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SUMMARY

The Ames procedure with Salmonella typhimurium strain TA100 was
used to follow the detoxication by rat liver fractions of two series of ali-
phatic epoxides. The epoxides employed were 3-chloro-, 3,3-dichloro- and
3,3,3-trichloropropylene oxides and also p-methoxyphenyl-, phenyl- and p-
nitrophenylglycidyl ethers. In our procedure with preincubation of the
epoxides with rat liver fractions prior to the Ames tests, there was more de-
toxication of both systems by glutathione conjugation (non-enzymatic and
transferase promoted) than by the hydrolase pathways. Non-enzymatic reac-
tion with glutathione was more pronounced for the chloro series than for the
glycidyl ethers. An HPLC system was developed which was capable of
quantitative measurements of the phenylglycidyl ethers together with their
diol and glutathione conjugate products. A comparison of the HPLC and
Ames test results indicates that the glutathione transferase reported to be
present in Salmonella could be playing a role in detoxication by the Ames
test. Diols were measured more readily by HPLC than by use of the Ames
test in the microsomal fraction and were detected in the cytosol with the
glycidyl ethers while they were not by the Ames procedure. However, all
three epoxides were converted to a greater extent to their glutathione conju-
gates than to their diols. Thus, while literature references question the
availability of the glutathione detoxication system for epoxides produced by
membrane-bound enzymes, such detoxication would be of primary impor-
tance where direct-acting environmental epoxides come into contact with
the cytosolic enzymes prior to possible reaction with bionucleophiles.
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INTRODUCTION

The toxicity of aliphatic epoxides is of concern due to their widespread
use as important laboratory and industrial alkylating agents as well as to
their role as possible intermediates in alkene metabolism [1,2]. Since the po-
tential hazard presented by these epoxides would be dependant on their
ability to react with their biological targets, such as DNA, it is also impor-
tant to examine the ways in which these chemicals may be inactivated
before they reach such targets. While comparative rates of detoxication of
epoxides by microsomal hydrolase [3], cytosolic hydrolase [4] and gluta-
thione-S-transferase [5] have been reported, detoxication studies in the
presence of these systems simultaneously have not been described. This is
especially important since Hayakawa et al. [5] have noted that a comple-
mentary relationship appears to exist between glutathione-S-transferase and
microsomal epoxide hydrolase, in that compounds that are poor substrates
for one system are good substrates for the other enzyme.

Previous work on aliphatic epoxides in this laboratory has centered on
the study of structure-mutagenicity relationships for Salmonella typhimu-
rium with several series of related compounds [6—10]. By extending this
approach with the Ames test [11] to the study of detoxication, comparisons
could be established between the relative efficacy of the competing enzyme
systems to inactivate the epoxides in addition to examining the structural
features that might play a role in the detoxication of epoxides. For the
present investigation three representative compounds from two different se-
ries of aliphatic epoxides were selected for study. The first series consisted
of the 3-chloro-, 3,3-dichloro- and 3,3,3-trichloropropylene oxides. The second
series examined included 1,2-epoxy-3-phenoxypropane (phenyglycidyl ether)
and its para-nitro and para-methoxy derivatives. These compounds were se-
lected so as to give a wide range of mutagenicity, as determined by S.
typhimurium strain TA100, and chemical reactivity, as measured by Taft
and Hammett substituent constants [12,13].

In addition to the mutagenicity studies, HPLC methods were developed
for the analysis of the diols and glutathione conjugates formed during the
inactivation of the phenylglycidy! ethers. These more sensitive techniques
permitted further examination of the extent to which aliphatic epoxides are
detoxicated by enzymatic systems. Also since the Ames test is often run in
the presence of liver homogenate fractions [11], it was of interest to com-
pare detoxication effects promoted or modified by the Ames procedure to
those measured by HPLC.

MATERIALS AND METHODS

Chemicals

1-Chloro-2,3-epoxypropane (epichlorohydrin), 1,2-epoxy-3,3,3-trichloropro-
pane (trichloropropylene oxide), 1,2-epoxy-3-phenoxypropane (phenyl-
glycidyl ether), 2,3-epoxypropyl 4-methoxyphenyl ether (p-methoxy-
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phenylglycidyl ether), 4-hydroxy propiophenone, 3-(4-
methoxyphenoxy)propane-1,2-diol and 4-(4-nitrobenzyl)pyridine were
purchased from Aldrich Chemical Company, Inc. (Milwaukee, WI) and 1,2-
epoxy-3-(4-nitrophenoxy)propane (p-nitrophenylglycidy! ether) was
purchased from Eastman Kodak Co. (Rochester, NY). The epoxides were
purified by distillation or recrystallization.

