in enzyme activity. but phenobarbital, barbital and
l-naphthylisothiocyanate induced activity 2- to 3-fold. All eleven xenobiotics increased the amount of
microsomal epoxide hydrolase 2- to 9-fold when examined immunochemically using either a radial
diffusion assay or an enzyme-linked immunosorbent assay (ELISA). Serum glutamic oxaloacetic acid
transaminase activity was not appreciably elevated by feeding ten of the xenobiotics. suggesting that
inductions were not owing to toxicity. Using ELISA, microsomal cpoxide hydrolase was detected in
post-microsomal (PM) supernatant fractions from control rat liver, thus confirming an carlicr report by
Gill et al. [Carcinogenesis 3. 1307 (1982)]. The eleven xenobiotics induced the amount of ELISA-
detectable antigen in PM supernatant fractions by 3- to 34-fold. Longer centrifugation of PM supernatant
fractions viclded a pellet fraction that contained 92 = 1.2% of the ELISA-detectable antigen irrespective
of the xenobiotic regimen. Relationships between xenobiotic induction of microsomal epoxide hydrolase
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activity and amount and hepatocarcinogenesis are discussed.

Hyperplastic nodules, induced in rat liver by chronic
feeding of 2-acetylaminofiuorene (AAF) [1], are
believed to be the cellular precursors of some hepa-
tomas [1-7]. Compared to normal rat liver, nodules
show enzyme deficiencies and excesses [8-12].
Among these enzymatic changes. Farber [12] recog-
nized patterns that characterized several different
focal lesions. viz. small foci which had low epoxide
hydrolase activity but high y-glutamyl transpeptidase
activity [13] and larger nodules which had high activi-
ties for both enzymes but were either persistent or
non persistent. Non-persistent nodules remodeled
with appropriate. concomitant reversals of enzyme
activities [13-15], while persistent nodules prolifer-
ated. became basophilic. and appeared to progress to
hepatocellular carcinoma [15]. Farber [12] believed it
“very likely that . . . most changes induced in target
cells by "carcinogens’ have no direct relevance to
cancer.” Although perturbation of epoxide hydro-
lase activity was prominent in the schema of AAF-
induced hepatic cancer. i.e. observed following 7
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days of chronic feeding [16] and throughout nodule
and hepatoma development [13-15], the relevance
of this change is open to question. Reid [17] pos-
tulated that changes induced in target tissues by
carcinogens but not by non-carcinogenic analogues
might prove to be “key changes™ in carcinogenesis.
Accordingly, we tested whether several hepa-
tocarcinogenic and non-hepatocarcinogenic xeno-
biotics induced hepatic microsomal epoxide hydro-
lase after short-term chronic feeding in a manner
similar to that seen with AAF [16].

Farber and associates [7, 18, 19] and Okita ef al.
[20] detected by immunodiffusion against back-
absorbed anti-nodule rabbit serum an antigen in
microsomes from hyperplastic nodules and primary
hepatomas that did not diffuse from normal micro-
somes; they called it preneoplastic (PN) antigen.
An important feature of PN antigen lay with the
observation that some proteins in microsomes from
hyperplastic nodules and hepatomas dissociated
more readily from the lipid bilayer than similar pro-
teins in microsomes from normal rat liver [7. 18-20).
Among proteins that readily dissociated was PN
antigen [21,22], later identified as the microsomal
enzyme epoxide hydrolase [16]. Recently, Gill er al.
(23]. using an enzyme-linked immunosorbent assay
(ELISA), observed low levels of microsomal epoxide
hydrolase in post-microsomal (PM) supernatant frac-
tions from normal rat liver. We confirm their finding
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and report turther that hepatocarcinogens markedly
induce the level of ELISA-detectable microsomal
cpoxide  hvdrolase antigen in PM supernatant
fractions.

