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Abstract

N,N′-Disubstituted urea-based soluble epoxide hydrolase (sEH) inhibitors are promising 

therapeutics for hypertension, inflammation, and pain in multiple animal models. The drug 

absorption and pharmacological efficacy of these inhibitors have been reported extensively. 

However, the drug metabolism of these inhibitors is not well described. Here we reported the 

metabolic profile and associated biochemical studies of an N-adamantyl urea-based sEH inhibitor 

1-adamantan-1-yl-3-(5-(2-(2-ethoxyethoxy)ethoxy)pentyl)urea (AEPU) in vitro and in vivo. The 

metabolites of AEPU were identified by interpretation of liquid chromatography-mass 

chromatography (LC-MS), liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

and/or NMR. In vitro, AEPU had three major positions for phase I metabolism including 

oxidations on the adamantyl moiety, urea nitrogen atoms, and cleavage of the polyethylene glycol 

chain. In a rodent model, the metabolites from the hydroxylation on the adamantyl group and 

nitrogen atom were existed in blood while the metabolites from cleavage of polyethylene glycol 

chain were not found in urine. The major metabolite found in rodent urine was 3-(3-adamantyl-

ureido)-propanoic acid, a presumably from cleavage and oxidation of the polyethylene glycol 

moiety. All the metabolites found were active but less potent than AEPU at inhibiting human sEH. 

Furthermore, cytochrome P450 (CYP) 3A4 was found to be a major enzyme mediating AEPU 

metabolism. In conclusion, the metabolism of AEPU resulted from oxidation by CYP could be 

shared with other N-adamantyl-urea-based compounds. These findings suggest possible 

therapeutic roles for AEPU and new strategies for drug design in this series of possible drugs.
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1. Introduction

The mammalian soluble epoxide hydrolase (sEH; EC 3.3.2.10) is involved in mediating the 

metabolism of the endogenous lipids epoxides such as epoxyeicosatrienoic acids (EETs) that 

are derived from arachidonic acid. The sEH converts epoxide-containing substrates into the 

corresponding more polar and less potent vicinal diols [1, 2]. EETs are vasodilation 

mediators through the activation of the Ca2+-activated K+ channels in endothelial cells [3] 

which benefit many renal and cardiovascular diseases [4]. EETs are reported to be involved 

in the cell angiogenesis and proliferation [5, 6] which may offer a protective role in ischemic 

and reperfusion injury. Furthermore, the EETs are anti-inflammatory mediators in 

endothelial cells by inhibiting the expression of the proatherogenic mediator vascular cell 

adhesion molecule-1 that is induced by tumor necrosis factor-α (TNF-α) [7]. In addition, 

EETs suppress the NF-κB-mediated expression of cytokines by activating PPARγ [8]. Thus, 

the inhibition of sEH by using potent and reversible sEH inhibitors leading to the 

accumulation of EETs has been demonstrated an effective approach for treating several 

diseases including hypertension [9], inflammation [10, 11], cardiac hypertrophy [12], and 

ischemic stroke [13], pain [14–17], and ischemic myocardial infarction [18] in multiple 

animal models [19]. Evidence is building that reduction of endoplasmic reticulum stress is a 

common underling mechanism for many of these therapeutic effects [20–25].

Among the thousands of sEH inhibitors that developed by this and other laboratories, N,N′-

Disubstituted urea-based chemicals, such as 12-(3-adamantyl-ureido)-dodecanoic acid 

(AUDA), 1-adamantan-3-(5-(2-(2-ethylethoxy)ethoxy)pentyl) urea (AEPU), 1-(1-

acetypiperidin-4-yl)-3-adamantanylurea (APAU), trans-4-[4-(3-adamantan-1-ylureido)-

cyclohexyloxy]-benzoic acid (t-AUCB), and 1-(4-trifluoro-methoxy-phenyl)-3-(1-

propionylpiperidin-4-yl)urea (TPPU) are the most commonly reported sEH inhibitors [19, 

26]. These inhibitors tightly bind to the sEH enzyme with the KIs in the nanomolar to 

picomolar range often with high target occupancy [27–30]. The pharmacological effects of 

N-adamantyl-urea-based sEH inhibitors have been investigated extensively in various 

animal disease models [9–18]. And some sEH inhibitors have been moved to clinical trials 

(NCT00654966, NCT01762774, NCT02006537 and NCT02262689). In addition, the 
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pharmacokinetics (PK) profiles of sEH inhibitors with the focus on the time course of drug 

blood levels in murine, rodent, canine, equine, and primate models were reported previously 

[31–35]. However, as an important part during the process of drug development, drug 

metabolism of N-adamantyl-urea-based sEH inhibitors has not been reported while only one 

cyclohexyl-urea-based sEH inhibitor, 1-cyclohexyl-3-dodecyl-urea (CDU), was reported 

previously with regard to its metabolism in vitro [36]. Here we report the in vitro and in vivo 

drug metabolism characteristics and associated metabolism mechanisms of N-adamantyl- 

urea-based sEH inhibitors.

