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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 a number of diseases, such as emphysema, spontaneous abortion, eclampsia,
and several forms of cancer. We recently demonstrated that fatty amides, such as elaidamide, represent
a new class of potent inhibitors of mEH. While these compounds are very active on recombinant mEH
in vitro, they are quickly inactivated in liver extracts reducing their value in vivo. We investigated the
effect of structural changes on mEH inhibition potency and microsomal stability. Results obtained indicate
that the presence of a small alkyl group a to the terminal amide function and a thio-ether f to this
function increased mEH inhibition by an order of magnitude while significantly reducing microsomal
inactivation. The addition of a hydroxyl group 9—10 carbons from the terminal amide function resulted
in better inhibition potency without improving microsomal stability. The best compound obtained,
2-nonylsulfanyl-propionamide, is a competitive inhibitor of mEH with a K; of 72 nM. Furthermore, this
new inhibitor significantly reduces mEH diol production in ex vivo lungs exposed to naphthalene,
underlying the usefulness of the inhibitors described herein. These novel inhibitors could be valuable
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tools to investigate the physiological and biological roles of mEH.

Introduction

Epoxide hydrolases (EH; E.C.3.3.2.3)" are important enzymes
that catalyze the hydrolysis of alkene oxides and arene oxides
to their corresponding dihydrodiols (/, 2). Microsomal epoxide
hydrolase (mEH) is a key hepatic enzyme involved in the
metabolism of numerous xenobiotics, such as polyaromatic
hydrocarbons, 1,3-butadiene, phenytoin, and carbamazepine
(I-3). The mEH action is a detoxification process for most of
these substrates (3); however, in some cases, such as for
benzo(o)pyrene 7,8-oxide, diol formation can lead to the
stabilization of a secondary epoxide, increasing the mutagenic
and carcinogenic potential of the product (4, 5). In addition to
its hepatic role, mEH is likely involved in the extrahepatic
metabolism of these agents (6). The role of mEH in xenobiotic
detoxification is further supported by recent polymorphism
studies showing a relationship between this enzyme and the
susceptibility to emphysema (7), several forms of cancer (8-10),
and Crohn’s disease (/7). Furthermore, mEH single nucleotype
polymorphisms (SNPs) with high activity appear to enhance

* To whom correspondence should be addressed. Tel.: 530-752-7519.
Fax: 530-752-1537. E-mail: bdhammock @ucdavis.edu.

" Department of Entomology and UCD Cancer Center.

¥ Present address: Western Human Nutrition Research Center, Agricul-
tural Research Service, U.S. Department of Agriculture, University of
California, Davis.

¥ Present address: Division of Physiological Chemistry 2, Department
of Medical Biochemistry and Biophysics, Karolinska Institutet, 17177
Stockholm, Sweden.

' Department of Molecular Biosciences, School of Veterinary Medicine.

! Abbreviations: mEH, microsomal epoxide hydrolase; SNP, single
nucleotype polymorphism; OTFP, 1,1,1-trifluoro-3-octylsulfanyl-propan-
2-one; NSPA, 2-nonylsulfanyl-propionamide; ¢SO, cis-stilbene oxide; ESI-
MS, electrospray ionization mass spectrometry; PMSF, phenylmethanesu-
fonyl fluoride; BSA, bovine serum albumin.

10.1021/tx700446u CCC: $40.75

the susceptibility to air pollution, leading to an increase in the
risk of asthma (/2). Potent inhibitors could be useful pharma-
cological tools to generate chemical knockouts of the enzyme
to evaluate its role in xenobiotic metabolism.

Despite the fact that mEH knockout mice do not present an
obvious phenotype (5), there are several new lines of evidence
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 (/) and mEH is
an apparent subunit of the antiestrogen-binding site (/3). Such
a role could be associated with the relationship between mEH
polymorphism and spontaneous abortion (/4) or preeclampsia
(15). Furthermore, mEH is significantly expressed in ovaries,
particularly in the follicle cells (/, /6). The mEH is also highly
expressed in the adrenal gland (7). Alternatively, over the past
decade, mEH has also been described as mediating the transport
of bile acid in the liver (/8). The mechanism by which mEH
participates in this transport is not known. Obtaining potent mEH
inhibitors will provide new tools to better understand the
multiple roles of this enzyme.