MATERIALS AND METHODS

Male Holtzman rats were housed from birth in
rooms with 12-hr light cveles beginning at 7:00 «.m.
Jntl used for experiments. they were fed Purina
Rat Chow. Rats on experiments were fed a semi-
svnthetic dict {24] alone or supplemented with
0.0012% aflatoxin B, (Afl); 0.05% AAF; 0.06% 3'-
methvi-d-dimethvlaminoazobenzene  (3M).  4'-
fluoro-4-dimethylaminoazobenzene (4F ). p-amino-
azobenzene (AB). fluorene (Fl): 0.07% thioace-
tamide  (TA): 0.08%  [-naphthylisothiocyanate
(NIT): or 0.3% cthionine (Eth). Barbital (Bar) and
phenabarbital (PB) were added to the drinking water
at 0.0577

Rats were killed by cervical dislocation. Livers
were quickly removed, perfused. and homogenized
as previously described [21]. Microsomes were sedi-
mented from post-mitochondrial supernatant frac-
tion by centrifugation [20]. Cytosols were carefully
aspirated to the top of the pellets: tubes were
imverted to drain. Pellets were resuspended and
washed once with 30 mM Tris-HCL. 24 mM KCl,
SmM MgCls. 250 mM sucrose. pH 7.5 (TKMS) but-
tfer {22]. Washed pellets were \I()rLd in this buffer
at =707 In several experiments, PM supernatant
fractions were centrifuged an additional 3.0 > 107
g-min (S0Ti Rotor. Beckman Instruments. Inc..
Irving. CA) to vield a pellet which we called the low-
density particulate (L.DP) traction.

Arene oxide hvdroluse activity was assaved using
(G- H})hcnamhrum 9, 10-oxide (7.4 mC nmolL)or
[11. 12-*H]-benzofajpyrene 11.12-oxide (5.8 mCi/
mmole) as substrates [25]. Styvrene oxide hvdrolase
activity was determined by the procedure of Ocsch
etal. [26) using |7-*H]stvrene oxide (0.3 mCimmole)
as substrate.

Epoxide hydrolase was puritied by a modification
of the procedure described by Guengerich ez af. [27].
Microsomes were solubilized with Luberol PX. and
were chromatographed on diethylaminoethvl cellu-
lose (DE-52) and carboxymethvl cellulose (CM-52);
both chromatography steps were performed in glye-
erol (209%). Final purification was achieved by chro-
matotocusing m 3% giveerol on PBE-94 using a pH
gradient from Y to 6: the enzvme eluted between pH
8.4 and R.2. This preparation showed a single band
on sodium dodeey! sulfate /polyacrviamide gel elec-
trophoresis (SDSPAGE) and analvtical 1soclectric
focusing atter staining the gels with Coomassie Blue
or silver nitrate.
this preparation was simitar to that reported earlier
[27.28] and had « \'pcciﬂc activity of 870 nmoles
styrene glveol formedysmin/myg protein.

Antxbnd_\ to purified Lpo\xdc hvdrolase was devel-
oped in 4 New Zealand rabbit by twice-monthly
injections with {00 ug of purified enzyme cmualsified
in Freund’s complete adjuvant. The rabbit antiserum
was specific, e.g. it precipitated a single SOK band as
analvzed hy SDS PAGLE radivautography after in
piro translation using radiolabeled amine acids | 29].

The amino acid composition of
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Radial immunoditfusion analysis was performed
by the method of Thomas er al. [30]. ELISA assavs
were performed according to the procedure supy w\w,
by Kirkegaard and Perry Laboratories (Gaithers-
burg. MD) using 150000 difuted  ant-epoxide
hvdrolase rabbit serum as the primury antibody and
goat anti-rabbit immunoglobulin serum conjugited
with horseradish peroxidase conjugate as the second

antibody.  Quantitative readings of color inten-
sity  from  2.2-azinobis|3-cthyl-bensthiazohine-o-

sulfonate] substrate were obtuined by use of the
Microelisa  Autoreader  (Dvnatech.  Alexandrin.
VA), and the primary antbody was inhibited by
standard pure protein or unknown mixtures. '

Lipids were extracted from microsomes and from
the LDP fraction using the procedure of Folch er al,
[31]. The phosphate content of these extracts was
determined by the method of King |32} Protein was
determined by the method of Towry er af. {33 using
purified bovine serum albumin as a standard. Radio-
activity was determined in @ Hquid scintillation sy
tem [34.35]. Serum glutamic oxaloacetic acid trans-
aminase (SGOT) activity was determined using o
Sigma kit (St. Louis. MO) based on the method of
Karmen [36]. Activity was exprossed in International
Units/mi (259,