2. Materials and Methods

2.1. Animals and Chemicals

All the animal experiments were conducted following the protocols approved by the Animal 

Use and Care Committee of University of California-Davis. Male rats (Sprague Dawley, 10–

12 weeks) and male mice (C57BL/6, 8 weeks) were purchased from the Charles River 

Laboratories (CA). Cytochrome P450s (CYPs), rat and human liver S9 fraction were 

purchased from BD Biosciences (Franklin Lakes, NJ). 1-(5-Butoxypentyl)-3-adamantylurea 

(surrogate), 1-adamantanyl-3-decylurea (ADU, internal standard), AEPU and t-AUCB, were 

synthesized in this laboratory by using the methods previously published [27, 30, 37]. β-

Nicotinamide adenine dinucleotide phosphate sodium salt (NADP+), glucose-6-phosphate 

dehydrogenase (G6PDH), D-glucose-6-phosphate monosodium salt (G6P), anhydrous 

magnesium chloride (MgCl2), sodium chloride (NaCl), ketoconazole, Chromium trioxide, 

sulfuric acid, and formic acid (98 %) were obtained from Sigma (St. Louis, MO). HPLC-

grade methanol, acetonitrile, ethyl acetate, reagent-grade monobasic monohydrate sodium 

phosphate and anhydrous dibasic sodium phosphate were purchased from Fisher Scientific 

(Pittsburgh, PA). Water (>18.0 MΩ) used was purified by NANO pure II system (Barnstead, 

Newton, MA).

2.2. In vitro incubation

AEPU (1 mmol in 10 μl DMSO) was incubated with 890 μl of human or rat liver S9 fraction 

at protein concentration of 2.5 mg/ml in a 20 ml glass vial. The solution was pre-incubated 

for 5 minutes in a shaking bath at 37 °C as previous described [38]. The reaction was 

initiated by adding 100 μl of NADPH generating system (NADP+ (2 mM), glucose 6-

phosphate (57 mM), glucose 6-phosphate dehydrogenase (3.5 units), and magnesium 

chloride (50 mM) dissolved in 100 mM sodium phosphate buffer (pH 7.4) and terminated 

after 2 h reaction by adding 4 ml of cold ethanol. After vigorous mixing for 30 sec, the 

mixture was centrifuged at 2862×g for 5 min. The supernatant was divided equally into two 

tubes, one for fluorescent activity assay and another for the liquid chromatography-coupled 

tandem mass spectrometry (LC-MS/MS) and liquid chromatography-mass chromatography 

(LC-MS) analyses.

2.3. In vivo metabolism study

Pathogen-free male rats (Sprague Dawley, 10–12 weeks, 250–350 g, N = 4) were housed in 

temperature-controlled rooms with 12 h of light per day. The animals were fed a standard 

rodent chow and permitted full access to food and water prior to experiments. Rats were 
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orally treated with 10 mg/kg of AEPU in oleic rich triglycerides and housed in a metabolic 

chamber with sufficient food and water for 24 hours. The urine samples were collected 

before and 24 h after the drug treatment, respectively. In a polypropylene glycol tubes, 

surrogate solution (20 μl) and ethyl acetate (1mL) were added to urine (1 ml). After vigorous 

mixing for 30 sec, the mixture was centrifuged at 11,000 × g for 5 min. The organic layer 

was transferred into a clean glass tube (4 mL). Another 1 ml of ethyl acetate was added for 

the second extraction. The organic layers were combined and dried under a nitrogen 

atmosphere and the residues were reconstituted in 100 μl of methanol. Aliquots (5 μl) of the 

reconstituted samples were analyzed by LC-MS/MS.

