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The microsomal epoxide hydrolase (mEH) plays a significant role in the metabolism of
xenobiotics such as polyaromatic toxicants. Additionally, polymorphism studies have underlined
a potential role of this enzyme in relation to several diseases, such as emphysema, spontaneous
abortion, and several forms of cancer. To provide new tools for studying the function of mEH,
inhibition of this enzyme was investigated. Inhibition of recombinant rat and human mEH
was achieved using primary ureas, amides, and amines. Several of these compounds are more
potent than previously published inhibitors. Elaidamide, the most potent inhibitor that is
obtained, has a K; of 70 nM for recombinant rat mEH. This compound interacts with the enzyme
forming a noncovalent complex, and blocks substrate turnover through an apparent mix of
competitive and noncompetitive inhibition kinetics. Furthermore, in insect cell cultures
expressing rat mEH, elaidamide enhances the toxicity effects of epoxide-containing xenobiotics.
These inhibitors could be valuable tools for investigating the physiological and toxicological
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roles of mEH.

Introduction

Epoxides are highly strained three-membered cyclic
ethers that are often electrophilically reactive mutagens,
carcinogens, or cytotoxins (1). Epoxide hydrolases (EH,
EC 3.3.2.3) catalyze the hydrolysis of epoxides or arene
oxides to their corresponding diols (2). Microsomal ep-
oxide hydrolase (mEH) is a key hepatic enzyme involved
in the metabolism of numerous xenobiotics, such as
polyaromatic hydrocarbons, which undergo cytochrome-
dependent epoxidation (3, 4). Additionally, mEH is likely
involved in the extrahepatic metabolism of these agents,
such as naphthalene in the lungs (5). Generally, the
conversion of epoxides to diols results in less mutagenic
or carcinogenic compounds. However, in some cases, as
for benzo[a]pyrene 4,5-oxide, diol formation can lead to
the stabilization of a secondary epoxide, increasing the
mutagenic and carcinogenic potential of the product (6).
The role of mEH in xenobiotic detoxication is also
supported by recent polymorphism studies showing a
relationship between this enzyme and susceptibility to
emphysema (7) and several forms of cancer (8). Despite
the fact that mEH knockout mice do not present an
obvious phenotype (9), there are several points suggesting
an endogenous role for this enzyme. A potential role of
mEH in sexual development is supported by the facts
that androstene oxide is a very good mEH substrate (10),
and that mEH is an apparent subunit of the anti-
estrogen-binding site (11). Such a role could be related
to the observed relation between mEH polymorphism and
spontaneous abortion (12), which has been reported to
occur in more than 10% of recognized pregnancies (13).

*To whom correspondence should be addressed: Department of
Entomology, University of California, Davis, CA 95616. Phone: (530)
752-7519. Fax: (530) 752-1537. E-mail: bdhammock@ucdavis.edu.

10.1021/tx0001732 CCC: $20.00

Over the past decade, mEH was also described as
mediating the transport of bile acid into hepatocytes (14,
15). The mechanism by which mEH participates in bile
absorption is not known. Obtaining potent mEH inhibi-
tors will provide new tools for better understanding the
multiple roles of this enzyme.

Over the years, several mEH inhibitors have been
described, including 1,1,1-trichloro-2,3-epoxypropane (16),
cyclohexene oxide (17), several other cycloalkene oxides
(18), and valpromide (19), and more recently, our labora-
tory described mEH inhibition by metals (20). The former
compounds, which are inefficient in vivo, are in fact
substrates of mEH and give only transient inhibition of
this enzyme in vitro (2). Valpromide affects the normal
metabolism of carbamazepine by inhibiting the mEH in
vivo (19). However, the anticonvulsant properties of
valpromide could induce undesirable secondary effects
if it is used as a mEH inhibitor. We recently developed
new inhibitors for the soluble epoxide hydrolase (SEH),
an enzyme distantly related to mEH (21). These inhibi-
tors are based on urea, carbamate, or amide central
functions. These inhibitors act by mimicking a transition
state in the enzyme catalytic mechanism of epoxide
hydrolysis (22). Because sEH and mEH have similar
mechanisms of catalysis (3, 23), one could expect that
urea and urea-like compounds would be inhibitors of the
mEH also. We describe herein the discovery of new potent
and stable inhibitors of mEH and their application in one
in vitro model.