The carcinogens 2-AAF. Afl, Cth and
purchased from the Aldrich Chemical Co.
waukee. WI). the Calbiochem-Behring Corp.
Jolla, CA). the Sigma Chemical Co. {St. Louis.
MO). and the T. Baker Chemcad Coo (Phil-
lipsburg, NI) respectively. NiT was obtained from
the Eastman Kadak Co. (Rochester. NY ). while AB
and F1 were obtained from ION Pharmaceutivals.
Inc. (Cleveland, OH)y. The two uzo dves. 3M and
4F. were synthesized according to the procedure of
Giese er al. [37]. Labeled styrene oxide
thesized from bromo-acctophenone by
with sodium borohvdride in the presence of "H-O
and cvelization in I N NaOH. The reaction mixture
was applied to a Floristl column i hexane. and [7-
‘Histyrene oxide was eluted with 75 hexane
diethyl ether. Florisil was purchased from the 1.1

Baker Chemical Co. Chromatofocusmg gel PBE-94
and polvbhufters Yo and 74 were pmdmxr.d from the
Pharmacia Co. {Uppsali. Sweden). Goat anti-rabhii
immunoglobulin horseradish peroxide conjugate was
obtained from Boehringer Mannheun Biochemicals
(Indianapelis, IN)

A were
(M-
(L

WUS SVh-
reduction

RESULTS

Influence of xenobioiics on microsomal epoxide
hvdrolase activiry. Since it was shown previously that
7 davs of AAF tcedlm. caused a marked increase in
hepatic microsomal epoxide hvdrolase activity [16].
we did a preliminary study to determine the time-
course of cnzyvme induction ov er a -week period.
The activity was induced nearhy 2 Tuid at Idays. viz,
aspecific activity of 22 for AAF-fed versus a specific
activity ot 13 for basal-tfed. while at 7 and 14 days.
specific activities were 3-fold higher. Induction
appeared to be maximum at 3 weceks. so this time
was chosen for chronic feeding of xenobiotics.

The influence of chronic teeding of the eleven

xenobiotics  on - microsoma! cpoxide  hvdrolase
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Table 1. Influence of xenobiotics on the activity of microsomal epoxide hydrolase using three different substrates

Enzyme activity
(nmoles/min/mg protein)

BPO Average
Xenobiotic® SO+ Ratiox PO Ratio (Act) (10)8 Ratio ratiol
None 12 = 1= 21 2 2x0.2
M 93 + 16 8 241 = 12 12 20+ 0.2 10 1012
AAF 60 =5 3 211 =10 10 17+0.2 9 8= 1.5
4F 43+2 4 164 = 8 8 16 = 0.2 8 7+1.3
TA 40 =5 3 111 = 3 5 10+0.2 5 4+0.7
Afl =3 2 96 + 11} 5 8§+0.2 4 409
Eth 17+3 i 33+ 5 2 3=10.5 1 1£0.3
PB 38+3 3 Tt T 3
Bar 27 x4 2 70+ 8 3 6=+0.2 3 3:+0.3
Fl 26 = 9 2 27+ § 1 2203 1 1+03
NIT 162 1 51+ 1 2 5+0.3 3 2+ 0.6
AB 42 1 21+ 1 1 3x0.2 2 103

* Xenobiotics were added to a semi-synthetic diet {24] and fed costinuously throughout 21 days. Abbreviations are

identified in Materials and Methods.

+ SO. PO and BPO refer to [7-*H]styrene oxide, [G-*H]phenanthrene 9,10-oxide and [11,12-*H]benzo[a]pyrenc

11.12-oxide respectively.

i Ratios were X-value for a particular xenobiotic divided by X-value for None.
§ Each value was multiplied by 10 for convenience in tabulation.

| Values are x = S.E. for ratios with SO. PO and BPO as substrates.

