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Abstract
Epoxyeicosatrienoic acids that have anti-hypertensive and anti-inflammatory properties are mainly
metabolized by soluble epoxide hydrolase (sEH, EC 3.3.2.3). Therefore, sEH has emerged as a
therapeutic target for treating various cardiovascular diseases and inflammatory pain. N,N’-
Disubstituted ureas are potent sEH inhibitors in vitro. However, in vivo usage of early sEH
inhibitors has been limited by their low bioavailability and poor physiochemical properties.
Therefore, a group of highly potent compounds with more drug-like physiochemical properties
were evaluated by monitoring their plasma profiles in dogs treated orally with sEH inhibitors.
Urea compounds with an adamantyl or a 4-trifluoromethoxyphenyl group on one side and a
piperidyl or a cyclohexyl ether group on the other side of the urea function showed
pharmacokinetic profiles with high plasma concentrations and long half lives. In particular, the
inhibitor trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB) not only is
very potent with good physiochemical properties, but also shows high oral bioavailability for
doses ranging from 0.01 to 1 mg/kg. This compound is also very potent against the sEH of several
mammals, suggesting that t-AUCB will be an excellent tool to evaluate the biology of sEH in
multiple animal models. Such compounds may also be a valuable lead for the development of
veterinary therapeutics.
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1. Introduction
Epoxyeicosatrienoic acids (EETs) are endogenous signalling molecules produced by
cytochrome P450 from arachidonic acid (Spector, 2008). The EETs act as vasodilators by
activating Ca2+-activated K+ channels in vascular smooth muscle cells (Fleming, 2007).
EETs also possess anti-inflammatory properties in endothelial cells (Node et al., 1999).
EETs and related epoxy fatty acids are mainly metabolized by the soluble epoxide hydrolase
(sEH; EC 3.3.2.3) (Liu et al., 2005; Newman et al., 2005), which hydrolyzes the EETs into
dihydroxyeicosatrienoic acids (DHETs), resulting in partial or complete loss of their initial
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biological activities. Inhibition of sEH stabilizes endogenous EETs and thus reduces
hypertension in multiple rodent models (Imig et al., 2002; Imig et al., 2005; Jung et al.,
2005; Chiamvimonvat et al., 2007; Huang et al., 2007; Loch et al., 2007). The inhibition of
sEH also reduces the production of nitric oxide, cytokines and pro-inflammatory lipid
mediators, in addition to significantly improving survival in lipopolysaccharide (LPS)-
induced systemic inflammation in mice (Liu et al., 2005; Schmelzer et al., 2005; Smith et
al., 2005). The sEH is also a potential target for the treatment of ischemic stroke (Dorrance
et al., 2005; Zhang et al., 2007a) and cardiac hypertrophy (Xu et al., 2006). Furthermore,
sEH inhibition reduces pain in several rodent models (Inceoglu et al., 2006). Thus, sEH is an
emerging target for pharmacological treatment of cardiovascular diseases (Monti et al.,
2008), inflammation, and possibly other diseases (Gauthier et al., 2007; Harris et al., 2008).

N,N’-Disubstituted ureas are potent sEHIs (sEH inhibitors) with Kis in the low nanomolar
range (Morisseau et al., 1999b). Early urea-based inhibitors, such as 12-(3-adamantane-1-yl-
ureido)- dodecanoic acid (AUDA), 12-(3-adamantane-1-yl-ureido)- dodecanoic acid n-butyl
ester (AUDA-nBE) and 1-adamantan-1-yl-3-{5-[2-(2- ethoxyethoxy)ethoxy]pentyl}urea
(AEPU) (Imig et al., 2002; Kim et al., 2004), were used to investigate the biology associated
with the inhibition of sEH in animal models (Dorrance et al., 2005; Imig et al., 2005; Jung et
al., 2005; Schmelzer et al., 2005; Sellers et al., 2005; Smith et al., 2005; Inceoglu et al.,
2006; Xu et al., 2006; Ai et al., 2007; Huang et al., 2007; Loch et al., 2007; Zhang et al.,
2007a; Li et al., 2008; Olearczyk et al., 2008; Parrish et al., 2008). However, their in vivo
usage is limited due to poor physiochemical properties, rapid metabolism and/or poor
bioavailability. Tedious formation such as the use of nanocrystals from cryomilling with
careful selection of salts and solvents are needed to formulate such materials for efficient
delivery in a small capsule (Ghosh et al., 2008). As an alternative to such formulation
approaches, a medicinal chemistry approach was taken to develop new potent inhibitors that
are more water-soluble and more metabolically stable by methodically modifying their
structures (Zhao et al., 2004; Hwang et al., 2006; Jones et al., 2006; Li et al., 2006;
Morisseau et al., 2006; Hwang et al., 2007; Kim et al., 2007a; Kim et al., 2007b; Kasagami
et al., 2009; Shen et al., 2009).

While simple, rapid and efficient methods have been developed to estimate the inhibitory
potency of new compounds (Jones et al., 2005; Wolf et al., 2006) as well as their solubility
and other physiochemical properties, it is more difficult and costly to evaluate their
pharmacokinetic properties. It is believed that compounds with favorable pharmacokinetics
are more likely to be efficacious and safe (Dingemanse and Appel-Dingemanse, 2007). We
previously developed a rapid pharmacokinetic screening method using cassette dosing and
measuring compounds with minuscule serial bleedings in mice (Watanabe et al., 2006). This
method was efficient in classifying compounds on their relative bioavailability. However,
because of the small size of the animal used, it is difficult to extrapolate to larger animals or
humans. Although we routinely monitor blood levels with 5 μl of blood for these
compounds (Watanabe et al., 2006), the small volume of blood in a mouse limits our ability
to monitor multiple blood biomarkers and, in particular, oxylipins which are promising
indicators of the efficacy of sEHIs in vivo. Herein we report the use of dogs (black Labrador
retrievers) for rapid pharmacokinetics screen of sEHIs. Due to the relatively large body size
of the dogs (~20 kg each), this method allows for easier administration of drugs and
collection of plasma with larger sample size. Moreover, dogs are much closer
phylogenetically and in size to humans than rodents, making extrapolation to humans more
reliable (Tibbitts, 2003). Finally, there is a need for novel anti-inflammatory and pain
therapies in dogs and cats (Lascelles et al., 2005). For example, the non-steroid anti-
inflammatory drugs (NSAIDs) are potent canine analgesic and anti-inflammatory drugs, but
their use is limited by a variety of adverse effects such as causing gastrointestinal disorders.
Thus, the canine data obtained herein will not only be valuable in refining the structure of
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sEHI for clinical use in humans and for use in canine models of human diseases, but also
these data could lead to the development of novel veterinary therapeutics either used alone
or as synergists with existing drugs such as NSAIDs (Schmelzer et al., 2006).

2. Materials and Methods
2.1. Chemicals

All sEHIs tested were synthesized according to previously reported methods (Kim et al.,
2004; Kim et al., 2005; Hwang et al., 2006; Jones et al., 2006; Morisseau et al., 2006;
Hwang et al., 2007; Kim et al., 2007a; Kim et al., 2007b; Kasagami et al., 2009). References
for the synthesis and properties are given in Table S1. Details for the preparation of new
compounds (17, 18, 25, 26, 27, 29, 30, 31, and 32) are described in supplementary material.
The purity and structural assignment of all compounds were supported at least by NMR and
MS. The purity was supported additionally by TLC chromatography at least two systems, a
sharp melting point, and a single peak on LC/MS. In each case, LC/MS and NMR analysis
indicated that a symmetrical urea, which is a possible side-product formed during the urea
synthesis and also a potent sEHI, exists below the detection limit. HPLC-grade methanol,
acetonitrile, and ethyl acetate were purchased from Fisher Scientific (Pittsburgh, PA).
Formic acid (98%) and lactose were purchased from Sigma-Aldrich (St. Louis, MO). Water
(>18.0 MΩ) was purified by NANO pure II system (Barnstead, Newton, MA).
Hydroxypropylmethylcellulose (HPMC) was purchased from the Dow Chemical Company
(Midland, MI). Oleic ester rich triglyceride was a gift from Adams Specialty Oils (Arbuckle,
CA).