We recently demonstrated that fatty amides, such as elaid-
amide 1, represent a new class of potent inhibitors of mEH (/9).
While this compound is very active on recombinant mEH in
vitro, with a K; in the high nanomolar range, it is rapidly
destroyed when incubated with liver microsomes (Figure 1).
Incubation with 1,1,1-trifluoro-3-octylsulfanyl-propan-2-one
(OTFP) significantly reduced the destruction of elaidamide 1.
OTFP is an inhibitor of carboxylesterases (20) but also of
amidases such as fatty acid amide hydrolase (27), an enzyme
able to hydrolyze amides to acids (22). Because only the amide
function has inhibitory activity on mEH (/9), the action of
amidases results in a rapid loss of inhibition potency and makes
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Figure 1. Stability of elaidamide 1. One hundred micromolar 1 was
incubated at 37 °C with rat liver microsomes (0.2 mg/mL) in the absence

(@) or presence (O) of 100 uM OTFP. The remaining concentrations
of 1 were determined over time by gas chromatography.

compounds like 1 unusable with crude extracts or in vivo.
Therefore, the objective of this study was to design more
metabolically stable mEH inhibitors by investigating the effect
of structural changes on mEH inhibition and microsomal
stability. The effect of these new inhibitors on naphthalene
metabolism in isolated murine airways was also explored.

Experimental Procedures

Animals. Male Swiss Webster mice were obtained from Harlan
(San Diego, CA) and were maintained in HEPA-filtered cage racks
at the University of California Davis vivarium for at least 5 days
before use. The animals were housed under environmentally
controlled conditions (0700—1900 h light cycle; 22-25 °C tem-
perature). They were fed standard mouse chow (Purina Corp.) and
water ad libidum, and the use of any pesticides or other xenobiotics
was prohibited in the animal rooms for the duration of their stay.
Animal care protocols and experimental procedures were approved
by the University of California at Davis Institutional Animal Care
and Use Committee.

Chemicals and Apparatus. Chemicals and reagents were
obtained from Sigma (St. Louis, MO), Aldrich (Milwaukee, WI),
or Nu-Chek-Prep (Elysian, MN). HPLC quality solvents were
obtained from Fisher Scientific (Pittsburgh, PA) and used without
further purification. Compound 8 was obtained from Alfa-Aesar
(Ward Hill, MA), and compound 30 was obtained from Aldrich.
Melting points (mp) were measured with a Thomas-Hoover
apparatus (A. H. Thomas Co., Philadelphia, PA) and are uncor-
rected. 'H and/or '>C NMR were performed on a Mercury 300
NMR (Varian; Walnut Creek, CA). Gas chromatography—mass
spectrometry (GC-MS) was performed on a Hewlett-Packard 6890
gas chromatograph (San Jose, CA) equipped with a 30 m x 0.25
mm X 0.25 ym film DB-5 ms (J&W Scientific, Folsom CA), and
a 5973 mass spectral detector. electrospray ionization mass
spectrometry (ESI-MS) was performed in positive mode on a Fisons
Quattro BQ (Altrancham, England), 5 #L/min flow of 1:1:0.05 (v:
v:v) acetonitrile:water:formic acid, and cone voltage of 50 V.

Synthesis. Inhibitor structures are given in tables, and boldface
numbers throughout the text refer to these compounds. Compounds
1, 2, 11, 22, and 25 were synthesized previously in the laboratory
(19, 23). Compounds 3-7, 9, 12, 14, 31, and 32 were synthesized
as previously published (24-26). The synthesis and characterization
of other compounds used in this paper are given in Supporting
Information. The chemical purity was estimated at >97% for each
compound based on '"H NMR spectra and ESI-LC/MS analyses.
As an example, the synthesis of compound 16 is described below.