Materials and Methods

Chemicals. General laboratory reagents were purchased
from either Aldrich (Milwaukee, WI) or Sigma (St. Louis, MO),
and used without further purification. Compounds 15—29, 40,
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Table 1. Inhibition of Rat mEH c-SO Hydrolysis by
N-Octylureas

j)L m.p.®  Yield ICs®
n-CygHys, R

TNTON No. (O (® M)

H H

K H 1 960975 9 BEl

CH, 2 710720 9 2405

CH.CH; 3 580590 87 > 500

CH.CHCH, 4 67.0-680 92 > 500

CHCH=CH, 5 655-665 89 > 500

CHACH: 6 700-710 94 > 500

<] 7 s1ss90 95 17122

<> * 00910 % > 500

{) ? mos00 o1 > 500

a Melting points (mp) are uncorrected. ® The enzyme and the
inhibitor are incubated together for 5 min at 30 °C before the
addition of substrate (c-SO, 50 uM). Results are means + SD of
three separate experiments.

and 41 were obtained from Aldrich, while compound 37 was
purchased from Sigma. Compounds 1-10, 13, and 39 were
synthesized by the condensation of the appropriate isocyanate
and amine, whereas compounds 11 and 12 were synthesized
by the condensation of the appropriate isocyanate and alcohol
as previously described (21). Compounds 14, 30—36, and 38
were synthesized by the condensation of the appropriate acyl
chloride and ammonia as described by Roe et al. (24). Reaction
products were purified by recrystallization. Purities of >95%
were obtained for all of the compounds that were studied.
Assignment of purities was carried out using NMR and mass
spectroscopy data. In addition to sharp melting points and single
spots on silica gel TLC, the obtained products were characterized
using *H and/or 13C NMR (General Electric QE-300 instrument),
infrared, and mass spectroscopy [for GC/MS, Hewlett-Packard
6890 gas chromatograph (San Jose, CA) equipped with a 30 m
x 0.25 mm x 0.25 um film DB-5ms column (J&W Scientific,
Folsom, CA) and a 5973 mass spectra detector; for electrospray
ionization (ESI-MS), positive mode Fisons Quattro BQ ap-
paratus (Altrancham, England), 5 uL/min flow of a 1:1:0.05
(v:v:v) acetonitrile/water/formic acid mixture, with a cone voltage
of 50 V; fast atom bombardment mass spectra were generated
on a Kratos MS-50 mass spectrometer (Kratos Analytical,
Manchester, U.K.)]. Melting point and reaction yields are listed
in Tables 1-3. Acquired IR, NMR, and MS data used for
structural confirmation can be found as Supporting Information.
The detailed syntheses of two ureas and an amide representing
these reaction pathways are included below.

Compound 1 (N-Octylurea). Octyl isocyanate (0.88 mL,
0.77 g, 5.0 mmol) and 6 mL of 1 M ammonium hydroxide were
vigorously shaken for 3 h. The precipitate was collected, washed
with water followed by an acetone wash, and vacuum-oven dried
to obtain 0.77 g (90%) of 1. The isolated solid had an mp of 96.0—
97.5 °C, which was unchanged by recrystallizations from either
a methanol/water mixture (5:2, v:v) or a hexanes/ethyl acetate
mixture (4:1, viv): IR (KBr) 3393 (s, NH), 1657 (s, C=0), 1603
(vs), 1537 cm™? (s, amide I1); *H NMR (CDCl3) 6 4.5 (m, 1 H,
NH), 4.3 (m, 2 H, NH,), 3.15 (dd, J = 7.0, 6.0 Hz, 2 H, CH,-1),
1.5(m, 2 H, CH»-2), 1.3 (m, 10 H, CH>-3-7), 0.88 (t, J = 6.6 Hz,
3 H, CHg); 13C NMR (DMSO-ds) ¢ 158.7 (C=0), 39.3 (C-1), 31.2
(C-2), 30.0 (C-4), 28.8 (C-5 or -6), 28.7 (C-5 or -6), 26.4 (C-3),
22.1 (C-7), 13.8 (C-8); fast atom bombardment MS m/z (relative
intensity) 345 (2M + H*, 10%), 173 (M + H*, 100%).
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Table 2. Inhibition of RmEH by Several Pharmacophores