2.2. Animals and Dosing
All animal experiments were performed according to the protocols approved by the Animal
Use and Care Committee of University of California-Davis. Three female black Labrador
retrievers (5 to 6 years old; 17-22 kg) were obtained from a previous study (Frick et al.,
2005) and housed at the U.C. Davis animal facility. They were given water ad libidum and
fed twice a day at 7 a.m. and 3 p.m. On the day of an experiment, food was provided 2 hours
after drug administration (generally around 9 a.m.). Studies were conducted once a week
(generally on Tuesday), allowing the dogs to completely eliminate any inhibitor and recover.
In the morning of an experiment, the cephalic veins of the dogs were catheterized per-
cutaneously with a 20 gauge catheter, secured with Vetwrap™, and maintained in place for
the duration of the experiment. The catheters were removed at the end of the study. For
high-throughput screening (n = 1), the inhibitors were given in cassettes of three compounds
at a dose of 0.3 mg/kg for each adjusted by weight. The day before the administration, 6 mg
of each inhibitor was weighed and dissolved in 1 ml of commercially available triglyceride
(Crisco®, Ohio). The solutions were sonicated at 50 °C for 10 min and checked to insure a
transparent solution. Then, the three solutions were mixed together in a final volume of 3 ml
triglycerides, warmed to 30-35 °C, and the appropriate amount was given orally to the dogs
by eating. The blood samples (1 ml) were collected at scheduled time points up to 24 hours
into blood collection tubes containing 0.04 ml of 7.5% EDTA (K3) solution (Kendall,
Massachusetts) and centrifuged immediately at 3000 rpm for 10 minutes. The plasma was
transferred to a fresh tube and stored at -80 °C until further use. For the determination of
oral bioavailability (n = 3), compounds were given both i.v. and p.o. with single-compound
dosing and diluted in 10 ml to yield a dose of 0.3 or 0.1 mg/kg depending on their solubility.
AEPU, t-AUCB, and APAU were dissolved in 0.9% NaCl 99:1 water-ethanol, 0.9% NaCl
99:1 water-morpholine, and 0.9% NaCl in water, respectively. For the dose-response study,
t-AUCB was dissolved in 0.9% NaCl 99:1 water-morpholine to yield doses of 0.03, 0.1, 0.3,
and 1 mg/kg. For the comparison of various formulation methods, a dose of t-AUCB of 0.3
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mg/kg was used. Gelatin capsules (size 00) were used to administer solid forms of t-AUCB
given as the pure compound or a mixture with 1:1 HPMC/lactose at 1:10 ratio.

2.3. Sample Preparation
In polypropylene microcentrifuge tubes, 100 μl of plasma was added to 200 μl of water
followed by 10 μl of surrogate solution (1-(5-butoxypentyl)-3-adamantylurea at 250 ng/ml
in methanol). After mixing 500 μl of ethyl acetate was added and then vigorously mixed for
30 seconds. The organic layer was collected into a new tube after centrifuging at 12,000 g
for 5 minutes. The extraction was repeated and the combined organic layers were dried
under vacuum. The samples were reconstituted with 50 μl of internal standard solution (100
ng/ml of 1-adamantan-1-yl-3-decyl-urea in methanol), and then transferred into a glass
insert for LC/MS quantitative analysis. Extraction efficiency for the surrogate standard
spiked at 50 ng/ml in the plasma was 102±10 S.D. The surrogate standard and analyte
standard curves were used to insure that there was high extraction efficiency.

2.4. Analytical Procedures
LC-MS/MS analyses were carried out using a Micromass Quattro Premier triple quadrupole
tandem mass spectrometer (Micromass, Manchester, UK) interfaced to an electrospray
ionization source (ESI). The ESI was performed following HPLC in the positive mode at 1.0
kV capillary voltage. The source and the desolvation temperatures were set at 125 °C and
300 °C, respectively. Cone gas (N2) and desolvation gas (N2) were maintained at flow rates
of 50 and 650 l/h, respectively. Mass spectra of the precursor ions were obtained by syringe
pump infusions, while scanning over the range of 50 to 550 m/z at 1 s/scan. Data were
acquired in continuous mode. Quantitative analysis was performed in the multiple reaction
monitoring (MRM) mode with a dwell time of 0.2 seconds. The MRM of each analyte is
listed in the supplementary data (Table S1). The separation was performed by Ultra
Performance LC (UPLC; Waters Corporation, Milford, MA) equipped an Acquity column
(BEH C18, 50 × 2.1 mm I. D., 1.7 μm; Waters Corporation) with a flow rate of 0.3 ml/min
at ambient temperature. Solvent A was 10% acetonitrile and 89.9% water containing 0.1%
formic acid and solvent B was acetonitrile containing 0.1 % formic acid. Mobile phases
were mixed with a linear gradient from 30 % B to 100 % B over 0-5 min. Following the
gradient, the mobile phase was kept at 100% B for 8 minutes followed by a return to initial
conditions for a 2 minute equilibrium. The post run was performed to equilibrate the column
to the initial conditions for 2 minutes before the next run. Data were analyzed with
MassLynx software version 4.1.

Stock solutions (200-800 μg/ml) of each compound were prepared in methanol and stored at
-20 °C (Watanabe et al., 2006). These solutions were further diluted with methanol to give a
series of standards with concentrations ranging from 0.98 to 250 ng/ml. The calibration
curves were calculated by (1/x) least-square linear regression analysis of the peak area ratio
of analytes to internal standard versus the concentration of the standards by weight. The
limit of detection (LOD) was defined as the concentration which gave a blank signal±3 S.D.
on the calibration curve (Table S1). Five uls of standard solutions and the extracted plasma
samples were injected onto the column. Repeated injections of the same samples provided
5-10% variation. The extraction efficiencies were confirmed by spiking respective amounts
of surrogate and selected analytes to blank dog plasma. The extraction recoveries were
80-120% for selected analytes over a large range of polarity. Even for compound 14
(APAU, one of the most polar compounds analyzed) the recovery was 85±5%. The
accuracies of the method for multiple analytes extracted from dog plasma (n= 5, for each
analyte) was under 10% S.D. and the precisions were less than 10%. In these cases the
samples extracted from dog plasma were compared with samples extracted in the same way
from water and from direct methanol injections. There was no difference detected in
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extraction efficiency, accuracy or precision among the three methods. Therefore for the
actual run the standard curve was prepared in methanol.

2.5. Analysis of epoxides and diols
Samples stored at -80°C were thawed at room temperature and spiked with 10 μl 500 nM
surrogate solution (PGE2-d4, 11(12)-EET-d8). Solid phase extraction was performed with
Waters Oasis HLB cartridges (3cc/60 mg) and the cartridges were washed with 6 ml of 5%
methanol/water solution containing 0.1% acetic acid. Then, the analytes were eluted into a
tube with 0.5 ml methanol followed by 2 ml of ethyl acetate. The eluate was evaporated with
10 μl of a trap solution (30% glycerol in methanol) by vacuum centrifugation (Speed-Vac).
Prior to analysis, residues were reconstituted by adding 50μl of 200 nM of the internal
standard solution described in the supplementary materials. The conditions for the LC were
as follows; Acquity BEH C18 column (100×2.1 mm, particle size 1.7um, Waters Co.) at
flow rate 400 μl/min, buffer A was 0.1% (v/v) acetic acid in H2O, buffer B was 0.1% (v/v)
acetic acid in a solution of acetonitrile/methanol mixture (85/10 (v/v)). The gradient table is
attached in the supplementary material (Table S2). For MS/MS analyses, a 4000 QTRAP
(Applied Biosystems, Foster City, CA) hybrid, triple-quadrupole, linear ion trap mass
spectrometer equipped with a Turbo V ion source was used and operated in MRM mode.
The source was operated in negative electrospray mode and the QTRAP was set as follows:
CUR= 20 psi, GS1=50 psi, GS2=30 psi, IS=-4500 V, CAD= HIGH, TEM=500 °C, DP= -60
V. The collision energies used for CAD (-18 to -38 eV) varied according to molecular
species and were optimized for each compound.