3-Phenoxypropane-1,2-diol and 3-(p-nitrophenoxy)-propane-1,2-diol were
synthesized by hydrolysis from their corresponding epoxides by a procedure
described for the synthesis of p-nitrostyrene diol [12] and purified by prepa-
rative TLC using hexane/ethylacetate (3:7). The glutathione conjugates of
1,2-epoxy-3-phenoxypropane and 1,2-epoxy-3-(4-nitrophenoxy) propane were
synthesized as we previously reported [15] for the conjugate of 1,2-epoxy-3-
phenoxypropane.

1,1-Dichloro-2,3-epoxypropane (dichloropropylene oxide) was prepared by
the reaction of diazomethane and dichloroacetaldehyde. Diazomethane
(~0.7 g in 70 ml of ether) was prepared from 5.0 g of N-methyl-N-nitroso-p-
toluenesulfonamide (Diazald® , Aldrich) using a Diazald kit and following
the manufacturer’s safety considerations! [16]. An ether solution (10 ml) of
1.076 g (9.5 mmol) of dichloroacetaldehyde freshly prepared [17,18] from di-
ethyl acetal (Aldrich) was added dropwise to the diazomethane solution
cooled by an ice bath. The mixture was allowed to reach room temperature
and left overnight before the ether was distilled off by use of a water bath
(45—47°C) with the distilling apparatus from the Diazald kit for safety con-
siderations and then followed for a short time by the use of a rotary
evaporator. The crude mixture was purified by column chromatography
[30 g SiO,, CH,Cl/hexane (7:3) collecting 10-ml fractions]. Fractions 6
through 8 gave 0.6 g of the colorless product with boiling point 53—54°C/30
mm (lit. [10] 43—44°C/20 mm). An R value of 0.58 was found on TLC using
silica with CH,Cl,-hexane (7:3) and this spot gave a positive reaction with 4-
(4-nitrobenzyl)pyridine [19]. 'H-NMR: (DMSO-d,, 60 MHz) 4, 6.1(d, 1H,
CHCl,), 3.6(m, 1H, CH), 2.95(m, 2H, CH,). *C-NMR: (DMSO-d,, 22.5 MHz)
d, 72.27(d, CHCl,), 55.37(d, CH), 46.98(t, CH,).

Chromatography

Prescored 2 x 10-cm, 250-u silica gel GF Uniplates (Analtech, Newark,
DE) were used for TLC to examine the purity of the epoxides and to moni-
tor reactions. The TLC criteria of purity used for the epoxides was that 2 ul
of a 10% solution in methanol gave only one spot after development in dich-
loromethane-methanol systems and visualization under UV or upon reaction
with 4-(4-nitrobenzyl)pyridine [19]. Solvent systems used to identify the glu-
tathione conjugates were (A) n-butanol/n-propanol/ammonia (1:1:1) and (B)
methanol/ethanol/ammonia (30:68:2). Detection was by UV at 254 nm and
by spraying with a 0.2% ninhydrin solution in ethanol followed by heating
at 110°C. The R,-values for the glycidyl ethers for both systems were as fol-
lows: phenyl, (A) 0.42 and (B) 0.37; nitrophenyl, (A) 0.42 and (B) 0.31;
methoxyphenyl, (A) 0.39 and (B) 0.33.
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Analytical high pressure liquid chromatography (HPLC) with UV detec-
tion at 254 nm was carried out with 10-u injections on a reverse-phase
column (Partisil PXS 10/25 ODS-3, Whatman, Clifton, NJ) preceded by a
guard column (4.6 x 50 mm packed with pellicular ODS, Whatman). The
following mobile phases were used at a flow rate of 1.5 ml/min: (A) Ammon-
ium formate 23 mM (pH 5.13)/methanol (70:30) for the simultaneous
quantitative determination of phenylglycidyl ether or p-methoxyphenyl-
glycidyl ether, their diols and glutathione conjugates, (B) ammonium
formate 23 mM (pH 5.13)/methanol (80:20) for the quantitative determina-
tion of p-nitrophenylglycidyl ether, its diol and its glutathione conjugate, (C)
phosphate buffer 66 mM (pH 7)/methanol (90:10) for monitoring the syn-
thesis of the glutathione conjugates of phenylglycidyl ether, p-
methoxyphenylglycidy! ether and p-nitrophenylglycidyl ether.