Y mp* Yield ICs®
N oI ORI 0
X Y z R; __ No.
NH (o] NH CH, 10 775-79.0 84 190+ 8
[0} o NH CH; 11 435445 60 342
NH (0] (o] CH: 12 65.0-67.0 54 > 500
NH (o] NH H 13 93.0-940 67 12+2
CH, O NH H 14 980-990 92 234£005
CH, o} o} H 15 _ _ > 500
CH, o 0 CH; 16 _ _ > 500
CH; 2H NH H 17 _ _ 2.54 £ 0.04
CH; 2H NH CH; 18 _ _ 4,06 £ 0.05
CH, 2H N (CH). 19 _ . 1039+02
CH; 2H o H 20 _ _ > 500
CH, 2H S H 2 _ _ > 500
CH;, 2H Br 22 _ _ > 500
CH, CN 23 _ _ > 500
CH, 2H CH; H 24 _ _ > 500
a Melting points (mp) are uncorrected. “_” indicated that the

melting points of the commercial compound were not measured.
b The enzyme and the inhibitor are incubated together for 5 min
at 30 °C before the addition of substrate (c-SO, 50 uM). Results
are means + SD of three separate experiments.

Table 3. Inhibition of Rat mEH by Amines and Amides
with Diverse Alkyl Chains

m. p. Yield ICso

Structure No.
C) ) @M
NN, 25 - — 160+ 3
)\/\/Lm_l2 26 - - 38.7+0.7

NHy
27 - - > 500

g 28 - - 69+6
*'0\[1/\/\/\/\/\/\,mz 29 B _ >100
o
o
m)LNHQ 30 104-105 88 20405
o]
WNHZ 31 _ 128004
(9]
Wum 32 89.0-900 9  13x0.1
o]
w)‘\m;, 33 oil 92 0.82£0.01
o
<>\//\/\/\/\/\/‘LNH, 34 770-780 95 1101
o]
®<\=//\\/\/U\NH2 35 oil 91 12+0.1
o, [}
Q@/\)&% 36 oil 93 1.33+0.05
(o]
mm 37 _ . 098x0.04
o]
21+0.1

Compound 7 (N-Cyclopropyl-N'-octylurea). To 0.115 g
(2.00 mmol) of cylcopropylamine in 10 mL of hexane were added
0.310 g (2.00 mmol) of octyl isocyanate and 1 drop of 1,8-
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diazabicyclo[5.4.0]Jundec-7-ene. After 1 day at ambient temper-
ature, compound 7 was obtained (0.405 g, 95%) as white
crystals: mp 57.5-59.0 °C; IR (KBr) 3339 (m, NH), 1626 (vs,
C=0), 1573 cm~1 (s, amide I1); *"H NMR (CDClz) ¢ 5.17 (br, 2
H, 2 NH), 3.20 (dt, J = 6.6, 6.3 Hz, 2 H, CH»-1), 2.4 (m, 1 H,
CH), 1.5 (m, 2 H, CH»-2), 1.3 (m, 10 H, CH»-3-7), 0.88 (t, 3 H,
J = 6.5 Hz, CHj3), 0.7 (m, 2 H, cyclopropyl), 0.5 (m, 2 H,
cyclopropyl); 13C NMR (CDCls3) ¢ 159.3 (C=0), 40.2 (C-1), 31.7
(C-6), 30.3 (C-2), 29.2 (C-4), 29.1 (C-5), 26.8 (C-3), 22.5 (C-7),
22.3(C-1"), 13.9(C-8), 7.1 (C-2',3"); fast atom bombardment MS
m/z (relative intensity) 425 (2M + H*, 16%), 213 (M + H*, 86%),
58 (cyclopropyl-NH; + H*, 100%).