2.6. IC50 determination
For the radioactive, fluorescent and LC/MS based assays, enzymes were used at a
concentration that gave linear generation of product with both time and protein
concentration. The concentrations of sEH are given below. IC50, the concentration of
inhibitor that reduces enzyme activity by 50%, was determined by regression of at least five
datum points with a minimum of two points in the linear region of the curve on either side of
the IC50. Results are the average of triplicate determinations. For the homogenous
recombinant human, murine and rat sEH, the IC50s were determined by a fluorescent assay
previously described (Wolf et al., 2006) using cyano(6-methoxy-naphthalen-2-yl)methyl
trans-[(3-phenyloxyran-2-yl)methyl] carbonate (CMNPC; Fig. S1) as a fluorescent substrate
(Jones et al., 2005). The r2 value of standard curve was 0.96-0.99 of each compound.
Recombinant human, mouse, and rat sEH enzymes were produced in a baculovirus
expression system and purified by affinity chromatography (Wixtrom et al., 1988).

In order to determine IC50s in complex system such as dog liver cytosol and sEH depleted
dog liver cytosol (prepared method in supplementary materials), IC50s reported herein were
determined using racemic [3H]-trans-1,3-diphenylpropene oxide (t-DPPO) or 14, 15-EET
(Borhan et al., 1995; Morisseau and Hammock, 2007) (Fig. S1). Livers from dogs were
obtained from Dr. Medhora (Medical College of Wisconsin, USA). Cytosolic fractions were
prepared by differential centrifugation as described (Morisseau et al., 1999a) and frozen at
-80°C until used. Protein concentration was quantified using the Pierce BCA assay with
bovine serum albumin (BSA) as the calibrating standard. Human liver cytosol was
purchased from BD Biosciences (San Jose, CA). For the t-DPPO assay, the cytosolic
fractions were diluted with a sodium phosphate buffer (100 mM, pH 7.4) containing 0.1 mg/
ml BSA, and were incubated with inhibitors (1 < [I]final < 100,000 nM) for 5 min at 30 °C
prior to radiolabeled substrate introduction ([S]t-DPPO: 50 μM; ~ 12,000 cpm/assay). The
enzymes were incubated at 30 °C for 10 minutes and the reaction was quenched by addition
of 60 μl of methanol and then 200 μl of isooctane followed by vigorous mixing. The
isooctane extracts the remaining epoxide but not the diol from the aqueous phase. The
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activity was determined by measuring the quantity of radioactive corresponding diol
remaining in the aqueous phase using a liquid scintillation counter (Wallac Model 1409,
Gaithersburg, MD). For the LC/MS assay, 14, 15-EET was used as a substrate ([EET]final: 5
or 50 μM) and incubated in the appropriate human or canine liver cytosol at 30 °C for 10
minutes. The reaction was terminated by addition of 400 μl of methanol and 500 μl of 68 ng/
ml of internal standard. The activity was determined by measuring the quantity of
corresponding diol, 14, 15-DHET, by LC/MS. All assays were run in triplicate.

2.7. Water solubility determination
An excess of the test compounds was added to vials containing 1 ml of 0.1 M sodium
phosphate buffer (pH 7.4), and a suspension of the mixture was equilibrated during 24 hours
of shaking at 25°C. After centrifugation at 10,000 rpm for 10 min, the water supernatant (2.5
μl) was dissolved in 0.5 ml of methanol followed by adding 0.5 ml of internal standard
solution (1-adamantanyl-3-decylurea ADU; 100 ng/ml in methanol). Then, the amount of
each compound dissolved in buffer was determined by LC-MS/MS as described above.

2.8. Experimental LogP determination
The compounds (4 mg) were dissolved in pH 7.4 0.1 M sodium phosphate buffer-saturated
1-octanol (5 ml). 1-Octanol-saturated (5 ml) 0.1 M sodium phosphate buffer (pH 7.4) was
then added to the solution above, and the mixture was equilibrated during 24 hours of
shaking at 25°C (Kim et al., 2007b). The 1-octanol solution and buffer solution (2.5 μl) were
dissolved in 0.5 ml of methanol separately, and 0.5 ml of internal standard solution (ADU;
100 ng/ml in methanol) was added to each of the methanol solutions. The samples were
quantified by the LC-MS/MS as described above. The experimental log P value (LogP) was
obtained with the following equation: LogP = log [octanol]/[water]. The cLogP values
estimated by Crippen’s method were obtained by ChemDraw Ultra version 9.0.

2.9. Pharmacokinetic and statistical analyses
The pharmacokinetic parameters were obtained by non-compartmental or compartmental
analysis from WinNonlin (Pharsight Corporation, Mountain View, CA). For the non-
compartmental analysis, the time of maximum concentration (Tmax) and the maximum
concentration (Cmax) were obtained from the observed value. Area under the curve (AUC)
was calculated using the trapezoidal rule with the extrapolation method. For the
compartmental analysis, the time of maximum concentration (Tmax) and the maximum
concentration (Cmax) were obtained from the predicted value. The clearance (Cl) and
volume of distribution at steady state (Vss) were calculated by the software. The lag time
parameter was used depending on the coefficient obtained from the models. Statistical
analysis was performed by the student’s t test and p < 0.05 was used to indicate statistical
significance. All results were expressed as mean ± S.D. unless otherwise noted.

3. Results
3.1. The effects of structure of sEH inhibitors on potency and oral availability

The general structure of sEH urea inhibitors screened in this study is given in Table 1. They
are composed of non-polar groups (R1), usually a urea central pharmacophore, linker
moieties (L), varied polar functional (P) groups, which are putative secondary
pharmacophores, and R2 groups. The inhibitors are divided into four groups based on the
nature of the linker moiety L attached to the 3 position on the urea as follows (Table 1): a
flexible alkyl; a piperidyl; a cyclohexyl ether; and a phenyl group. Each group is divided in
four-subgroups based on the nature of the moiety present on position 1 of the urea group
(R1): an adamantyl; a 4-trifluoromethoxyphenyl; a 4-trifluoromethylphenyl; or a cycloheptyl
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group. Early lead compounds such as dicyclohexyl urea and, in this study triclocarban, (74)
were dialkyl or diphenyl ureas. Although some of these materials were potent inhibitors of
murine and human recombinant sEH, they were generally high melting, lipophilic, water
insoluble and difficult to formulate. These studies, coupled with X-ray crystallography,
demonstrated that a variety of groups can confer high activity at R1 on the left side of the
urea. The adamantyl group initially was selected as R1 for most compounds because it is
potent against the sEH enzymes of several species and easily detected by LC/MS. The LC/
MS conditions are listed in the supplementary materials (Table S1), while the complete
chemical structures, human sEH IC50s and canine AUCs are listed in the supplementary
materials (Table S3). Unless otherwise noted IC50, values refer to those determined on the
homogenous recombinant human enzyme determined with CMNPC as the fluorescent
substrate (Fig. S1). As one estimate of potential efficacy, we use a ratio of exposure to
potency or plasma AUC/IC50. The IC50 again refers to that determined with the CMNPC
assay. The potencies against the human sEH of the selected seventy four inhibitors are
summarized in Table 1. All of the compounds with the urea central pharmacophore are good
sEHIs (IC50 < 100 nM). The fluorescent assay as performed here has a standard error
between 10 and 20%, suggesting that only differences of two fold or greater in IC50 are
significant.