Liver homogenate fractions

The S9 fraction was prepared from uninduced, male Sprague—Dawley
rats (180—200 g) purchased from Charles River. The procedure was as de-
scribed by Ames et al. [11]. A portion of the S9 was then centrifuged at
100 000 x g for 1 h, the supernatant (S100, cytosol) decanted and saved,
and the microsomal pellet washed in an equal volume of phosphate buffer
(0.1 M, pH 7.4) and recentrifuged at 100 000 X g for 1 h. The final
microsomal fraction was obtained by decanting and discarding the superna-
tant and resuspending the pellet again in an equal volume of phosphate
buffer. The fractions were divided into aliquots and stored at —80°C. All
procedures were performed under sterile conditions. Protein content of these
fractions was determined by the Lowry procedure [20].

Mutagentcity assay

S. typhimurium strain TA100 was obtained from Dr. Bruce Ames (Uni-
versity of California, Berkeley, CA). To prepare a culture for testing,
nutrient broth was inoculated, allowed to sit overnight, then shaken in a
37°C water bath until it reached an absorbance of 0.75—0.85 at 560 nm.

The mutagenicity testing procedures were based on those described by
Ames et al. [11] with the following modifications. A preincubation step was
incorporated into the test to permit more control over the enzyme-epoxide
reactions. In this step, 1.0 ml of the appropriate liver fraction, previously
diluted 1:9 in phosphate buffer, was combined in a 3.5 ml tube with 0.100
ml of glutathione in phosphate buffer (to give a final concentration of 10
mM of glutathione) and 0.050 ml of the epoxide in DMSO (0.5 umol for the
phenylglycidyl ethers, 1.0 umol for epichlorohydrin and 0.1 umol for di-
chloro- and trichloropropylene oxides). This mixture was incubated for 7 min
at 37°C in a shaking water bath, the incubation stopped by immersing the
tube into boiling water for 60 s and the tube placed on ice. For the phenyl-
glycidyl ether series, 0.1 ml of bacterial culture and 2.0 ml of top agar were
added to the tube, which was then mixed and poured onto minimal agar
plates and incubated for 2 days at 37°C, as in the standard plate incorpora-
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tion assay. For the propylene oxides, the liquid preincubation Ames assay
was used due to the more volatile nature of these compounds with the fol-
lowing specifications. The bacterial culture (1.5 ml) was added to the
preincubation tubes which were then capped and incubated for 2 h in a
shaking water bath at 37°C. After incubation, the tubes were centrifuged at
9000 x g for 10 min, the supernatant discarded, and the pellet resuspended
in 0.615 ml of phosphate buffer. Aliquots of 0.200 ml were removed and
added to 2.0 ml of top agar and plated. The plates were incubated for 2
days at 37°C.

All plates were done in triplicate and each experiment was performed
twice. Epoxide and glutathione solutions were prepared fresh on the day of
the experiment, as were the liver fraction dilutions.

Liver homogenate incubations for HPLC

Rat liver fractions were diluted with phosphate buffer (0.066 M, pH 7.4)
to the following protein concentrations: S9 (7.00 mg/ml), microsomal frac-
tion (1.02 mg/ml) and the cytosolic fraction (4.76 mg/ml). A 1-ml portion of
each fraction was allowed to equilibrate in glass stoppered tubes at 37°C for
2 min before the addition of 50 ul of a DMSO solution (20 mg/ml) of the
glycidyl ether substrates. For the determination of glutathione transferase
activity, 1.5 mg (5 umol) of glutathione was added as a solution (30 mg/ml
water). The incubation times varied from 3 to 25 min at 37°C before stop-
ping the reactions by boiling for 45 s. The fractions were then immediately
cooled in ice and 4-hydroxypropiophenone as the internal standard was
added (50 ul of 1 mg/ml DMSO solution) before centrifugation (9000 x g for
20 min). Aliquots (10 ul) were analyzed by HPLC. For each epoxide studied
two standards were employed. Standard 1 — to 1.0 ml of the phosphate
buffer, 50 ul of each of the following solutions were added: epoxide (5 mg/ml
DMSO), its diol (10 mg/ml DMSO), glutathione conjugate (10 mg/ml DMSO)
and hydroxypropiophenone (1 mg/ml DMSO). Standard 2 — for the same
volumes of solution twice the concentration of epoxide, diol and glutathione
conjugate was employed.