** Values arc X = S.E. for determinations made on five male rats.

++ Not determined.

activity when assayed using styrene oxide (SO).
phenanthrene 9,10-oxide (PO), or benzo[a]pyrene
11.12-oxide (BPO) as substrate is recorded in Table
1. Five of six hepatocarcinogens induced enzyme
activity an average of 4- to 10-fold; ethionine was a
less efficient inducer. Three of five non-hepa-
tocarcinogenic xenobiotics, viz. PB, Bar and NIT.
induced enzyme activity an average of 2- to 3-fold:
Fl and AB were generally less efficient inducers.
Activities determined using PO and BPO as sub-
strates yielded xenobiotic/none ratios that were simi-
lar in most instances. Activities determined using SO
as substrate vielded ratios that compared reasonably
well with PO- and BPO-ratios in several instances.
viz. 3M, TA. Eth, Bar, Fl. and AB, but in other
instances, SO-ratios were about half PO- and BPO-
ratios, viz. AAF . 4F. Afl, and NIT. Substrate-depen-
dent differences in enzyme activity following xeno-
biotic administration were observed previously [27]
and were interpreted as evidence for multiple forms
of microsomal epoxide hydrolase {27, 38].

Cutler [39] demonstrated correlations between
liver damage visible histologically and increases in
SGOT activity. Recently, it was reported that rats
given AAF in choline-devoid diets [40] or those given
acute injections of N-hydroxy-AAF [41] showed
appreciable elevations in SGOT activity. To deter-
mine whether hepatotoxicity developed during the
feeding regimes, we assayed SGOT activities among
rats after feeding ten of eleven xenobiotics ( pheno-
barbital was not tested) throughout 21 days. Only
two of the xenobiotics caused significant changes in
SGOT activity, viz. 3M caused significant elevation
in activity. while Bar caused a small decrease. Since
the increase caused by 3M was modest, i.e. 1.5-fold
compared to a 20-fold increase seen with a toxic
dose of CCly (1 ml/kg body wt), it appears that

hepatotoxicities associated with xenobiotic feeding
had not developed sufficiently to cause appreciable
enzyme leakage and/or hepatocyte lysis.

Influence of xenobiotics on enzyme amount. Two
immunoassay methods were used to determine the
amount of epoxide hydrolase antigen in hepatic
microsomes after 3 weeks of xenobiotic feeding. a
radial diffusion [30] and an ELISA method. The data
are listed in Table 2. Hepatocarcinogens increased
the amount of epoxide hydrolase an average of 4- to
9-fold; non-hepatocarcinogenic xenobiotics in-
creased the amount of enzyme-antigen an average
of 2- to 6-fold. In six instances, the two immunoassay
methods yielded estimates of fold-increases that were
in reasonable agreement; in five instances, however.
the radial diffusion assay yielded appreciably lower
estimates of fold-increases, viz. 3M. Afl, Eth. Fl and
AB. These differences suggested that xenobiotic—
hepatic tissue interactions influenced antigen—anti-
body complex formation and stability. Earlier Guen-
gerich ef al. [42]. using immunaodiffusion, observed
antigen heterogeneity among microsomal epoxide
hydrolase purified from livers of normal or xeno-
biotic-treated rats. This result also was interpreted
as evidence for multiple forms of the enzvme [27.
42].

A statistical comparison of fold-increases in
enzyme activity versus fold-increases in enzymes
amount (deleting PB owing to insufficient activity
data) showed that five of the xenobiotics influenced
activity and amount to comparable extents: a similar
conclusion was reached in two earlier reports where-
in xenobiotics were injected [30,43]. Among the
five others. four xenobiotics increased amount to a
significantly greater extent than activity, viz. Eth, FL.
NIT. and AB. while 4F was a better inducer of
enzyme activity than enzyme amount.
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Table 2. Influence of xenobiotics on the amount of microsomal epoxide hydrolase detectable
by immunoassay