Compound 32 (Elaidamide). To a stirred cold solution of
0.60 g (2 mmol) of elaidoyl chloride (Nu-Chek Prep, Elysian,
MN) in 5 mL of chloroform was added ammonia (4.4 mmol) in
2.2 mL of a 2.0 M solution in ethanol. After being stirred at
room temperature for 1 h, the solution was washed with water,
acidic water, water, and brine. The organic layer was dried and
evaporated. The resulting solid was recrystallized twice from
hot hexane. The resulting white crystal (0.51 g, 90% yield) had
an mp of 89—90 °C and gave a single spot on TLC (Rf = 0.32
with ethyl acetate as the solvent and phosphomolybdic acid as
the stain): GC/MS m/z (relative intensity) 281 [[M]" (C1sH3sNO),
12%], 264 ([M — NHz]*, 8%), 168 ([M — CgH17]", 5%), 128 ([M —
C11H21]", 10%), 59 ([M — Ci6H30]t, 10%); ESI-MS m/z 563.7 ([2M
+ H]"), 282.5 (M + H]*); *H NMR (CDCls) 6 5.58 (bs, 1 H, NH),
5.43 (bs, 1 H, NH), 5.37 (t, J = 4.0 Hz, 2 H, CH=CH), 2.23 [t,
J = 7.6 Hz, 3 H, CH2(C=0)NR], 1.95 (m, 4 H, CH,C=CCHy),
1.61 [m, 2 H, CH,C(C=0)NR;], 1.16—1.33 (m, 20 H, CH), 0.87
(t, 3 = 6.8 Hz, 3 H, CHs).

Enzyme Preparation. Recombinant rat mEH (RmEH) and
human mEH (HmEH) were produced in a baculovirus expres-
sion system as described previously (25—27). High Five insect
cell cultures (derived from Trichoplusia ni; Invitrogen, San
Diego, CA) were infected with the appropriate recombinant
baculovirus at a multiplicity of infection of 0.1 virus per cell.
The mEH enzyme activity was retained in the cells. After
incubation for 90—96 h at 28 °C, cells were harvested by
centrifugation (100g for 10 min at 4 °C). After resuspension in
chilled 0.1 M Tris/HCI buffer (pH 9.0) containing 1 mM
phenylmethanesulfonyl fluoride, EDTA, dithiothreitol, and 1%
Lubrol PX (v:v), cells were disrupted using a Polytron homog-
enizer (9000 rpm for 30 s). The homogenate was centrifuged at
12000g for 20 min at 4 °C. The supernatant (crude extract)
containing the mEH activity was frozen at —80 °C until it was
used. Under these conditions, no loss of activity was observed
even after 1 year in the freezer. However, substantial loss of
activity was observed after several freeze/thaw cycles (~25%
activity lost after five cycles). Protein concentrations were
determined using the Bio-Rad Coomassie assay using Fraction
V bovine serum albumin (BSA) as the calibrating standard.

1Cs0 Assay Conditions. ICs values were determined using
[3H]-cis-stilbene oxide (c-SO) as the substrate (1). The enzymes
(2 nmol min~* mL~1) were incubated with inhibitors for 5 min
in 0.1 M Tris/HCI buffer (pH 9.0) containing 0.1 mg/mL BSA at
30 °C before substrate introduction ([Sliina = 50 uM). After 5
min, the reaction was quenched by addition of 250 uL of
isooctane, which extracts the remaining epoxide from the
aqueous phase. The activity was followed by measuring the
quantity of radioactive diol formed in the aqueous phase using
a liquid scintillation counter (Wallac model 1409, Gaithersburg,
MD). Assays were performed in triplicate. The median inhibitor
concentrations (I1Cso) were determined by regression of at least
five points in the linear region of the curve on either side of the
1Cso. The curve was generated from at least three separate runs,
each in triplicate, to obtain the SD given in the tables.

Kinetic Assay Conditions. Dissociation constants were
determined following the method described for linear mixed-
type inhibition (28) using cis-stilbene oxide as the substrate.
Inhibitors at concentrations between 0 and 10 uM were incu-
bated in triplicate for 5 min in 0.1 M Tris/HCI buffer (pH 9.0)
at 30 °C with the RmEH diluted to give a maximal rate of 0.4
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nmol min—t mL~1 for the substrate c-SO. Substrate (1.5 < [Slinal
< 50 uM) was then added. Velocity was measured as described
under I1Csy Assay Conditions. For each inhibitor concentration,
linear relations are produced between the inverse of the velocity
and the inverse substrate concentration (Lineweaver—Burk
representation). The plots of the slopes and intercepts of these
lines as functions of the inhibitor concentration allow the
determination of K; and the factor a, respectively (28). The
affinity modulation factor a describes the amplitude of change
in the dissociation constant Ks when the inhibitor occupies the
enzyme (28). The results are presented as means + SD of three
separate determinations of K; and a.