RESULTS AND DISCUSSION

Detoxication measurements of chloropropylene oxides by Ames tests

Epoxides were selected so as to have a range of chemical activity as indi-
cated by increasing Taft values [12] for increasing chloro substitution in the
propylene oxide series and for increasing Hammett values [13] for methoxy,
phenyl and nitro substituents of the glycidyl ethers. The effects of treat-
ment with liver fractions on the mutagenic activity of the chloropropylene
oxides in S. typhimurium strain TA100 are shown in Table I. Figure 1
illustrates the comparative effects of each treatment for the three com-
pounds in this series in terms of percentage changes in the number of
revertants per plate compared to the buffer-control treatment.

The Ames mutagenicity studies for the chloropropylene oxides (Table I
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Fig. 1. Detoxication of propylene oxide derivatives in rat liver homogenate fractions as meas-
ured by the Ames preincubation test in TA100. Prior to the addition of bacteria, epoxides were
incubated for 7 min at 37°C with 1.0 ml of the appropriate liver fraction previously diluted 1:9
in phosphate buffer. Where indicated, the concentration of glutathione was 10 mM. The percen-
tages are the means for the two trials of each system in Table I expressed as 100 {revertants
for compound — spontaneous (DMSO) revertants) + (revertants for buffer — spontaneous
revertants).

and Fig. 1) indicate considerable detoxication when just glutathione was
added to the buffer.

This would be explained by non-enzymatic reaction of the epoxides with
glutathione as well as by any reaction promoted by the glutathione transfer-
ase known to be present in Salmonella [22]). There is a pronounced decrease
in mutagenicity upon the addition of rat liver S9 fractions. It is reasonable
to postulate that a portion of this decrease can be assigned to membrane-
bound hydrolase activity [3]. If this is true, such hydrolase activity should
also be present with the addition of just the microsomal fraction. While this
could be established on a statistically significant basis only for dichloropro-
pylene oxide in the Ames test, our subsequent HPLC results established the
presence of such membrane bound hydrolase detoxication in the microsomal
fraction for the phenylglycidyl ethers. The additional detoxication in the S9
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and S100 fractions could be due to the glutathione transferase system with
the presence of endogenous thiol substrates in these fractions and to the
presence of soluble hydrolase [4]. The addition of glutathione to the S9 and
S100 systems promoted the greatest detoxication. The decrease in mutagen-
icity in the microsomal system following the addition of glutathione is
explained primarily on the basis of non-enzymatic reaction with glutathione.
This is illustrated by comparison of this test to the test with buffer contain-
ing glutathione. It is of interest that the extent of detoxication in all the
systems tested corresponded to the chemical reactivity of the epoxides as
indicated by the Taft values of chloro substituents {12]. The exception is
trichloropropylene oxide in the S9 and microsomal systems where this oxide
is known to inhibit the hydrolase system [3]. While there is no such inhibi-
tion evident in the S100 system, it is known that trichloropropylene oxide is
not an inhibitor for soluble hydrolase [4].

Detoxication measurements of phenylglycidyl ethers by Ames testing

A major difference in the phenylglycidyl ether series (Table II and Fig. 2)
compared to the chloro compounds, is that less detoxication was noted in
the S9 and S100 systems without added glutathione. In agreement with the
chloro epoxides there is statistically significant evidence for non-enzymatic
and/or bacterial glutathione transferase detoxication in the buffer system
with glutathione. Ames test support for the presence of membrane-bound
hydrolase activity in the glycidyl ether series is inconsistent. There is a sta-
tistically significant decrease in mutagenicity for only the methoxy
derivative in the S9 system and for the methoxy and phenyl derivatives in
the microsomal system without added glutathione. The most efficient detox-
ication is with the S9 or S100 systems in the presence of excess glutathione.
A correlation to chemical reactivity, as indicated by the Hammett values
[13] of the para substituent, is not apparent for the mutagenicity studies of
the glycidy! ether series.