2-Nonylsulfanyl-propionamide (NSPA, 16). To a stirred solu-
tion of 0.76 g (5 mmol) of 2-bromo-propiamide, 0.8 g (5.2 mmol)
of 1,8-diazabicyclo[5.4.0Jundec-7-ene, and 5.0 mmol of potassium
carbonate in 50 mL of ethyl acetate was added 1.2 g (5.0 mmol)
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of 1-nonanthiol dissolved in 3 mL of ethyl acetate. The reaction
was refluxed for 6 h. The solvent was evaporated under vacuum,
and the residue was dissolved in 100 mL of a 97:3 mixture of
hexane:ethyl acetate. The residue was purified by chromatography
on a silica column (1 cm x 20 cm). The target compound (0.21 g,
20% yield) was eluted with a 80:20 mixture of hexane:ethyl acetate.
The melting point of the resulting white powder was 68.0-69.0
°C. GC-MS m/z (relative intensity): 231 {3%, [M]" (C,,H,sNOS)};
187 (10%, [M — CHNO]"); 159 (5%, [M — C;H,NO]™); 105 (2%,
[M — CoH,o]™); 73 (100%, [M — CoH,¢S]1™). 'H NMR (CDCl,,
TMS): 0 6.62 (bd, J = 87.3 Hz, 1H, NH), 5.69 (bd, J = 54.6 Hz,
1H, NH), 3.37 (dd, / = 7.2 Hz, 1H, C2), 2.56 (t, J = 7.2 Hz, 2H,
C4), 1.57 (m, 2H, C5), 1.47 (d, J = 7.8 Hz, 3H, methyl on C2),
1.25-1.40 (m, 12H, C6-11), 0.87 (t, J = 7.2 Hz, 3H, C12) ppm.
13C NMR (CDCl,): 6 175.8 (C=0), 44.11 (C2), 31.83 (C10), 31.66
(C4), 28.89 (C6), 29.16 (C7), 29.22 (C8), 29.28 (C9), 29.43 (C5),
22.65 (C11), 18.51 (methyl on C2), 14.11 (C12) ppm. Anal.
(C,,H,5NOS) theoretical: C, 62.29; H, 10.89; N, 6.05; S, 13.86%.
Found: C, 62.32; H, 10.85; N, 6.08; S, 13.91%.

Enzyme Preparation. Recombinant rat mEH (RmEH) was
produced in a baculovirus expression system as described (/9). 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. After
80-84 h of incubation at 28 °C, cells were harvested by centrifuga-
tion (100g for 10 min at 4 °C). After suspension in chilled Tris/
HCl buffer (0.1 M, pH 9.0) containing 1 mM phenylmethanesufonyl
fluoride (PMSF), EDTA, DTT, and 1% Lubrol PX, cells were
disrupted using a Polytron homogenizer (9000 rpm for 60 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 used for the determination of ICs, values. Protein
concentrations were determined using the Bio-Rad Coomassie assay
using Fraction V bovine serum albumin (BSA) as the calibrating
standard.

IC, Assay Conditions. ICs, values were determined using [*H]-
cis-stilbene oxide (¢SO) as the substrate (27). The enzyme (1 nmol
min~ ' mL~") was incubated with inhibitors for 5 min in Tris/HCI
buffer (0.1 M, pH 9.0) containing 0.1 mg/mL BSA at 30 °C before
substrate introduction ([S]g,., = 50 uM). After 5 min, the reaction
was quenched by addition of 250 uL of isooctane, which extracted
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. By
definition, an ICy, is the concentration of inhibitor that reduces
enzyme activity by 50%. ICs, values were determined by regression
of at least five datum points in the linear region of the curve on
either side of the ICs,. The curve was generated from at least three
separate runs, each in triplicate, to obtain the standard deviation
(SD) in tables.