Cytotoxicity Assay. Toxicity studies were performed in
cultured cells of Spodoptera frugiperda (Sf-21) as previously
described (26). Briefly, the cells were infected with baculovirus
expressing RmEH or -galactosidase (Lac Z) as a control, at a
multiplicity of infection of 0.1. For assays with naphthalene,
the cells were coinfected with a virus expressing a rat P450 1A1/
reductase chimeric enzyme, and the medium was supplemented
with 1.0 xg/mL hemin (26). Under these conditions, 48 h
postinfection, a P450 1A1/reductase activity of 120 4+ 20 pmol
min~! mg~! was found using ethoxyresorufin as the substrate
(38). Similarly, mEH activity of 2000 + 200 pmol min~t mg-1!
was found using ¢-SO as the substrate (1). Compounds (cis-
stilbene oxide or naphthalene) were administered to cells (0—1
mM final concentration) 48 h postinfection, in the absence or
presence of 100 uM elaidamide 34. After incubation for 24 h at
27 °C, the remaining viable cells were quantified by incubation
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bro-
mide (MTT, 1 mg/mL final concentration) for 2 h. The cells were
lysed with a 10% sodium dodecyl sufate solution in a 1:1
dimethylformamide/water mixture (pH 4.5) over the course of
12 h in the dark. The formazan product was quantified by
measuring the absorbance at 560 nm. Viability was normalized
to cells treated with vehicle (1% dimethyl sulfoxide) only.
Toxicity data are representative of three independent experi-
ments.

Results and Discussion

Structure Optimization. In a preliminary study,
compounds identified as sEH inhibitors (21) failed to
inhibit RmEH at 500 uM (data not shown). However, the
negative sEH inhibition set contained a number of alkyl
ureas and carbamates, some of which were found to be
good RmEH inhibitors. To explore the effect of N-
substitution, 10 unbranched N-octylureas with different
N'-groups (1—9) were tested (Table 1). Inhibition was
only observed for small N'-substituents, and the best
inhibition was obtained with the primary urea 1, indicat-
ing the necessity of a single substitution on the urea
pharmacophore. This result was consistent with the
observation that some unsubstituted amides can inhibit
mEH (19, 29, 30). To further optimize the pharmacophore
for inhibition, a series of structural analogues were tested
(Table 2). Compared with that of urea 10, the replace-
ment of the nitrogen adjacent to the large alkyl chain
with an oxygen to give carbamate 11 increased inhibitor
potency, while the reverse carbamate 12 showed no
inhibition, suggesting the necessity of a polar terminal
group. Compared to that of urea 13, the replacement of
the nitrogen on the large side with a methylene to give
amide 14 resulted in a 5-fold increase in inhibitor
potency. The further replacement of the “small” side
nitrogen with oxygen to give acid 15 or ester 16 resulted
in a loss in the level of inhibition compared to that of 13
or 10, respectively. Compared to that of amide 14, the
elimination of the carbonyl group gives an amine 17 with
a similar potency, indicating that the carbonyl is not
necessary for inhibition. As observed for ureas (Table 1),
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X~ “NH,

R: alkyl group.
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Y:O0=H,

Figure 1. Theoretical optimal structure of mEH inhibitors
described herein.

[ wureas (X: NH; Y: 0)
amides (X: CH,; Y: O)
Bz amines (X: CH,; Y : H,)
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Figure 2. Effect of alkyl chain length on the potency of ureas,
amides, and amines as inhibitors of RmEH.

better inhibition is obtained for a monosubstituted amine
17 than for the di- and trisubstituted ones (18 and 19).
Compared to amine 17, the replacement of the terminal
group with alcohol (20), thiol (21), bromide (22), nitrile
(23), or hydrogen (24) resulted in a loss of inhibition.
These results are summarized in Figure 1. The optimal
pharmacophore structure should have a terminal NH;
function on a long alkyl chain; the presence of a carbonyl
group a to the terminal NH, is not necessary. The
presence of either CH,, NH, or O at position X could not
be distinguished in terms of inhibition in this series.
Interestingly, the good inhibitors of the mEH described
by Figure 1 are bad inhibitors of sEH, which required
the presence of 1,3-disubstitution around the central urea
pharmacophore (21), while good sEH inhibitors are bad
mEH inhibitors. These results indicate that, as for
substrate selectivity and specificity (1), sEH and mEH
seem to have a different yet complementary spectrum
regarding structure—activity relationship among inhibi-
tors.