HPLC analysis of phenylglycidyl ethers and their metabolites

The phenylglycidyl ethers could be followed in greater detail by HPLC
analysis as the presence of the phenyl groups allowed for UV detection of
this series. Reverse-phase systems with ammonium formate-methanol were
developed which allowed for the separation and quantitation of epoxide, diol
and glutathione conjugates in rat liver homogenate incubations. These sys-
tems were based upon our previously reported [15] HPLC separation of
phenylglycidyl ether and its metabolites in rat liver incubations in which
there were no apparent problems in the stability of the epoxides during
their chromatography. The retention times expressed as capacity factors (k')
for the compounds of interest in these separations are summarized in Table
IT1. There was no interference from the liver homogenates provided the in-
cubation mixtures were deproteinated by boiling for 45s followed by
centrifugation. For each epoxide, control incubations were run as in the
sample preparations but in previously boiled homogenate fractions. Under
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Fig. 2. Detoxication of phenylglycidyl ethers in rat liver homogenate fractions as measured by
the Ames standard plate test in TA100, Prior to these tests, epoxides were incubated with the
appropriate liver fractions as noted under Fig. 1. The percentages are the means for the two
trials of each system in Table II expressed as 100 (revertants for compounds — spontaneous
(DMSO) revertants) + (revertants for buffer — spontaneous revertants).

TABLE III

HPLC SEPARATION OF PHENYLGLYCIDYL ETHERS, GLUTATHIONE CONJU-
GATES, DIOLS AND 4-HYDROXYPROPIOPHENONE

Compounds The &’ values* for glycidy! ethers and their metabolites
p-Methoxyphenyl® Phenyi® p-Nitrophenyl®

GSH conjugate 1.0 1.0 1.0

Diol 2.8 2.5 4.0
4-Hydroxypropiophenone 5.6 5.6 73

Epoxide 7.2 7.2 11.2

. tp — ¢t

k' = B ° where t, = 1.6 min.

t
*Solvent A: oammonium formate 23 mM (pH 5.13)/methanol (70:30).
‘Solvent B: ammonium formate 23 mM (pH 5.13)/methanel (80:20).
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these control conditions, no diol formation was detected from the epoxides
and only in the case of the strongest alkylating agent, nitrophenylglycidyl
ether was non-enzymatic conversion (16.6 nmol/min/mg) to the glutathione
conjugate detected. This is in contrast to the Ames test results (Table II,
Fig. 2) for all three epoxides where detoxication was observed in the pres-
ence of buffer with the addition of glutathione. This difference can be
explained by the glutathione transferase present in Salmonella [22] promot-
ing detoxication in the Ames assay but where this would not be a factor in
the HPLC studies.

Development of incubation procedures

To compare the extent of detoxication by the epoxide hydrolase and glu-
tathione transferase systems, apparent maximal velocities were determined
for each compound in each system. First, product formation as a function of
time was established and these values are summarized in Table IV. The S9,
microsomal and cytosolic incubations were run in the presence and absence

TABLE IV

INFLUENCE OF INCUBATION TIME ON PRODUCT FORMATION WITH PHENYL-
GLYCIDYL ETHERS IN S9, CYTOSOLIC AND MICROSOMAL FRACTIONS*

Time (min) S9 Diol S8 + GSH Micro- Cytosol + GSH
somal Conjugate
Diol Congu- Diol
gate

Phenylglycidyl ether

3 34.7 26.7 51.0 17.8 80.9
5 58.4 43 84.5 30.5

6 157.4
7 81.0 60.4 118.0 432.3

8 197.9
10 106.7 86 160.3 620.5 281.1
15 148.8 128.8 218.7 864.8 319.3
20 2556.1 359.8
p-Methoxyphenylglycidyl ether

3 28.5 21.6 38.1 183.6 54.0
5 48.2 86.0 64.0 306.0 88.0

7 63.1 45.0 72.2 350.1 100.0
10 85.0 60.0 86.4 408.6 120.1
p-Nitrophenyiglycidyl ether