For the compounds that were detected in the blood above the limit of quantification (LOQ)
following oral gavage (41 out of 74), their pharmacokinetic parameters were determined
using a non-compartmental analysis (Table 1). This analysis was performed on plasma
levels of the respective inhibitors as a function of time. The curves are shown in Figures 1-4
arranged to show compounds with similar structures. These data are also plotted in the
supplementary material \ showing compounds with similar Cmax values for clarity (Fig. S2).
The area under the curve (AUC) represents the amount of administered compound that
reaches the blood as a function of time. AUC is an estimation of the availability of a given
drug. As seen in Table 1, in general, compounds with an alkyl chain or a phenyl ring as the
linker moiety at position 3 of the urea showed low AUCs, but compounds with a piperidyl or
a cyclohexyl ether moiety lead to much larger AUCs. Further, compounds with a 4-
trifluoromethoxyphenyl group or a cycloheptyl group as R1 have larger AUCs with longer
elimination half lifes (T1/2) which could be due to relatively slower metabolism and/or
excretion. This is particularly true for the compounds with a cyclohexyl ether or piperidyl L
moiety at position 3 of the urea because of a possible metabolically labile adamantyl group
(Table 1).

Because compound 1 (also known as AUDA, 12-(3-adamantane-1-yl-ureido)-dodecanoic
acid), 8, and compound 12 have long alkyl chains at the 3 position leading to β-oxidation in
vivo, it is hard to observe small effects resulting from changing the R1 group (Fig. 1a).
However, the trifluoromethoxyphenyl derivative 8 has a far higher Cmax and a three fold
higher AUC at the expense of a drop in potency to the sEH. Both compound 8 and the
cycloheptyl derivative 12 show a much longer β phase in a two compartment model. It is
assumed that the metabolism of the compounds in Figure 1a is dominated by β-oxidation.
The low blood level of the trifluoromethylphenyl derivative 10 is surprising given its good
AUC in other series (Fig. 1a). Over all, altering the R1 group in this series did little to
improve the AUC/IC50 ratio of these compounds. In contrast, replacing the R1 adamantyl
group had a large effect on AUC of compounds with the cyclohexyl L moiety, an ether as
the putative secondary pharmacophore P and a fluorophenyl R2 (Fig. 1b). The AUC/IC50
increased from 3 to 21, 26, and 48 for the trifluoromethylphenyl R1. Presumably when the
metabolic susceptibility of the long alkyl chain is removed, the adamantane becomes the
principal metabolic liability. The effects of altering R1 are even more dramatic with the
piperidyl L moiety and a sulfonamide secondary pharmacophore P (Fig. 1c), although the
trends are similar. The sulfonamides of the piperidines 17, 27, and 32 are all potent
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inhibitors of the human sEH and the trifluoromethoxyphenyl and cycloheptyl derivatives
have low IC50 values, high blood levels and relatively long half-lives making these piperdyl
sulfonamides attractive scaffolds for fine tuning pharmacokinetic properties. The AUC/IC50
values increase from 3.5 for the adamantane compound 17 to 440 for the
trifluoromethoxyphenyl compound 27. The cycloheptyl compound with an exposure to
potency ratio of 70 however may have more attractive properties for dosing. The calculated
and experimental LogP values indicate reduced lipophilicity but the water solubility of 27
(TUPS) is quite low and the melting point very high (Table 2). These limitations may be
overcome by potency. Although much larger R groups on the sulfonamide can result in
highly potent inhibitors of the human enzyme (29, 30, Table 1, Table S3), their plasma
levels were below limits of detection. By minor changes in R1 and small substituents on the
sulfonamide, highly potent compounds for human use could be tailored.

Because the effective in vivo blood level of these inhibitors is unknown, the in vitro IC50s
(Table 1) are used for the evaluation of an effective time (Teff), which is the total time that
the blood concentration was above the determined IC50 for the human enzyme. Interestingly,
even with small plasma concentrations, Teffs often are above 8 hours for many of the
compounds. This is especially clear for the piperidyl or cyclohexyl ether L moiety, because
the inhibitors are very potent in vitro. After 24 hours, the plasma concentrations above the
IC50 value (C24/IC50) can be considered indicative of a dose needed for a once a day
medication. For some inhibitors, especially the piperidyl or cyclohexyl ether L moiety with
a 4-trifluoromethoxyphenyl moiety, the C24/IC50 values are still great due to slower
metabolism and/or excretion rate especially compared to the compounds with an adamantyl
moiety.

A previous study showed that polar groups P such as carbonyl or the ether and sulfonamide
moieties in Figure 1 located 7-8 Å from the urea carbonyl increased polarity while retaining
inhibitory potency (Kim et al., 2007b). Therefore, to improve water solubility and hopefully
improve oral availability, some polar functional groups were added after the L moiety at
position P, the putative secondary pharmacophore. In many cases, this polar secondary
pharmacophore also increases the potency of the compounds. Compounds 3 (also known as
AEPU, 1-adamantan-1-yl-3-{5-[2-(2- ethoxyethoxy)ethoxy]pentyl}urea), 4, 33, 52, and 53
have a polyethylene glycol chain after the L moiety (Fig. 2a). Compound 3 (AEPU) has
higher water solubility and lower lipophilicity than its parent compound 1 (AUDA), and a
low melting point simplifying formulation (Table 2). However, the AUCs of these
polyethylene glycol compounds are much smaller than many other compounds with more
lipophilic R2 groups possibly due to the oxidation on the adamantyl groups and polyethylene
glycol chains (Ulu et al., 2008). AEPU showed an AUC/IC50 of only 0.17. However the
analog approach illustrated in Fig 2a demonstrated that replacement of the alkyl chain with a
cyclohexyl or better phenyl resulted in an increase of 8-34 fold in the exposure to potency
ratio. Surprisingly an ω-trifluoromethyl group to block terminal hydroxylation failed to
increase AUC. As a group the potency and bioavailabity of the polyether series could likely
be dramatically improved by changes in R1 while retaining the desirable physical properties.

A number of compounds with morphilino and related groups as R2 in the adamantyl R1
series give low or non-detectable plasma levels of the parent compound (5, 65, 66, 67, & 68)
(Tables 1, S3). However, compound 64 with a terminal morpholine is a very potent inhibitor
with a moderate AUC (Fig 2b). A trisubstituted nitrogen in compound 65 results in reduced
biological activity compared to an ether in 34, 64 and other compounds when used as the
secondary pharmacophore P. Thus, fine tuning these heterocyclic R2 groups should be
coordinated with optimizing R1 for better physiochemical properties and metabolic stability.
A variety of R2 groups were examined using compounds with the adamantyl group at
position 1 and a phenyl group at position 3 (Fig. 2c). Compound 58 with a tetrafluoroethyl
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R2 group has a smaller AUC compared to the methyl (56) or trifluoromethyl (57) R2 groups.
Several salicylic acid derivatives were made. The ester 61 (Table S3) is a very potent sEHI
which should yield both an active sEHI metabolite and acetylsalicylic acid on hydrolysis,
but neither it nor its phenolic metabolite 55 nor the salicylic acid are detected in plasma.
Compounds 62 and 69 (Table S3), containing ester groups, give surprisingly good plasma
levels while the other salicylates are not detectable (63 & 70). Interestingly, the ester
compounds (62 & 69) are not hydrolyzed quickly by esterases in vivo. Overall these
salicylates and related compounds gave low AUC/IC50 values.