To further optimize the inhibitor structure, we then
investigated the alkyl chain length. Primary ureas,
amides, and amines with a linear saturated chain from
4 to 16 carbons long were tested as inhibitors of RmEH.
The results are displayed in Figure 2. Overall, the
relationship of chain length to inhibitory potency was
similar for the three compound classes with an optimum
10—12 (n). Moreover, better inhibition potencies are
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obtained for the amides and amines than for the ureas,
again deviating from the findings with seH (21), indicat-
ing that for the atom at position X (Figure 1) a carbon
gives better mEH inhibition than a nitrogen. Additional
side chain optimization was attempted with several
structural changes (Table 3). Compared to that of com-
pound 25, the presence of methyl branches on 26 in-
creased the inhibitor potency by 4-fold. The replacement
of the alkyl chain with aromatic rings (27) resulted in a
loss of inhibition. Such results were unexpected in light
of the fact that polyaromatic oxides are good mEH
substrates (3, 4). Compared to the aliphatic amine 17,
the presence of a terminal amino (28) or carboxylic (29)
group dramatically reduced the inhibition potency, indi-
cating a requirement for a hydrophobic side chain.
Compared to that of compound 30, the presence of one
double bond either cis (31) or trans (32) produced a 15-
fold increase in inhibition potency. However, the presence
of additional double bonds (33—38) resulted in little
improvement in the inhibitor potency. These data show
that the side chain of the optimal mEH inhibitor (Figure
1) should be aliphatic and hydrophobic, and suggest that
this aliphatic chain should be 8— 12 carbons long or
longer if it has olefin interruption at or near the 10th
carbon.

Several fatty acid amides, such as 31, 33, and 37, are
endogenous signaling lipids which generate several phar-
macological effects in mammals, including sleep (31) and
analgesia (32). We initially developed the hypothesis that
inhibition of mEH or a related protein could be involved
in the sleep-inducing phenomena because oleamide 31,
in addition to inhibiting mEH, is described as a brain
lipid that induces sleep (31) and because mEH is present
in the brain (33). We tested this hypothesis by assessing
the inhibition potency of related compounds, such as 32,
reported to not induce sleep (34, 35). Several of these
compounds were good inhibitors of the mEH, thus failing
to support our hypothesis.

Kinetics of Inhibition. Compared to 1,1,1-trichloro-
2,3-epoxypropane 40, cyclohexene oxide 41, and valpro-
mide 42, the most potent mEH inhibitors reported
previously (16—19), the best new urea 39, amide 32, and
amine 17 have similar or lower ICsy values after incuba-
tion for 5 min (Table 4). After 30 min, 2- and 5-fold
increases in the 1Csy of 40 and 41, respectively, are
observed, whereas those of compounds 17, 32, and 39 are
unchanged, indicating that the latter compounds are not
transformed by the mEH or other enzymes present in
the extract, as are 40 and 41 (16, 18). Valpromide was
unavailable for direct comparison. Fast-gel filtration (Bio-
Spin column P-30, Bio-Rad) of an aqueous solution of
RmMEH (1 nmol of diol formed min~!* mL™') and elaid-
amide 32 (100 uM) resulted in recovery of approximately
90% of the catalytic activity, indicating a rapid dissocia-
tion of the inhibitor from the enzyme. To further inves-
tigate the mechanism of action of these new inhib-
itors, we determined the dissociation constants of 17, 32,
and 39. A variety of kinetic models were evaluated using
Sigma plot. A mixed kinetic model fit the data far
better than either competitive or noncompetitive repre-
sentations. On the Lineweaver—Burk representation
for elaidamide 32 (Figure 3), the lines for each inhib-
itor concentration cross on the left of the Y-axis, indicat-
ing a linear mixed-type inhibition (28). This mechanism
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Table 4. Time Effect of Inhibition Potency and Dissociation Constants for Three New Inhibitors and Comparison to
Three Previously Described MEH Inhibitors