3 13.8 10.2 160.0 70.5 237.0

5 15.8 10.3 236.8 141.0 333.0
10 18.8 13.9 3429 240.2 403.9

*Yields are in nmol/mg protein for incubations at 37°C of 1-ml dilutions of rat liver fractions
having the following protein content: S9 (7.00 mg) microsomes (1.02 mg) and cytosol
{(4.76 mg). Epoxides were added as solutions of 1 mg/50 ul of DMSO. In the measurements of
glutathione transferase activity, 6§ umol of glutathione was used.
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of glutathione. The level of glutathione (5 umol/incubation) was chosen to
obtain maximal yields without the danger of inhibiting the enzyme systems.
This was based on the relationship of glutathione conjugate formation as a
function of the quantity of glutathione added to the S9 and cytosolic frac-
tions as reported in Table V with phenylglycidyl ether as the primary
substrate and with supporting data for the other epoxides. Without gluta-
thione, no conjugate was detected but a reproducible and constant amount
of conjugate is formed in the concentration range of 5—10 ymol glutathione
per 1 ml of rat liver homogenates per incubation. However, above this range
there was definite inhibition so that at levels of 12.5 umol and higher, little
or no conjugate could be detected.

For the homogenate systems of interest (S9 with and without added glu-
tathione, microsomal fractions without glutathione and cytosolic fractions
with added glutathione), substrate-concentration relationships were explored
at 3 min. This was on the linear portion of the product-time data for all the
systems (Table IV). The product formation data as a function of substrate
concentration are summarized in Table VI, with phenylglycidyl ether as the
primary substrate and with supporting data for the other epoxides. Figure 3
describes the rate of product formation for the phenylglycidyl ethers in the
S9 system with and without the presence of glutathione. These curves indi-
cate about twice the yield of glutathione conjugate over diol when excess
glutathione is present. Also, as might be expected, there is some decrease in
diol when the epoxide is also reacting with glutathione as opposed to the
diol yields in the absence of glutathione.

Comparison of diol and glutathione conjugate formation by HPLC
The more extensive comparison of product formation is presented in

TABLE V

INFLUENCE OF GLUTATHIONE ON CONJUGATE FORMATION IN S9 AND CYTOSOL
FRACTIONS*

Glutathione Glycidyl ethers
(umol/incubation)
Pheny! p-Nitrophenyl p-Methoxyphenyl
S9 Cytosol S9 Cytosol S9 Cytosol
1.26 71
2.60 13.2
5.00 16.5 25.5 50.0 77.0 12.5 17.8
10.00 17.5 25.7 50.1 78.0 12.2 17.7
11.00 7.8 25.7 50.7 71.0 12.7 18.0
12.50 0.3
20.00 0

*Yield are in umol/min/mg protein for 7-min incubations as described in footnote* to Table IV.
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TABLE VI

PRODUCT FORMATION FROM THE PHENYLGLYCIDYL ETHERS IN RAT LIVER
HOMOGENATE FRACTIONS AS A FUNCTION OF SUBSTRATE CONCENTRATION®

Substrate S9 Diol S9 + GSH Cytosol + Microsomal
Conc. (nM) GSH Con- Diol
Diol Conju- jugate
gate

Phenylglycidyl ether

6 3.50 2.10 3.20
12 7.00 7.356 6.00
18 11.00 6.45 9.00
30 11.00 8.55 17.30 25.30 70.68
42 25.99 70.68
48 11.00 8.55 17.40 25.99 70.70
60 26.91 74.46

p-Methoxyphenylglycidyl ether

25 9.45 7.05 12.6 17.71 60.45
50 9.60 7.05 12,9 17.71 59.52
p-Nitrophenylglycidyl ether

46.9 4.50 3.30 79.50 77.74 23.25
93.9 4.50 3.15 49.95 76.82 24.18

%Yield are in ymol/min/mg protein for 7-min incubations are described in footnote® to Table IV.

Table VII where the data from Table VI were used to establish the condi-
tions of enzyme saturation by the substrates. The concentrations of
substrates actually employed to obtain such saturation were methoxyphen-
ylglycidyl ether (50 mM), phenylglycidyl ether (48 mM) and
nitrophenylglycidyl ether (46.9 mM). Table VII gives the apparent maximal
velocities expressed in terms of umoles of product/min/g equivalent of origi-
nal liver so that yields of products from the various liver fractions might be
compared. These values can be converted to apparent maximal velocities
expressed in ymol/min/mg of protein by use of the factors included with the
table.