Enzyme Purification. Recombinant rat mEH (RmEH) was
purified for the determination of dissociation constants, using a
method modified from Lacouciere et al. (28). Insect cell cultures
were infected and collected as indicated above. After suspension
in chilled sodium phosphate buffer (0.1 M pH 7.4) containing 1
mM PMSF, EDTA, and DTT, cells were disrupted using a Polytron
homogenizer (9000 rpm for 60 s). The homogenate was centrifuged
at 100000g for 60 min at 4 °C. The pellet containing the targeted
enzyme activity was then suspended in chilled Tris/HCI buftfer (10
mM, pH 7.6, buffer A) containing 1% Tween 20. The homogenate
was then centrifuged at 100000g for 60 min at 4 °C. The pellet
was then suspended in chilled buffer A containing 1% Triton X-100
and centrifuged at 100000g for 60 min at 4 °C. The supernatant
was dialyzed overnight against Tris/HCI buffer (10 mM pH 9.0)
containing 0.05% of Lubrol PX (buffer B). The dialysate was
poured on a 10 cm x 2.5 cm Q-Sepharose column equilibrated
with buffer B. The column was washed with buffer B containing
25 mM NaCl. The targeted enzyme activity was eluted with buffer
B containing 50 mM NaCl. The pooled active fractions were
concentrated using Centriprep 50 (Amicon) and then dialyzed
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against buffer A containing 0.05% of Lubrol PX. On average,
purification yielded 20 mg of protein from 1 L of culture (~40%
yield) with a specific activity around 250 nmol min~" mg~'. The
preparations were at least 95% pure as judged by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and scanning densito-
metry. The purified enzyme lost all activity if frozen but remained
stable if stored at 4 °C (less than 10% activity loss over a 3 month
period). Therefore, the enzyme preparation was kept in the
refrigerator at 4 °C until use.

Kinetic Assay Conditions. Dissociation constants were deter-
mined using purified enzyme and ¢SO as substrate (27). Final
inhibitor concentrations between 0 and 1000 nM for 1, 0 and 150
nM for 16, and 0 and 300 nM for 29 were used. The inhibitors
were incubated with the purified RmEH (10 nM; 1 nmol min ™"
mL™") for 5 min in 100 uL of Tris/HCI buffer (0.1 M, pH 9.0)
containing 0.1 mg/mL BSA at 30 °C. Reactions were performed
in triplicate. Substrate (1.5 < [Slg,a < 50 uM) was then added.
The velocity was measured as described under ICy, assay condi-
tions. For each inhibitor concentration, the plots of the velocity as
a function of the substrate concentration allowed the determination
of apparent kinetic constants (Kyy,,, and Vy,) (29). Resolution of
the nonlinear Michaelis equation was performed using Sigma Plot
(SPSS Science; Chicago, IL). The plot of Ky,,,, as a function of
the inhibitor concentration allowed the determination of K. Results
are reported as means £ SDs of three independent determinations
of K.

Microsomal Incubations. Rat liver microsomes obtained previ-
ously in the laboratory (30) were diluted to ~0.2 mg/mL protein
in potassium phosphate buffer (0.1 M, pH 7.4). To 930 uL of
microsomal preparation, 10 L of ethanol or 10 mM solution in
ethanol of OTFP ([I]g,., 100 uM) was added. The mixture was
incubated at 37 °C for 5 min before the addition of 10 uL of 10
mM solution of 1, 16, or 29 in DMSO ([1]g,,.;, 100 M) and 50 uL
of buffer or NADPH generating system (37). This mixture was then
incubated at 37 °C. At various time points (between 0 and 120
min), 100 4L aliquots were removed and 1 L of 5 mM oleylnitrile
was added as an internal standard. These aliquots were then
extracted using 500 uL of ice-cold chloroform after vortexing and
centrifugation at 4000g for 5 min. The organic phase was separated
and dried under nitrogen. The residue was then reconstituted in 25
uL of chloroform, 2 ul. of which was used for analysis. Gas
chromatography with flame ionization detection (FID) was used to
determine the concentration of 1, 16, and 29. The system used was
a Hewlett-Packard (HP) 5890A (San Jose, CA) equipped with a
30 m x 0.25 mm DB-17 capillary column (J&W Scientific, Folsom,
CA). The initial oven temperature of 140 °C was held for 3 min
and ramped at 20 °C/min to 250 °C and maintained for 1 min. The
inlet and detector temperatures were 280 °C for both. Helium was
used as the carrier gas at a flow of 1 mL/min at 200 °C. Calibration
curves for 1, 16, or 29 contained six points from 0.3 to 100.0 uM
and were linear (#* > 0.99).

Naphthalene Metabolism in Mouse Liver Microsomes. Mouse
liver microsomes were prepared by differential centrifugation
according to previously published methods (32). The protein
concentration of the extract was adjusted to 1 mg/mL. The extract
was incubated with a NADPH generating system (3/) and 100 uM
naphthalene with or without 100 #M 16 at 37 °C for 15 min. The
reactions were stopped by placing them on ice. Naphthalene
metabolites were recovered by solid phase extraction (32) and
analyzed by reverse phase HPLC with UV detection (33).