n° Rat mEH Human mEH
Structure
ICso (M) ICso (uM)  Ki (uM) a ICso (uM)
t= 5 min t= 30 min t= 5 min
(o]
/\NWV‘EJLNHz 39 66+03 6802 1003 38404 24+ 1
(o]
M, 32 136001 149003 007£001 71 77401
N, 17 254004 245+£006 024+004 5701 163+0.8
e
a’ 40 1401 139406 Substrate® 45201
©° 41 97+01 185+07 Substrate® 124£05
[o]
~ 2 47 50°

a From ref 2. ° From ref 29. ¢ From ref 19.
of inhibition is described by the equilibrium shown below.

K.
2 ES&E+P

+ +

I
1 LaKi
aK,

El + § ——= EIS

The system is a mixture of partial competitive inhibi-
tion and pure noncompetitive inhibition. In this system,
the EIl complex has an affinity for S that is a-fold lower
than that of E, and similarly, the ES complex has an
affinity for I a-fold lower than that of E. Moreover, the
EIS complex is nonproductive (28). The velocity equation
for this type of mixed inhibition is given by the following
formula.

_ V,[S)(2 + [1)/aK;)
YT KA+ VK + O/aK)] + [S]

To calculate K; and a, the slope and the intercept of the
Lineweaver—Burk lines obtained for each concentration
of inhibitor are plotted as a function of [I] (Figure 3 inset).
The intersections of these secondary plots with the X-axis
allow the calculation of the two kinetic constants (28).
The results that were obtained are displayed in Table 4.
For the N-dodecylurea 39 and dodecylamine 17, similar
kinetic results were obtained, indicating a similar mech-
anism of action among the three series of compounds.
When the similarities in the sEH and mEH catalytic
mechanisms are considered, these kinetic data are sur-
prising since urea inhibitors of the SEH give competitive
or tight binding competitive kinetics (21). Moreover,
X-ray structures of the murine sEH with several inhibi-
tors show the urea pharmacophore interacting with the
catalytic aspartic acid (22, 36). This potential mechanism
of action for the mEH is consistent with the inactivity of
2-aminonaphthalene 27 as an inhibitor. The good potency
of the described mEH inhibitors is confirmed by the fact
that the K;s obtained are 4—60-fold lower than the K,

08

) 006 =~
‘g 08 ‘g
= e
g 0.6 0.04 E
: &
2 04 2,
1< 002 8
0.6 § 02 g
7 Ki=0.06 pM o =74 =

0.0 + T T 0.00

0.0 02 0.4
[ @™

1N (pmol'l.min)
=3
H

0.2

0.0 - T T T T
0.0 0.2 0.4 0.6

1/[S}(uM™)

Figure 3. Determination of the dissociation constant of elaid-
amide 32 with RmEH, using [3H]-cis-stilbene oxide as the
substrate. For each inhibitor concentration, the inverse of the
velocity is plotted as a function of the inverse substrate
concentration. In the inset, the slope (®) and the intercept (O)
of the Lineweaver—Burk representations are plotted as a
function of the inhibitor concentration, allowing the calculation
of K;j and «a, respectively, as described previously (28). The
arrows indicate the axis to which to refer. Similar plots were
obtained for compounds 17 and 39. The values shown in Table
4 are the means and standard deviations of three independent
measurements of the kinetic constants. In absence of inhibitor,
aKmof4.1+0.3uMand aVmax of 39 £+ 1 pmol min~—1 per assay
were obtained for RmEH hydrolysis of ¢-SO.