3.2. Structure optimization of selected inhibitors with piperidyl L moieties
Because a series of compounds with a piperidyl amides or cyclohexyl ethers as a linker had
larger AUCs than compounds with alkyl or phenyl linker (Table 1), the compounds were
further optimized based on these linkers. Compound 14 (also known as APAU, N-(1-
acetylpiperidin-4-yl)-N’-(adamant-1-yl) urea) with an adamantyl R1 group and piperidyl
linker has a larger AUC than other commonly utilized sEHIs (AUDA 1, AEPU 3) (Fig. 3a).
The corresponding amide central pharmacophore (72) has a relatively small AUC compared
to the urea due to rapid hydrolysis. In addition, this amide is a weak inhibitor of the human
sEH. These properties are common to all the compounds tested here with an amide central
pharmacophore (71, 72 & 73). Compound 14 has unexpectedly high water solubility and
low lipophilicity (Table 2). Though there is the concern that amides can be rapidly
hydrolyzed, this usually can be avoided by steric hindrance of the piperidyl linker to
improve water solubility. By extending the acetamide chain of 14 by one (15) and two
carbons (19), the potency on the human enzyme increases from 4 to 7 fold but the AUC
decreases so dramatically that there is a net reduction in the AUC/IC50 ratio of 2.5 with 14
(Fig. 3b). The longer amide groups dramatically decrease water solubility and increase
lipophilicity apparently leading to rapid metabolism of the compounds as reflected by
reduced AUCs. When the adamantane at R1 of compound 14 is changed to a
trifluoromethoxyphenyl group (24), the AUC increases dramatically. This change takes the
ratio for 14 (APAU) of 2.5 to 33 for the corresponding acetamide 24, 162 for the propamide
25, and 123 for the butamide 26. Thus the apparent increase in sensitivity to metabolism of
the compounds with an adamantane at R1 with an increase in the total lipophilicity of the
molecule does not seem to apply to more stable groups. This increase in AUC can also be
observed with compound 27 with methyl sulfonamide (Fig. 1c). This suggests that
increasing the hydrophobicity of the acetamide (14, 15 & 19) may result in slower uptake or
more rapid metabolism of the labile adamantyl moiety, but this situation is not observed
with metabolically more stable cycloheptyl or trifluoromethoxyphenyl groups at R1 (34,
24-26). The simplicity, high inhibitory potency, conformational constraints, and promising
pharmacokinetics of this series of compounds suggests it as well could yield
pharmacologically attractive inhibitors following optimization at R1 and possibly the amide
function.

3.3. Structure optimization of selected inhibitors with cyclohexyl ether L moieties
In hopes of improving water solubility, the fluorophenyl R2 groups (Fig. 1b) were
substituted with a para-benzoic acid (Fig. 4), the cyclohexyl ether linker and an ether
secondary pharmacophore, P. It is observed that both the trans-(39, also known as t-AUCB,
trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid) and the cis-isomers (40)
have large AUCs and high AUC/IC50 ratios of 160 and 233 respectively. Making the methyl
ester of 39 to give 42 slightly reduces the AUC. This illustrates that like with AUDA,
prodrugs and salts of the benzoic acid can be used to dramatically alter the physiochemical
properties of the compounds and their bioavailability. The corresponding meta-benzoic acid
(41) has a reduced potency and AUC to give a ratio of 2.1. It is interesting that replacing the
adamantyl of 40 with a trifluoromethoxyphenyl group 45 yields similar plasma profiles and
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AUCs, unlike the APAU series (Fig. 3). However the increase in potency takes the exposure
potency ratio to 400 for compound 45. It should be noted that the IC50 of 0.6 nM for this
compound may be greater than numerically indicated since this IC50 value approaches the
limit of the ability of the CMNPC assay to distinguish among potent inhibitors. The above
observations bring up the possibility that potency can be dramatically increased by obvious
analog approaches at R1. Also the AUC and T1/2 can be systematically altered by varying
R1. The fact that the AUC of 45 is similar to that of 40 suggests that, in this series of
compounds, the adamantyl moiety is not so large a metabolic liability as it is in the
piperidine series.

3.4. Physiochemical properties of selected inhibitors
As outlined in Lipinski’s rule of five (Lipinski et al., 2001), physiochemical properties such
as water solubility and LogP, are commonly associated with the bioavailability of a
particular compound. Thus, the water solubility and experimental LogP values of several
inhibitors were determined (Table 2). Over the range of compounds tested the correlations
(r2 = 0.28) between cLogP and the experimentally determined LogP were poor as is
commonly observed with ureas. Also, poor correlations (r2 < 0.20) were observed among
LogP, water solubility, melting points, or the determined AUC (Table 1). These results
suggest that for the series of compounds studied, these physiochemical properties are not
valuable quantitative indicators of bioavailability. Extreme values for these parameters are
certainly useful for rejecting leads based on Lipinski’s rules. Although these data do not
appear to be valuable for fine optimization of ADME for this series of sEHIs, the improved
water solubility and reduced LogP of the piperidines and cyclohexyl ethers discussed above
makes them easier to formulate.

3.5. In vitro activity of selected inhibitors with sEH from different species
To test the ubiquity of action of the inhibitors, several compounds were selected based on
their potency with the human enzyme and the cassette-dosing screening results (Table 1,
S3). Their inhibitory activities were determined using CMNPC (the same fluorescent assay
used for the recombinant human enzyme) against homogenous recombinant sEHs from two
additional animal species (mouse and rat), commonly used for disease models (Table 3). In
contrast, a radioactive sEH assay based on t-DPPO was used with cytosolic preparations
from canine liver because esterases and glutathione-S-transferases present in cytosol result
in a very high background with the fluorescent assay. Comparing the IC50s determined with
the human recombinant sEH with CMNPC and dog liver cytosol with t-DPPO, compounds
with a piperidyl linker (14, 24, 27, 31) are 30-1000 fold less active with the canine sEH
while compounds with a cyclohexyl ether linker and three related compounds show only 1-3
fold lower potencies. This great reduction seen with the canine enzyme may derive from the
differences in relative binding of these competitive transition state inhibitors to the canine
sEH enzyme in competition with the two substrates or less likely from non-specific effects
of cytosolic proteins. When comparing the IC50s determined with the fluorescent assay
(CMNPC), most compounds evaluated with the recombinant human, murine and rat
enzymes are potent (<50 nM) except for compound 24 with rodent enzymes. It is observed
that there are only 2-10 fold differences among these three species with regard to the
inhibitory potency of the 10 compounds assayed with the canine enzyme being an outlier
only with regard to the piperidine containing compounds (14, 24, 27, 31). When comparing
the IC50s determined with the human recombinant sEH between the fluorescent and the
radiochemical assays (Table 3), one is of course looking largely at a competition between
the inhibitors and the substrate for enzyme binding. However, the relative Kms of the two
substrates (1 and 5μM, respectively) are of little assistance in this comparison since the Kms
have little or no relationship to Kas in a two step enzymatic reaction. Thus among the
nonpiperidine compounds there is only a 1-3 fold decrease in potency when moving from
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the fluorescent to the radiochemical assay using the human enzyme. In contrast, compounds
with a piperidyl linker are far less potent on the human sEH in the t-DPPO assay (8-20 fold)
than the fluorescent assay indicating that piperidyl compounds are more easily displaced
from the enzyme by t-DPPO than by the fluorescent substrate CMNPC. Comparing the
IC50s between human recombinant sEH and sEH in canine liver cytosol using the t-DPPO
assay, the IC50s of the nonpiperidyl inhibitors are identical or very similar (1-3 fold). In
contrast, the piperidyl compounds are much weaker inhibitors using the canine liver cytosol
(2-100 fold) compared to recombinant human sEH. This difference is likely due to lower
affinity of the piperidyl sEHIs to the canine enzyme, but it could be because of some factor
in dog liver cytosol.

Non specific binding is unlikely since the canine cytosol is diluted at least 100 fold before
the assay. However, to further test the hypothesis that the large difference between the
potency of these compounds to the human compared to the canine enzyme is due to a
cysosolic factor, the IC50s of one piperidyl compound (27) and one non-piperidyl compound
(39) were determined with both canine liver cytosol (which has a relatively low specific
activity among the mammals examined) and sEH depleted canine liver cytosol (preparation
method was provided in supplementary materials, Table S4 & Fig. S3) both supplemented
with purified human recombinant sEH. The IC50s on the human sEH incubated in canine
cytosol and depleted cytosols of compound 27 (130 & 120 nM) and 39 (3 & 2 nM) are
similar to those determined for this enzyme in buffer (27: 150 nM; 39: 2 nM) (Table S5). In
a second experiment using 14, 15-EET as substrate at two different substrate concentrations
bracketing the Km (5μM and 50μM) similar results were obtained at both substrate
concentrations. Similar results were obtained between the use of EET and t-DPPO as
substrate, and pure recombinant human sEH compared to human hepatic cytosol (Table S6).
In addition, using the 50μM EET substrate the following IC50s were obtained when
comparing results in human and dog liver cytosols (human sEH: 27: 26 nM; 39: 3nM; dog
sEH: 27: 1200 nM; 39: 7 nM). These similar results suggest that piperidine containing sEHIs
are less effective on the canine enzyme and that the presence of traces of cytosolic proteins
have little or nothing to do with the determined IC50s. These data also support previous
observations that for nonpiperidine compounds IC50s are similar whether CMNPC, t-DPPO
or 14, 15 EET are used as substrate (Morisseau and Hammock, 2007). These data further
caution that the fluorescent assay based on CMNPC tends to over estimate the potency of
the piperidyl sEHIs on the human enzyme. In addition the data support that the canine sEH
is significantly less sensitive to the piperidyl inhibitors compared to the other compounds in
this study.