Naphthalene Metabolism in Situ in Mouse Airways. Mice
(three per group) were euthanized with an overdose of pentobarbital,
and the trachea were isolated and cannulated as described earlier
(34). The chest cavity was opened by midline sternotomy; both
lungs and trachea were removed intact from the animal. This
cannulated preparation was then used for naphthalene exposure and
metabolic evaluation. Following perfusion of the parenchyma with
agarose and brief (10 min) incubation in ice-cold medium [deficient
Waymouth’s MB 752/1 medium (without reduced glutathione,
L-cysteine, L-cystine, L-glutamine, and L-methionine), from Gibco-
BRL Laboratories, Grand Island, NY], incubation medium contain-
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ing 100 #M naphthalene was instilled into the tracheobronchial tree
with or without 100 uM 16. Lungs were incubated at 37 °C for 60
min, and the incubation medium was then aspirated for analysis of
naphthalene metabolites (33).

Results

Structure Optimization. In a preliminary study, we identified
primary amines and amides as good mEH inhibitors (/9). While
amines are toxic for cells in culture (data not shown), amides
generally are much less toxic but are rapidly degraded (Figure
1). To obtain more stable and less toxic mEH inhibitors, we at
first explored the effect of variation in the terminal function on
the inhibition of rat mEH (Table 1). As compared to compound
2, the replacement of the amide function by a thioamide 3,
guanidine 4, or methyl-sulfonamide 5 reduced significantly the
inhibitory potency. These data are consistent with results
obtained for the soluble epoxide hydrolase (35). As compared
to 2, the presence of a hydroxyl 6, methoxy 7, amine 8, or
glycinamide 9 also reduced inhibition potency. These findings
are consistent with previous results showing that best inhibition
was obtained for primary amides (/9). The presence of a methyl
o to the carbonyl in compound 10 resulted in a 2.5-fold increase
in inhibition potency. As compared to the monosubstituted urea
11, the movement of the substituted nitrogen to a -position 12
resulted in a loss of inhibitory potency. Replacing the hydrogen
on this nitrogen by an isopropyl 13 produced an inhibitory
potency similar to 11. This finding is consistent with a
hydrophobic nature for the mEH active site. A hydrophobic
active site has been suggested for mEH based on its substrate
selectivity (2). Interestingly, the replacement of this nitrogen
by a sulfur atom at the 5-position 14 resulted in a 1 order of
magnitude increase in inhibition potency, while this effect
decreased 3-fold if the sulfur atom was placed at the y-position
as in 15. The presence of a methyl at the a-position and sulfur
at the S-position (16) had an additional effect on the inhibition
and yielded a 6-fold increase in potency. As compared to 16,
the replacement of the sulfur by oxygen 17 or a hydroxyl 19 in
the S-position resulted in a substantial loss of potency. There
was very little difference in potency between the presence of a
methyl 17 or a phenyl 19 group at the a-position.

To further optimize the inhibition of mEH activity by structural
alteration, we then investigated the presence of several functions
in the middle of the chain of elaidamide 1 (Table 2). We tried
several oxidized functions of the olefin, 20-25. Interestingly, each
of these compounds gave a 2—4-fold increase in inhibitory potency,
with the best obtained for the monohydroxyl, 24. The replacement
by a secondary amide function (26) resulted in a 1 order of
magnitude loss of inhibition potency. A 4-fold recovery in potency
was obtained when the hydrogen of the amide was replaced with
an isopropyl group (27), underlining the hydrophobic nature of
the binding site of the mEH. We then investigated the effect of
the hydroxyl group position relative to the amide function (Table
3). There was basically no difference between position nine of 28
or 10 of 29, but inhibition potency was significantly reduced when
the hydroxyl was at position 12 of 30. As compared to 30, the
presence of a double bond at position nine increased the inhibition
potency; interestingly, similar results were obtained with a cis-31
or trans-32 olefin.