obtained for cis-stilbene oxide (4.1 + 0.3 uM). Moreover,
the K; values obtained for 17, 32, and 39 (Table 4) are
5—70-fold lower than the K; of valpromide, the best mEH
inhibitor previously described (19). On the basis of the
specific activity of the pure enzyme (800 nmol min—?
mg~t; 37), the concentration of RmEH (0.4 nmol min—!
mL~1) was estimated to be approximately 10 nM in the
kinetic assay. The enzyme concentration was confirmed
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Figure 4. Mortality of cultured cells of S. frugiperda (Sf-21) expressing the rat mEH in the absence (O) or presence (¥) of 100 uM
compound 32. Cells expressing -galactosidase [Lac Z (®)] were used as a control. (A) Effect of cis-stilbene oxide from 0 to 1 mM.
RmEH (O) detoxifies cis-stilbene oxide (inset) to its diol, and the cytotoxicity of stilbene oxide is enhanced by the mEH inhibitor
elaidamide (v). (B) Effect of naphthalene from 0 to 1 mM on cells coexpressing, in addition to mEH or Lac Z, the P450 1Al/reductase
chimeric enzyme. As with cis-stilbene oxide, elaidamide enhanced the cytotoxicity of the naphthalene oxide produced in situ by the
P450 enzyme. Results are means of three separate experiments; the error bar represents the SD.

by Western blot analysis (not shown) using polyclonal
antibodies kindly provided by F. Oesch and M. Arand
(University of Mainz, Mainz, Germany) from scanning
of the luminograph of the blot; we found that the
preparation used for the determination of the kinetic
constant contained 3—4 ng of mEH protein in 5 uL of
solution, which corresponds to a concentration of 0.6—
0.8 mg/L, and therefore, using a molecular mass of 50
kDa for mEH, a concentration of 12—15 nM (n = 3) was
found. For the best inhibitor 32, the K; is only 7-fold
greater than the estimated enzyme concentration, indi-
cating a fairly tight association between the enzyme and
this inhibitor. The potency of the compounds was tested
on the recombinant human mEH (HmEH), under condi-
tions similar to those used for the RmEH (Table 4). The
1Cs0s for RmEH are overall about 5-fold smaller than for
HmEH. However, both enzymes displayed a similar
pattern of inhibition, indicating that the rat enzyme is a
reasonable model for the development of human mEH
inhibitors.

Specificity and Cell-Based Effects of Inhibition.
Before the effect of elaidamide 32 on epoxide metabolism
was tested, its effects on the activity of carboxylesterases,
glutathione transferases, cytosolic EH, microsomal EH,
four P450s (1A, 2B, 3A, and 4A1), and a CoA-oxidase from
rat liver were evaluated at 100 uM (38). Significant
inhibition was observed only for microsomal EH activity,
suggesting selectivity of this compound for mEH. The
effect of elaidamide 32 on the metabolism of two xeno-
biotics was examined in vitro with cultured cells (Figure
4). For both of the toxicants that were studied, similar
results were obtained for the control cells expressing
fB-galactosidase (Lac Z) in the presence or absence of 100
uM 32, indicating that at this concentration the mEH
inhibitor was not toxic. Compared to the Lac Z-expressing
cells, the toxicity of cis-stilbene oxide (Figure 4A) was
strongly reduced by the expression of the RmEH, result-
ing in increased cell viability (LCsy increased 3-fold). In
the presence of 100 uM 32, RmEH protection was lost
and toxicity was observed (LCso similar to that of the Lac
Z cells). However, at high toxicant concentrations, the
toxicity that was obtained was lower than that observed
with Lac Z-expressing cells, suggesting the presence of

residual mEH activity. Because 32 is a noncovalent
inhibitor of mMEH and it has a partial competitive mech-
anism of action, partial inhibition occurs especially when
[S] > [1]. For naphthalene (Figure 4B), the expression of
the P450 1Al/reductase chimeric enzyme resulted in
increased toxicity, which could be overcome by the
coexpression of RmEH as observed previously (26). As
obtained for cis-stilbene oxide, the addition of the inhibi-
tor results in a partial recovery of the toxicity observed
for Lac Z-expressing cells.

The new series of mEH inhibitors described herein are
able to block mEH activity in vitro. Because valpromide,
a previously described less potent mEH inhibitor, was
found to influence the in vivo metabolism of carbam-
azepine epoxide by mEH (19), one could believe that the
more potent compounds described herein will also be able
to influence the in vivo metabolism of xenobiotics by
mEH. Such compounds are good tools for further inves-
tigating the physiological and biological role of mEH.
Interestingly, sleep-inducing fatty amides were found to
inhibit mEH.
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