3.6. Compartmental pharmacokinetics and bioavailability of 3(AEPU), 14 (APAU), and 39 (t-
AUCB)

Based on the exposure to potency ratio, and physicochemical properties (Table 2), we
selected compound 14 (APAU), 39 (t-AUCB), and 3 (AEPU), to determine their
experimental bioavailability (Fig. 5). To avoid any interaction with the vehicle, the
compounds were prepared in 0.9% NaCl for both oral and intravenous studies.
Pharmacokinetic parameters obtained from compartmental analysis are listed in Table 4 for
i.v. injection and Table 5 for oral gavage. To determine the optimal number of
compartments (n) for each compound, we sequentially modeled the pharmacokinetic (PK)
results with the WinNonlin software while increasing n. We chose the smallest values of n
(Table 4) that yielded the statistically highest correlation values. For compound 3, after i.v.
administration, though there is graphically a second phase of elimination (Fig. 5a), model
results suggested that PK is better predicted with a one compartment model (r2=0.98). This
suggested that the second phase is likely due to an enterohepatic circulation in vivo (Granero
and Amidon, 2008). While the behavior of 14 (Fig. 5b) was clearly predicted with a one
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compartment model (r2=0.98), 39 followed a two compartment model (r2=0.99) (Fig. 5c).
Using these respective models, we found that the half-life of 3 is 0.16 hour, while that of 14
is 0.6 hour indicating fast elimination from high metabolism and excretion. The T1/2 of the
alpha phase of 39 is 0.08 hour on average indicating fast distribution, while the T1/2 of the
beta phase is 7.8 hours on average indicating slow elimination. Because of the short half life,
the clearance of 3 is fast at 5.8 l/h/kg as expected. The clearance of 14 is 3 fold slower than
3. On the other hand, the clearance of 39 is relatively slow at 0.14 l/h/kg due to the long
elimination half-life. Based on the volume of distribution, 3, 14 and 39 appeared to be
extensively distributed in the body. This may be due to their relatively high lipophilicity
(experimental LogP values between 2.0 and 3.0).

For oral administration (Table 5), the absorption rate can be assessed roughly by Cmax and
Tmax. Both 3 (AEPU) and 14 (APAU) are absorbed rapidly, but a larger amount of 14
(APAU) is absorbed. Compared to those two inhibitors, a larger amount of 39 is absorbed
but much more slowly. Although a two phase elimination of 39 was observed with i.v.
administration; after p.o. administration, the distribution phase apparently disappeared;
possibly due to the slow absorption. Because of the slower absorption, the apparent in vivo
half lives are longer after oral administration compared to i.v. administration. The amount of
3 reaching the blood as estimated with AUC is far smaller following oral gavage than with
i.v. administration, suggesting a low bioavailability (~ 21%) or possibly very rapid
metabolism in dogs. The better absorption of 14 after oral gavage leads to a higher
bioavailability (~64%). Because of insufficient time points during the elimination phase of
39 the estimated infinite oral AUC is much larger than the intravenous AUC which makes it
impossible to calculate the bioavailability. The bioavailability of 39 was thus calculated by
the AUC exposure from 0 to 24 hours yielding an apparent bioavailability of ~100%.

3.7. Dose-response and formulation pharmacokinetics of 39 (t-AUCB) in dogs
Because of its excellent bioavailability in dogs, we determined a dose-response PK profile
for 39 (t-AUCB) (Fig. 6) and complete pharmacokinetic parameters were listed in Table S7.
As expected, the amount of compound reaching the plasma and maximum plasma
concentration increased quasi linear fashion over the dose given (r2 = 0.98, Fig. 6 insert).
This relationship will facilitate the prediction of appropriate doses for future studies when
blood concentrations sufficient for biological activities are known. We previously showed
that the plasma ratio of epoxides to corresponding diols derived from linoleic acids and
arachidonic acids is an indicator of sEHI efficacy in vivo in lipopolysaccharide induced
inflammation in mice (Schmelzer et al., 2005). Here, the plasma samples 30 minutes after
dosing were used for oxylipin analysis because this time is when the drug level reaches the
highest concentration in plasma for the highest dose. There is a small dose related increase
in the epoxides of each of the 4 regioisomers of the arachidonate epoxides (Table S8).
Unexpectedly there are also increases in diols at some of the doses. This results in a very
weak positive correlation between the epoxide to diol ratio and dose (Fig. S4 and Table S8)
suggesting that these sEHIs are not likely to have any effect on healthy individuals. In other
animal models, the ratio of EETs to corresponding diols was lower with inflammation and
increased with the sEHI treatment (Schmelzer et al., 2005; Luria et al., 2007; Liu et al.,
2009b). Consistently the change in epoxides and diols as well as their ratios are more
dramatic in inflamed than normal animals.

Finally, we compared the influences of four different formulation methods on the oral
availability based on the AUCs of 39 (t-AUCB) (Table S9). The best PK parameters were
obtained when 39 was administered as a solution in 0.9% NaCl 99:1 water-morpholine. The
AUC was very similar to that obtained when 39 was given in a triglyceride solution. Giving
39 dry powder in capsules resulted in a 3 fold lower Cmax. Based on its AUC, we observed
that about 5 fold less of 39 reached the blood stream when administered as a powder itself or
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mixing it with lactose and HPMC than when administered in a triglyceride-rich or saline
buffer solution. This was expected from a high melting lipophilic solid.

4. Discussion
In this paper, sEHIs were screened for their pharmacokinetic profiles in dogs and these data
used to select sEHIs for further study. Using a cassette of three compounds administered in a
single dose to a dog allowed relatively fast screening, but this approach may result in some
errors so caution must be exercised with fine interpretation of the data. First, drug-drug
interactions may affect the prediction of pharmacokinetic profiles for each individual
compound. To minimize such interactions (Manitpisitkul and White, 2004), we used a low
individual dose (0.3 mg/kg) and mixed only three drugs together to yield an overall dose < 1
mg/kg. When comparing the cassette dosing data and the individual dosing (Table S10), the
AUCs from cassette dosing were similar to individual dosing and they were within the
margin of error. In addition, the same rank order was observed suggesting that the cassette
method was efficient for selecting compounds for more detailed studies (White and
Manitpisitkul, 2001). Second, there are variations resulting from the sample preparation and
the analytical method. Even though the polarities of compounds are significantly different,
ethyl acetate is an efficient solvent to extract all 74 compounds studies with 10-20%
variation from the plasma with repeated extractions. Furthermore, the variations in plasma
compound level of multiple samples taken at the same time and from the same dog are
10-30% and those of the work up and injection of the same sample to the LC/MS are 5-10%.
Thus, there is 10-30% variation in the data reported. Third and last, we observed 30-50%
variation from inter-individual differences (Table 4 & 5). These data suggest that only
differences of 3 fold or more are significant. Differences over 1000 fold among some
compounds were observed in the study (Table 1).

Dogs are the non-rodent species most often suggested for preclinical pharmacokinetic
studies because of their large size, well-known physiology, ease of handling and simplicity
of biological sampling. However, there are several physiological differences from humans
such as gastrointestinal function, hepatic metabolism and plasma protein binding (Tibbitts,
2003). These issues need to be considered when making extrapolations from canine
pharmacokinetics to human. For example, inhibitors with a urea, amide, or carbamate as a
central pharmacophore are highly potent against sEH (Morisseau et al., 1999b). However,
dogs have lower general carboxylesterase and amidase activities than humans (Taketani et
al., 2007). Thus, one can expect a faster hydrolysis of amides in the central pharmacophore
such as 72, among the piperidines with an amide as the secondary pharmacophore such as
APAU and some carbamates in humans. Although highly potent inhibitors with amides as
the central pharmacophore have been reported by this and other laboratories, we focused on
urea-based sEHIs in this study because the ureas are more resistant to hydrolysis, thus
reducing the importance this difference between canine and human metabolism.