Mechanism of Inhibition. To understand the mode of action
of these inhibitors, we determined the kinetic constants of
inhibition for compounds 1, 16, and 29 with the purified rat
mEH. As shown in Figure 2 for 16, the data obtained fit a
competitive model very well for all three inhibitors tested. We
obtained an average (n = 3) K; of 430 & 70, 72 £ 5, and 118
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Table 1. Effect of the Terminal Function on the Inhibition of mEH

Structure” ICso (UM)’ Structure ICso (UM)
) 0
1 1.3+0.1 11 12+1
CISHZS/\)I\NHZ R/\l;ll NH,
o) 0)
/\)]\ 2 234+0.05 u 12 >100
R NH, R” NH,
S Y
0)
/\)J\ 3 > 100 X 13 14.1+0.3
R NH, R NH,
NH 0)
/\)I\ 4 132+04 _S 14 1.60+0.01
R NH, R NH,
le) (0]
1]
R Sq > 100 R" 15 54+0.1
\/\/3 NH, \S NH,
0 0)
/\)J\ _OH 6  84+04 s 16 039+0.01
R N R~ NH,
0 0)
/\)I\ /0\ 7 > 100 (0] 17 6.1+0.6
R N R NH,
o) 0O
R/\)LN,NHZ 8 >100 /OW)‘\ 18 82+0.6
\ R NH,
H
CeHs
o] OH o
/\)j\ NH,
. N/\"/ 9 > 100 19 14+2
H R NH2
o
0

/\HL 10 0.93+£0.02
R NH,

“With R, n-CoH,o; and R’, n-CgH,,. ” The rat mEH and the inhibitors were incubated together for 5 min at 30 °C before the addition of substrate

(¢SO, 50 uM). Results are means £ SD of three separate experiments.

4+ 8 nM for 1, 16, and 29, respectively, and > > 0.98. The
concentration of enzyme used in the kinetic assay is around 10
nM. For the best inhibitor 16, the K is only 7-fold the estimated
enzyme concentration, indicating a fairly tight association
between the enzyme and this inhibitor. Interestingly, using a
crude recombinant rat mEH, we previously found that 1 follows
a linear mixed type inhibition, which is a mixture of competitive
inhibition and noncompetitive inhibition (/9). The presence of
other proteins influences the activity of mEH (36). Therefore,
one could postulate that in the crude mixture used previously,
interaction with other proteins changed the apparent K; and mode
of inhibition. Noting the similarities in the sEH and mEH
catalytic mechanisms (37) and the fact that ureas and amides
are competitive inhibitors of the SEH (35), one would expect a
competitive inhibition of mEH by amides as observed.
Microsomal Stability. To evaluate if, beyond improving
inhibitor potency, the structural modifications improve the

metabolic stability of inhibitor described herein, we determined
the half-life of 1, 16, and 29 in rat liver microsomal preparations
in the presence or absence of OTFP and NADPH (Table 4).
For all of the compounds studied, the addition of OTFP (an
inhibitor of esterases and amidases (20, 27) that to our
knowledge does not affect any other enzyme activity) increased
their half-life substantially, underlying the susceptibility of these
compounds to amide hydrolysis, especially for 1 and 29. While
the activation of P450 and flavin-dependent monooxygenases
through the addition of NADPH reduced the half-life of all three
compounds, the action of these enzymes seems more detrimental
on 16. In the conditions closest to physiologic (no OTFP but
active P450s and flavin-dependent monooxygenases), the half-
life of compound 16 is ~4-fold longer than that of 1 and 29.
Thus, the amide 16 was selected for further investigation.
Influence on Naphthalene Metabolism. To test the efficacy
of 16 to inhibit the mEH, we tested its ability to influence
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Table 2. Effect of the Middle Chain Function on the Inhibition of mEH

Structure’ ICso (M)’ Structure 1Cso (UM)
R OH
R 1 13%0.1 A_r 24 031+0.01
R
o OH
A 20 0.67+0.01 R 25 0.60=0.04
R‘ R
R
oH
o~ 0
d_r 21 047+0.01 L r 26 26.7+0.5
R R™ "N ‘
H
o (o]
r7LR 22 038+0.01 U w 27 54201
DY
0
/u\sz' 23 0.41+0.01
R

“With R, CgH,,; and R’, (CH,);CONH.,. ” The rat mEH and the inhibitors were incubated together for 5 min at 30 °C before the addition of substrate

(¢SO, 50 uM). Results are means = SD of three separate experiments.