Table VII shows that diol formation could be detected in both the micro-
somal and cytosolic fractions. However, the low levels of soluble hydrolase
in rat liver did not allow for a rigorous treatment of the data since at 3 min
the enzymatic reaction was already completed but with minimal HPLC re-
sponse. With nitrophenylglycidy! ether as the substrate, where the overall
yield of diol was the lowest, the distribution of diol from the two sources
was comparable. While the Ames test results for methoxyphenyl and phen-
ylglycidyl ethers support the presence of microsomal hydrolase (Table 1I,
Fig. 2), they underestimate the contribution of this source of detoxication in
contrast to the ratio of diol to glutathione conjugate yields shown by HPLC
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Fig. 3. Product formation curves from phenylglycidyl ether in S9 with and without glutathione
as a function of substrate concentration. O, diol formation when glutathione had been added;
A, diol formation in the absence of added glutathione; O, glutathione conjugation when
glutathione had been added. Incubations were for 7 min at 37°C with 1 ml of an S9 dilution (7
mg protein). Where indicated, 5§ umol of glutathione was added.

(Table VII) and lack the sensitivity to confirm the presence of the lower lev-
els of soluble hydrolase. As was illustrated in Fig. 3 for phenylglycidyl ether
in the S9 fraction, all three epoxides were converted to a greater extent to
their glutathione conjugates than to their diols. The ratio of conjugate to
diol yields in the S9 fraction range from somewhat less than 2 to 1 for the
methoxy compound to 15 to 1 for the nitrophenylglycidyl ether. Glutathione
conjugation in the cytosolic fraction accounts for this production of conju-
gates. The analytical measurements for glutathione conjugate formation are
in basic agreement with the Ames mutagenicity tests for the glycidyl
ethers. They extend the Ames test results by assigning a lesser role to non-
enzymatic detoxication and by establishing a positive relationship between
chemical activity of the phenylglycidyl ethers, as indicated by the Hammett
values of the para substituents, and detoxication.

El-Tantawy and Hammock [23] were not able to show any increase in
epoxide detoxication for styrene oxide, allylbenzene oxide or 4-chlorophenyl-
glycidyl ether by glutathione as compared to detoxication by soluble
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TABLE VII

PRODUCT FORMATION FROM PHENYLGLYCIDYL ETHERS BASED UPON THE
WEIGHT OF RAT LIVER USED FOR HOMOGENATE FRACTIONS*

Enzyme systems Products Glycidyl ethers
p-Methoxy- Phenyl p-Nitro-
phenyl phenyl
S9 + GSH GSH conjugate 0.84 + 0.09 1.16 £ 0.12 3.30 = 0.33°
Diol 0.47 £ 0.05 0.57 + 0.06 0.22 £ 0.02
S9 GSH conjugate - — 0.07 = 0.05°
Diol 0.63 = 0.07 0.71 = 0.07 0.30 = 0.03
Microsomal Diol 0.65 = 0.06 0.76 + 0.08 0.25 + 0.03
Cytosol + GSH GSH conjugate 0.77 + 0.08 1.10 + 0.12 3.38 x 0.34°
Diol 0.17 = 0.044 0.21 = 0.04¢ 0.21 + 0.04¢

*These values (mean n = 5 *S.D.) are in umol/min/g original liver and can be converted to
nmol/min/mg protein by multiplying by the following factors: 15 for S9, 93 for microsomes
and 23 for cytosol. Incubations were for 7 min under the conditions of footnote® to Table IV.

bNon-enzymatic product formation detected in the boiled controls was subtracted from these
values.

°No glutathione conjugate detected.

YWhile these values show evidence for the presence of soluble epoxide hydrolase, the absolute
values are in doubt because of the low level of enzyme present and reduced HPLC peak
heights.

hydrolase with the use of mouse liver cytosol in the Ames procedure. How-
ever, there is a difference in their use of the Ames procedure in that they
add glutathione and liver fractions directly to the Ames plates after the ad-
dition of substrates and bacteria for reaction in the agar media. In our use
of the Ames tests for both the chloropropylene oxides and phenylglycidyl
ethers, reaction of substrates was with glutathione in the presence of the
enzyme systems in a manner analogous to the tests used with HPLC analy-
sis and before the addition of bacteria and agar. As noted by Glatt and
Oesch [24], the topographical situation in the cell becomes an important con-
sideration for glutathione detoxication. As these investigators point out for
highly lipophilic reactive metabolites produced in the endoplasmic reticu-
lum, the cytosolic enzymes may be of limited value for detoxication.
However, our results may be more consistent with the detoxication of direct
acting environmental epoxides if there is contact with the cytosolic enzymes
prior to reaction with bionucleophiles.
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