Previous studies have illustrated structure activity relationships for substituents on both sides
of the urea in terms of potency (Hwang et al., 2006; Jones et al., 2006; Li et al., 2006;
Morisseau et al., 2006; Hwang et al., 2007; Kim et al., 2007a; Kim et al., 2007b; Kasagami
et al., 2009). Particularly, when optimizing availability and efficacy, optimal molecules
cannot just be obtained by joining substituents optimized separately for each side. For
example, compounds with an adamantyl group in the R1 position are among the most potent
inhibitors and are monitored by their mass spectrum and positive ionization with great
sensitivity. However, such compounds commonly have lower blood concentrations when
compared to other R1 groups such as 4-trifluoromethoxyphenyl, 4-trifluoromethylphenyl, or
cycloheptyl (Fig. 1). Similarly, the inhibitors with piperidyl and cyclohexyl ether linkers (L)
are also potent compounds that have better pharmacokinetic profiles than the inhibitors with
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linear alkyl or aryl linkers (Table 1). This study has shown small differences in order of
potency of R1 groups on compounds with altered L, P, and R2 groups (Table 1, S3).
Furthermore, the presence of polar groups (or putative pharmacophores; P) such as esters,
ether, amides, and sulfonamides, yields good AUCs. The presence of those polar groups
increases water solubility (Table 2) and simplifies formulation for administration. A polar
group in the correct orientation to form a hydrogen bond may not increase potency;
however, a polar group which is unable to form a hydrogen bond in the enzyme will
dramatically reduce inhibitor potency. For example, compounds containing an N-substituted
piperidyl group, such as 14, 25 and 27, show good water solubility, good exposure following
oral dosing and good potency with the human sEH enzyme. Compounds containing a
cyclohexyl ether linker and ether group (39, 40, 44 and 45) have the same advantages, but
they also display high potency toward sEH of numerous species commonly used as animal
models.

To improve the physiochemical properties and improve bioavailability, R2 groups were
added after the polar functional group P. For example, compounds with a polyethylene
glycol chain such as compound 3 and 52 have good water solubility leading to better
absorption (Fig. 2a) and lower melting points simplifying formulation. However, a
polyethylene glycol chain can be metabolized rapidly by cytochrome P450 enzymes in vivo
resulting in a short half life and a small AUC. It was found that, in addition to the rapid
cleavage of the polyethylene glycol chain, compound 3 (AEPU) is also oxidized on the
adamantyl group in microsomal incubations (Ulu et al., 2008). To improve water solubility
and bioavailability, we tested the effect of a morpholino group at the R2 position (Fig. 2b).
The oral exposures were low or not detectable in many cases, suggesting that the presence of
a morpholino group was detrimental due to higher metabolism or lower absorption.
However, compound 64 gave an AUC/IC50 of 12 resulting in a substantial improvement
over compound 1 AUDA. In a general manner, a larger or more non-polar R2 group is better
to yield more potent compounds (Table 1 and Table S3). However, in terms of
bioavailability, the effect of the size and nature of R2 seems dependent on the linker L used.
For compounds with a piperidyl as L, a small R2 such as in 24 to 27 yield higher AUCs. For
compounds with a cyclohexyl ether linker, a larger R2 group, such as a para-benzoic acid
(39, 40 and 45) gives better availability. This is likely due to a water solubility of up to 12
fold higher than the solubility of compound 1 independent of the nature of R1 (Table 2).
Finally, solubility and availability of 39 (t-AUCB) could be further improved by modifying
the terminal benzoic acid function, as it was done for 1 (AUDA) (Kim et al., 2007a). For
example, to ease the formulation 39 (t-AUCB) in oil, a normal butyl ester can be added as
with compound 2. On the other hand, polar ester or salts can be used for water soluble
powders. Furthermore, a larger R2 group can be used for fluorescent and biotin labels, solid
phase purification and other uses while retaining high affinity of the enzyme in vitro.

The CMNPC based assay is a robust high throughput screen for sEHIs, and it has been use
to screen the 300,000 compound NIH drug like library. A caution from this study is that the
CMNPC assay overestimated the potency of a group of piperidine containing sEHIs relative
to a radiochemical or LC/MS based assay. For example, the IC50 of APAU (14) is over
estimated 20 fold. However, the results of the CMNPC based assay are readily confirmed
using a surrogate radiolabeled substrate like t-DPPO or an endogenous substrate such as 14,
15-EET. It has been demonstrated that the piperidine containing sEHIs have excellent
physical properties and high potency (Jones et al., 2006). This study demonstrates very high
inhibitory potency for additional piperidine compounds and demonstrates that some of them
have excellent pharmacokinetic properties such as 24-27. However, a second caution is that
the piperidines tested have much lower potency on the canine sEH than the human, murine
or rat sEH regardless of the substrate used for assay.
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Comparing the amino acid sequences of sEH in dogs and human, there is 88% similarity.
Even with this high similarity, the purification of canine sEH by the affinity column
optimized for human and rodent sEH failed indicating differences of sEH among species. In
addition, only compounds with the piperidyl linker are dramatically less active with canine
enzymes suggesting possible different interactions between enzyme and inhibitors among
species (Gomez et al., 2006). AUC/IC50 values are commonly used to estimate exposure as
a function of potency with the caution regarding limitations in extrapolating from one
species to another and that plasma levels are sometimes not an indication of efficacy. These
ratios for several sEHI are shown in graphical form (Fig. 7). The values are expressed on a
log scale due to a large variation among compounds and normalized to 1 (AUDA) which has
been widely used in published biological studies of the effects of sEH inhibition. Another
bridging compound (2, AEPU) is also included. Even though high exposures are obtained
for compounds containing a piperidyl as the L group (14, 24 & 27), these exposures are less
efficient in dogs as exhibited by their low in vitro inhibitory activity with the canine sEH. A
second caution with the piperidine containing compounds mentioned above is that the
CMNPC based fluorescent assay reported here may overestimate the potency by over 20
fold. For compounds containing a cyclohexyl ether as the L group (39 and 45), exposures
almost two orders of magnitude greater than 1 (AUDA) were obtained. Thus, while
compounds with the piperidyl linker are less attractive as therapeutics for companion
animals and may be restricted to human health usage, compounds with the cyclohexyl ether
linker (39 & 45) have potential as therapeutics for humans and veterinary usage for dogs.