Table 3. Effect of the Position of the Hydroxyl Function on
mEH Inhibition

Structure ICso (UM)”
OH [0}
e~ 28 03200
[0}
/»\,»\,»\,»\rf\,/\vf\v/\v)LNm 20 035001
OH
[0}
/\/\/\’/\/\/\/\/\)LNHZ 30 0.48+0.03
OH
OH [¢]
szvMNHZ 31 0.42+0.01
(o]
/\/\/\/\)J\an 32 0.42£0.02

OH
“The rat mEH and the inhibitors were incubated together for 5 min at
30 °C before the addition of substrate (¢SO, 50 uM). Results are means
+ SD of three separate experiments.

naphthalene metabolism (Figure 3). Initially, we used mouse
liver microsomes. In the presence of NADPH, naphthalene 1,2-
oxide is formed, which is then hydrolyzed by mEH to yield a
1,2-dihydroxy-1,2-dihydronaphthalene or is chemically degraded
to naphthol (33). While not influencing the naphthalene 1,2-
oxide production, the addition of 100 «M 16 resulted in a 69 £
2% decrease in 1,2-dihydroxy-1,2-dihydronaphthalene produc-
tion and a ~2-fold increase in naphthol production, resulting
in an overall 8-fold shift in naphthalene metabolism toward
naphthol production. In a second series of experiments, we
studied the effect of 16 on naphthalene metabolism in situ in
mouse airways. Upon exposure to medium containing 100 uM
16, we observed a 70 £+ 17% decrease in 1,2-dihydroxy-1,2-
dihydronaphthalene formation and a 70 4+ 30% increase in
naphthalene glutathione conjugates, suggesting that while
naphthalene 1,2-oxide production was not significantly affected,
its subsequent metabolism was shifted from the action of mEH
to the action of GSTs. These data demonstrated the capacity of
16 to inhibit mEH in vitro and ex vivo.

0 111 (M)
/\/\/\/\/Sj)l\
80 1 NH, 0
° 10
25
v 50
— "7
e 60 1 ° O 100
: =
2l 8]
\E 40 A X
g g
20 H
o
0 20 40 60 80 100 MM
0 & T T T
0 10 20 30

[S] (uM)

Figure 2. Determination of K; for compound 16 (NSPA) using [*H]-
¢SO as the substrate and purified rat mEH. For each concentration of
inhibitor, the velocity is plotted as a function of substrate concentration,
allowing the calculation of apparent Michaelis constants. In the insert,
the Ky, values are plotted as a function of the inhibitor concentration,
allowing the calculation of K; (29). In the absence of inhibitor, a K,
of 8.6 + 1.4 uM and a V,,, of 107 & 6 pmol min~' per assay were
obtained for RmEH hydrolysis of ¢SO.

Table 4. Microsomal Stability of Selected Inhibitors

microsomal #,,, (min)“

OTFP - + - +
NADPH - - + +
1 2.1£02 >120 1.5£05 50£3
16 26.0 £ 0.5 >120 8+1 36+5
29 28+£02 >120 1.5£0.5 584

“Each inhibitor (100 uM) was incubated at 37 °C with rat liver
microsomes (0.2 mg/mL) in the absence or presence of 100 uM OTFP
and NADPH generating system. The remaining concentrations of the
inhibitor were determined over time by gas chromatography (see Figure
1 as typical results obtained). Results are means £ SD of three separate
experiments.