Radial Average
Xenobiotic* assayt Ratio ELISAZ Ratio ratiod
None 12.5= 0.8 8.8 + 1.7
AAF 99.0 * 14.1 8 594> 92 7 803
M 85.9+11.8 7 96.7 = 13.7 1 9+
TA 59.1 = 8.7 S 347104 4 4 =03
Afl 562+ 7.5 S 73.3+27.2 8 0= 1.3
4F 51,1+ 9.5 4 447+ R6 5 4 =08
Eth 244 = 4.1 2 42.4+12.0 5 4= 1.3
PB 50.5 + 10.7 4 527+ 5.2 6 R
NIT 386+ 5.0 3 379 = 8.2 4 SN
Bar 332+ 58 3 177+ 4.3 2 203
Fl 3.1 6.7 3 475+ 6.5 3 41
AB 294+ 1.8 2 452+ 48 5 RIEA BN

* Xenobiotics were administered exactly as described in Table 1.

* Values listed are A diameter’/ug protein

# Values listed are ug epoxide hydrolase/mg protein.
§ Values are X + S.E for ratios determined using radial assay and ELISA.
| Values are x = S.E. for determinations made on five male rats.

Influence of xenobiotics on detection of epoxide
hvdrolase antigen in PM supernatant fractions. Oesch
et al. [44] reported that PM supernatant fractions
from hyperplastic nodules were devoid of “material
immunologically cross-reactive with microsomal
epoxide hydrolase.” Gill et al. [23], using ELISA,
reported that PM supernatant fractions from normal
rat liver contained low levels of microsomal epoxide
hydrolase or “an immunologically related protein.”
Since ELISA vyielded data on microsomal epoxide
hydrolase levels that were comparable with radial
diffusion data on microsomes from six of eleven
xenobiotic-treated animal groups (Table 2), perhaps
ELISA could be used validly to determine levels of
epoxide hydrolase antigen in PM supernatant frac-
tions from rats fed the eleven xenobiotics throughout
3 weeks: the data are recorded in Table 3. In normal
rat liver, we observed protein immunologically
related to epoxide hydrolase at a level of 7 = 4 ng/

Table 3. Influence of xenobiotics on the detection by ELISA
of epoxide hvdrolase antigen in post-microsomal super-
natant fractions of rat liver

Xenobiotic Amount* Ratio
None 7 x4+

M 239 = 83 34
TA 183 = 49 26
Eth 160 = 55 23
AAF 146 = 19 21
4F 64 =22 9
Aft 24 =13 3
NIT 157 + 39 22
Fl 87 =22 12
PB 38+ 17 5
AB 29+ 8 4
Bar 260+ 6 4

* Amount is expressed as ng epoxide hydrolase/mg of
post-microsomal protein.

+ Values are ¥ = S.E. for determinations made on five
male rats.

mg protein in PM supernatant fractions, thus lending
confirmation to the earlier report by Gill ef af. [23].
The six hepatocarcinogens increased the amount
detected 3- to 34-fold; among non-hepatocarcino-
gens, the increase ranged from 4- to 22-fold.

Long-term centrifugation of PM supernatant frac-
tions from all twelve feeding regimens allowed recov-
ery of a pellet fraction that contained Y2 % 1.2% of
the epoxide hydrolase antigen detectable by ELISA.
Electrophoresis of pellet fractions through agarose
containing antibody to purified epoxide hvdrolase
allowed observation of rocket-like precipitin lines.
illustrating again immunochemical identity. Rocket
height failed to show proportionality with antigen
concentration, however, and quantitation was not
possible. Pellet fractions had phospholipid-protein
ratios that were 2.6-fold higher than similar ratios
for microsomes from normal or AAF-fed rats. Pellet
fractions prepared from PM supernatant fractions of
AAF-fed rats catalyzed the hydration of styrene
oxide at 11 = 3.5nmoles glycol/min/mg protein.
These results suggest the presence of an enzyme in
the cytosol fraction of rat liver homogenates that is
immunologically and catalytically similar to micro-
somal epoxide hydrolase, and demonstrates that all
the xenobiotics tested caused an increase in the
detectable level of this enzyme.