Because these novel sEHIs are very potent in vitro, a relatively low dose could be used in
vivo. Thus, the elimination rate will certainly play an important role to assess the efficacy of
inhibitors. Compounds with both good exposure and high potency require very small doses,
further simplifying formulation. To evaluate elimination rates, we also determined
pharmacokinetic parameters obtained from i.v. injection for a few inhibitors. Interestingly,
the compound 39 (t-AUCB) with a cyclohexyl ether (L) linker moiety has a much longer
elimination half-life (~ 8 h) than the compound with an alkyl 3 (AEPU) or piperidyl 14
(APAU) (L) linker moiety. Based on these results, it is likely that one could treat patients
with 39 or similar compounds with a low daily dose. The hepatic blood flow of dogs was
estimated to be 1.8 l/kg/min (Smythe et al., 1953). Both 3 and 14 have higher or similar
clearance values, suggesting that liver metabolism of these inhibitors is important for their
elimination from the blood. On the other hand, the clearance of 39 is only 8% of hepatic
blood flow, indicating that 39 is slowly cleared via hepatic metabolism. The volume of
distribution of all three inhibitors is over 0.6 l/kg indicating an extensive tissue distribution.
This can be related to the high LogP values which often predict the partition between tissue
and plasma as well as membrane penetration. Previous studies also support this observation.
1 (AUDA) has been shown to penetrate the blood-brain barrier to reduce damage from
stroke in the rats due partly to its high lipophilicity (Zhang et al., 2007b). 3 (AEPU) has
been shown to have biological effects in vivo below its detection limit in plasma (Xu et al.,
2006; Ulu et al., 2008). This is explained in part by an active metabolite but also may result
from the rapid distribution to the target site. One can expect that many of the new inhibitors
described herein are also extensively distributed because of similar LogP values. The oral
profile yielded similar trends to the i.v. profiles for these compounds. For example,
compound 39 (t-AUCB) maintains high plasma concentrations longer than 3 and 14.
Interestingly, the absorption rate of 39 is much slower than 3 and 14 based on the Tmax
derived from the oral gavage study. The lower clearance and higher volume of distribution
of 39 contribute to the prolonged elimination half-life. Thus, caution should be exercised
with multiple administrations of 39, because plasma drug concentrations are expected to
accumulate. However, in mice, 39 (t-AUCB) quickly reached steady state level (Liu et al.,
2009a). At the range from 0.03 mg/kg to 1 mg/kg, the AUC shows dose-proportionally (Fig.
6) which indicates the metabolism is unsaturated in this range. This relationship will
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simplify formulation and usage when the efficacy dose is known. As observed for many less
water soluble and higher melting point ureas, 39 (t-AUCB), as a free acid, is more orally
available when given in a solution than as a solid. This observation is explained in part by
data in Table 2. Ureas generally are high melting indicating a stable crystal structure. If a
high melting point is coupled with low water solubility, oral availability is very low unless
the compound is given in true solution. Exceptions to this observation regarding these urea
drugs are illustrated by 3 with a moderate water solubility but a low melting point and 14
with a high melting point but very high water solubility. These two compounds have high
oral availability whether in true solution or administered as powders. In contrast 39 (t-
AUCB) is more like the other ureas in this series. It gave good bioavailability when given in
the standard triglyceride solution and the Cmax doubled and AUC increased slightly when
given orally in saline solution. However, when given as a dry powder or when formulated
with HMPC and lactose, the AUC was reduced 5 fold (Table S9). Finally, even at the
highest dose tested (1 mg/kg), there are no clinical symptoms showing toxicity. Although
the toxicity level is unknown, during this study of over two years with animals receiving
dosing of different sEHIs once a week, no adverse reactions to drug administration were
noted by veterinarians during physical examination of this group of dogs.

5. Conclusion
The pharmacokinetic profiles of sEHIs were successfully evaluated and ranked by cassette
dosing in dogs with LC-MS/MS. For three compounds cassette dosing was found to be
predictive of the pharmacokinetic profiles obtained when the compounds were doses
individually. Based on the results, the inhibitors with cycloheptyl or 4-
trifluoromethoxyphenyl groups on the 1 position of the urea and with a piperidyl or
cyclohexyl ether linker have shown the best PK profiles. APAU and t-AUCB were found to
have bioavailabilities 3 and 5 fold higher than AEPU, an earlier sEHI, and t-AUCB was a
more potent inhibitor than either APAU or AEPU. A caution is that the CMNPC based
fluorescent assay over estimates the relative potency of piperidine based compounds such as
APAU compared to other inhibitor structures when t-DPPO or 14,15-EET are used as
substrates. This over estimation can be quite high and is 20 fold when APAU is assayed with
the recombinant human enzyme. In addition, the compounds with a piperidyl linker are not
highly potent on canine sEHs which is a caution when piperidines are used with disease
models other than rodents. Several synthetically attractive structural classes show both good
inhibitory potency on the recombinant human enzyme and a reasonable canine PK-ADME.
For example the AUCs of t-AUCB were linearly related to oral dose from 0.03 to 1 mg/kg.
Because of its high potency and reasonable physiochemical and pharmacokinetic properties,
t-AUCB is an excellent tool to evaluate the biology of sEH in various animal models. It may
also be a valuable lead for the development of both human and veterinary therapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Plasma concentration-time profiles of sEH inhibitors with varied non-polar group (R1) after
an oral dose of 0.3 mg/kg body weight. (a) Alkyl acid and derivatives (AUDA series) (● 1, ○
8, and ▼ 12). (b) Cyclohexyl ether linker with cis-ether polar group and para-fluorophenyl
R2 group (● 36, ○ 44, ▼ 48, and Δ 47). (c) Piperidyl linker with a sulfonamide group (● 17,
○ 27, and ▼ 32). Each curve represents data from one dog (n = 1).
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Fig. 2.
Plasma concentration-time profiles of sEH inhibitors with the adamantyl non-polar group
and varied linker, polar group and R2 group after an oral dose of 0.3 mg/kgbody weight (n =
1). (a) Polyethylene glycol derivatives (● 3, ○ 4, ▼ 33, Δ 53 and ■ 52). (b) Heterocylic R2
group with varied linkers (● 34, ○ 64, and ▼ 65). (c) Phenyl linker with varied R2 groups (●
56, ○ 57, ▼ 58, and Δ 62). Each curve represents data from one dog (n = 1).
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Fig. 3.
Plasma concentration-time profiles of sEH inhibitors with piperidyl linker after an oral dose
of 0.3 mg/kgbody weight (n = 1). (a) Primary pharmacophore of urea (■ 14) or amide group
(□ 72). (b) Urea with adamantyl R1 group, a piperidyl linker and amides with varying chain
lengths (● 14, ○ 15, and ▼ 19). (c) Urea with 4-trifluoromethoxyphenyl R1 group, a
piperidyl linker and amides with varying chain lengths (● 24(CH3), ○ 25(C2H5), and ▼
26(C3H7)). Each curve represents data from one dog (n = 1).
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Fig. 4.
Plasma concentration-time profiles of sEH inhibitors with cyclohexyl ether linker after an
oral dose of 0.3 mg/kgbody weight (n = 1). Cyclohexyl ether linker with cis- or trans- ether
polar group, para- or meta-benzoic acid and varying R1 groups (● 39, ○ 40, ▼ 45, and Δ
41). Each curve represents data from one dog (n = 1).
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Fig. 5.
Plasma concentration-time profile of 3 AEPU (a), 14 APAU (b), and 39 t-AUCB (c) after an
i.v. or p.o. dose of 0.3 mg/kgbody weight (n = 3) except AEPU after an i.v. dose of 0.1 mg/
kg body weight. Data are shown as mean ± S.D. (n = 3). Insert figure: Log scale of plasma
concentration-time profile following i.v. administration.
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Fig. 6.
Plasma concentration-time profile of 39 t-AUCB after an oral dose of 0.03, 0.1, 0.3, and 1
mg/kgbody weight. The AUC vs. dose relationship for t-AUCB approaches linearity (r2 =
0.98). Data are shown as mean ± S.D among different dogs. (n=3).
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Fig. 7.
Comparison of exposure (plasma AUC) as a function of potency (IC50) for a series of sEH
inhibitors. (a) The log AUC/IC50 ratio for humans using the canine AUC at 0.3 mg/kg body
weight and the human IC50 calculated based on the radioactive t-DPPO sEH assay. The y-
axis represents the ratio of AUC/IC50 normalized to AUDA (1) in log scale. (b) The log
AUC/IC50 ratio for dogs using the canine AUC at 0.3 mg/kg body weight and the canine
IC50 calculated based on the radioactive t-DPPO sEH assay.
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Table 2

Physiochemical properties of selected soluble epoxide hydrolases inhibitors

# Water solubilitya (μg/ml) cLogPb LogPc (pH 7.4) m.p.d (°C)

1 19 6.0 3.0 142-143

3 120 5.8 2.6 78-79

14 490 0.8 2.1 205-206

24 51 1.0 2.3 157-158

27 14 1.6 1.9 236-238

39 250 3.7 2.0 250-255

40 130 3.7 1.7 178-187

45 100 3.1 1.6 210-212

a
0.1 M sodium phosphate buffer (pH 7.4).

b
calculated LogP by ChemDraw 9.0.

c
experimentally determined log P = Log([C]octanol/[C]0.1 M sodium phosphate buffer at pH 7.4).

d
melting point.
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