Discussion

Since its discovery 40 years ago (38), the mammalian mEH
has been studied for its ability to metabolize epoxides formed
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from numerous xenobiotics, such as polyaromatic hydrocarbons,
1,3-butadiene, phenytoin, and carbamazepine (/-3). While a few
endogenous substrates have been reported for mEH, such as
androstene oxide (16a.,170-epoxyandrosten-3-one), estroxide
(epoxyestratrienol), or epoxyfatty acids (/), the endogenous role
of mEH is still unknown. Pharmacological inhibitors are
classically used to probe the biologic role of an enzyme. A few
years ago, we reported that fatty amides, such as elaidamide 1,
represent a new class of potent inhibitors of mEH (/9). While
this compound is very active on recombinant mEH in vitro, it
is rapidly destroyed when incubated with liver microsomes
(Figure 1). Herein, we investigated structural changes of 1 that
could yield more potent and more stable mEH inhibitors.
Improved inhibition (3.5-fold lower Kj) is obtained when
the olefin of 1 is replaced by a hydroxyl group 29; however,
the stability of the resulting compound was not improved. On the
other end of the molecule, the addition of an o-methyl group
and a f3-thio-ether function next to the amide carbonyl yielded
a compound (16) that has a 6-fold lower K| and is significantly
more stable than 1. Interestingly, for the inhibition of juvenile
hormone esterase by trifluoroketones, an a-methyl group and a
[-thio-ether function next to the carbonyl also yield the most
potent inhibitors (39). Finally, this new mEH inhibitor 16
significantly reduced the mEH-dependent production of 1,2-
naphthalene diol in ex vivo lungs exposed to naphthalene,
underlying the usefulness of the inhibitors described herein.
Because in most cases the resulting diols are less mutagenic
or carcinogenic than the starting epoxide, mEH has an overall
cytoprotective role by detoxifying xenobiotics. The protective
role of mEH from xenobiotics is illustrated by the case of a
man with a defect in mEH expression who suffered from acute
and severe phenytoin toxicity (40). However, in the case of some
polyaromatic compounds, such as benzo[o]pyrene or 7,12-
dimethylbenz[a]anthracene (DMBA), dihydrodiol formation can
stabilize the molecule after the formation of a second epoxide
yielding highly mutagenic “diol epoxides” that can alkylate
DNA while resisting further metabolism by mEH (4). This pro-
carcinogenic role for mEH was documented in mEH knockout
mice that were less sensitive to the carcinogenic activity of
DMBA than control mice (5). Thus, “therapeutic” inhibition of
the mEH enzyme could be viewed as either enhancing or
reducing toxicity depending on the xenobiotic(s) involved.
Valpromide or progabide treatments were found to increase the
toxicity of carbamazepine or phenytoin (47), underlying the
potential risks associated with the therapeutic inhibition of mEH.
In addition, the genotoxicity of 1,3-butadiene, an important
industrial chemical and common air pollutant, was found
inversely correlated with predicted in vivo mEH activity (42).
Thus, therapeutic inhibition of mEH could even be detrimental.
However, the specter of intrinsic risk should not be generalized
to all substrates transformed by mEH. In the case of polyaro-
matic air pollutants such as benzo(o)pyrene or 7,12-
dimethylbenz[a]anthracene, the action of mEH leads to more
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mutagenic and toxic metabolites (4, 5). A recent study showed
that children with high predicted in vivo mEH activity have a
4-fold increased risk for lifetime asthma linked to polyaromatic
air polluant exposure (/2). In this case, the therapeutic inhibition
of mEH could be clinically beneficial.

Early metabolism studies in vitro showed that epoxides from
xenobiotic olefins could be degraded by either glutathione-S-
transferases (GST) or epoxide hydrolases (32, 43). However,
the relative importance of each enzyme in vivo is not yet well-
understood. In the case of aflatoxin B1, kinetic measurements
and experimentation in rodents showed the predominance of
GSTs for the detoxification of this chemical (44). However,
more recent epidemiologic studies did not give clear answers
about the relative importance of each enzyme (45, 46). Ad-
ditionally, a recent microarray study suggests that resistance to
the hepatoxicity of bromobenzene in rats is mostly due to
increased expression of GSTs and multidrug resistance protein
3 rather than mEH (47). For the metabolism of naphthalene in
isolated lungs, we observed that the reduction of diol (70 £
17%) was accompanied by a similar increase (70 + 30%) in
glutathione conjugates.

The metabolism of xenobiotics involves numerous enzymes
and pathways. In most cases where mEH is involved, the
inhibition of this hydrolase will likely be compensated by the
action of other metabolizing enzymes, especially GST. In some
cases, such metabolism shifts will increase and in a few cases
decrease toxicity. The inhibitors developed herein should be
viewed as valuable probes to investigate the physiological and
biological roles of mEH and its relative importance to xenobiotic
metabolism.
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