DISCUSSION

Since microsomal epoxide hydrolase was shown
to be associated with proteins that appeuared to be
markers for focal changes preceding development of
malignant foci [7, 16. 18-20]. it was important to test
whether changes in activity and/or amount of this
enzyme could be a “key change™ [17] in carcino-
genesis. As shown by average ratios in Table |.
five of six hepatocarcinogens appreciably induced
microsomal epoxide hydrolase activity, while ethion-
ine caused low induction: a similar lack of induction
was noted previously [45.46}]. Furthermore. threc
of five non-hepatocarcinogenic xenobiotics induced
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enzyme activity. This activity profile supports a con-
clusion that induction of microsomal epoxide hydro-
lase activity is not a “key change” leading to malig-
nant transformation. On the other hand, the 2-fold
disparity between activities with styrene oxide as
substrate compared to activities with the two arene
oxides as substrate, e.g. activities for rats fed AAF,
4F. TA, Afl, and NIT (Table 1), suggest that valid
estimates of epoxide hydrolase activity after xeno-
biotic administration may not be possible with the
technology employed in this study. Multiple forms of
microsomal epoxide hydrolase may be differentially
induced by xenobiotics [27, 42], but, in this study and
perhaps in earlier studies, e.g. [45, 46], the different
forms were not separately estimated.

As shown in Table 2, all of the xenobiotics sig-
nificantly increased the amount of epoxide hydrolase
antigen detected by either immunodiffusion assay
or ELISA. Since both hepatocarcinogens and non-
hepatocarcinogens were effective inducers of
antigen, this biochemical change also would not
appear to be a “key change”. With six of the xeno-
biotics, estimates of antigen level by the two methods
agreed reasonably well; with the other five, however,
estimates with the diffusion method were appreciably
lower than estimates by ELISA, viz. 3M, Afl, Eth,
Fl and AB. Here, also, it would appear that the
technology employed may have been insufficient to
the task of accurately determining the level of micro-
somal epoxide hydrolase antigen following xeno-
biotic administration.

Thomas et al. [30,47] and Pickett er al. [43]
observed parallel increases in activity and amount of
microsomal epoxide hydrolase following injection of
several xenobiotics including AAF and PB. In our
hands. five xenobiotics, whichincluded AAF, caused
fold-increases in activity and amount that were essen-
tially similar, but among five others, four were better
inducers of amount, while one was a better inducer
of activity. In earlier studies [48,49], 3-methyl-
cholanthrene (3MC) induced epoxide hydrolase
activity against some substrates, but not against
others. Recently, Kawabata et al. [50] detected dif-
ferent amounts of epoxide hydrolase antigen in cen-
trilobular. midzonal and periportal regions of hepa-
tocytes following induction with PB, 3MC or trans-
stitbene oxide. It seems likely that these differences
relate to the multiple forms of microsomal epoxide
hydrolase demonstrated by Guengerich et al.
[27,42], but suggest additionally that induction of
epoxide hydrolase activity and/or amount need not
occur coordinately. Nevertheless, the foregoing
observations suggest the existence of several para-
meters that are uncontrolled and/or poorly under-
stood which markedly influence kinetics of substrate—
enzyme complex formation in livers of xenobiotic-
treated rats. A similar statement seems justified con-
cerning parameters regulating the availability of
epoxide hydrolase immunodeterminants and the for-
mation of stable antigen—antibody complexes in vari-
ous extracts from livers of xenobiotic-treated rats.
Until these parameters are understood and
controlled, definitive assignment of the role of epox-
ide hydrolase in carcinogenesis would seem
premature.

Data in Table 3 confirm reports by Gill er al. [23]
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concerning detection of microsomal epoxide hydro-
lase antigen in PM supernatant fractions of rat liver,
and extend this report by showing that eleven xeno-
biotics significantly induced the level of this antigen
in PM supernatant fractions. Gill et al. [51] recently
determined the level of microsomal epoxide hydro-
lase activity in PM supernatant fractions from normal
and neoplastic human liver and normal Rhesus mon-
key liver. In this report we measured the activity
of microsomal epoxide hydrolase in pellet fractions
from PM supernatant fractions of AAF-fed rats.
Thus, microsomal epoxide hydrolase as a cytosolic
component has been verified by several laboratories,
and it appears to have catalytic competence.
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