Pathogen-free male mice (C57BL/6, 8 weeks, 22–25 g, N = 4) were used for the metabolism 

study of t-AUCB according to the procedure mentioned above. Specifically, after 

centrifugation at 11,000 × g for 5 min, the collected urine (200 uL) was transferred into a 

clean eppendorf tube (1.5 mL) containing 600 mL of the internal standard solution (200 

nmol/L ADU in acetonitrile). After strong mixing on a Vortex mixer for 5 min, the mixture 

was centrifuged at 11,000 × g for 5 min and then the supernatant (50 uL) was transferred 

into a 150 glass insert kept in a 4 mL vial for LC-MS/MS analysis.

2.4. LC-MS/MS analysis

The samples prepared were analyzed using a Micromass Quattro Premier triple quadrupole 

tandem mass spectrometer (Micromass, Manchester, UK) equipped with Ultra Performance 

LC (UPLC; Waters Corporation, Milford, MA). The metabolites was separated with an 

Acquity column (BEH C18, 100 × 2.1 mm I. D., 1.7 μm; Waters Corporation) at a flow rate 

of 0.3 ml/min at 40 °C. Solvent A was a mixture of water/acetonitrile (9/1, v/v) containing 

0.1 % of formic acid and solvent B was acetonitrile containing 0.1 % of formic acid, 

respectively. Mobile phases were mixed with a linear gradient from 10 % B to 60 % B over 

30 min, 60% B to 100% B for 5 min, and then isocratic for 5 min with 100 % B. The post 

run was carried out to equilibrate the column to the initial conditions for 2 min before next 

run. Aliquots of 5 μl of standard and prepared samples were injected for the separation on 

the column. The ESI was performed in the positive ion mode with a capillary voltage at 1 

kV. The source and the desolvation temperature 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 while scanning over the range 

of 50 to 500 m/z at 1 s/scan. Data were acquired in the continuum mode. Ultra pure argon 

was used as a collision gas at a pressure of 2.5 mTorr for collision-induced dissociation 

(CID), which was performed for each selected metabolite after full scan to provide the 

information of key fragments of target metabolites. The m/z of precursors and key fragments 

of APEU and its metabolite were summarized in Table 1. Data were evaluated with 

MassLynx software (Ver. 4.1).

2.5. Recombinant human CYPs incubation

To investigate the CYPs activity on AEPU, a final concentration of 1 μM of AEPU and 20 

pmol/ml of various CYPs were pre-incubated in 178 μl of 100 mM of sodium phosphate 

buffer (pH 7.4) for 5 min at 37 °C. The reaction was initiated by adding 20 μl of NADPH 

generating system and incubated for 0 and 30 min. The reaction was stopped by adding 800 
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μl of internal standard solution (200 nM ADU in methanol). Then, the mixtures were 

processed as described previously in 2.2. The aliquot (5 μl) was then analyzed as described 

in 2.4. To investigate the role of CYP 3A4 in AEPU, 10 uM of ketoconazole (KTZ), a 

selective CYP 3A4 inhibitor, was added to 178 μl of human liver microsomes (0.056 mg/

ml). After pre-incubation for 5 minutes, the reaction was initiated by adding a NADPH 

generating system. Samples were incubated for 30 min at 37°C as previously described, 

followed by protein precipitation and LC-MS/MS analysis as described above.

2.6. Enzymatic preparation of AEPU metabolites

The rat liver S9 fraction was prepared as described previously [36] and the protein 

concentration was determined by the Bradford protein assay (Bio-rad laboratories, Hercules, 

CA). AEPU (75 mg) was dissolved in methanol (4 ml) to form a clear solution. AEPU 

solution was transferred into a clean flask with 336 ml of phosphate buffer (100 mM, pH 

7.4) and the mixture was shaken slowly until it was clear. Rat liver S9 fraction (20 ml) was 

added to a final concentration of 1 mg protein/ml. After pre-incubation at 37°C for 5 min, a 

NADPH generating system (40 ml) was added as described above and then incubated for 4 

hours. To stop the enzymatic reaction, ethyl acetate (400 ml) was added and the mixture was 

vigorously shaken. To precipitate protein, sodium chloride was added to saturation and the 

solution was held at 37°C for two hours. After forming a clear two layer solution, the upper 

organic layer was collected. The extraction of water layer was repeated three times. The 

upper organic layers were combined and dried under a blanket of nitrogen gas. The dried 

products were reconstituted with 2 ml of methanol followed by repeated filtration over a 

column filled with Sephadex LH-20 (GE health care, Pittsburgh, PA) washed by methanol. 

The collected fractionations (1 mL each) were analyzed by LC-MS. If the fractionations 

contained more than one compound, further separation was performed with HyperSep C18 

column (Thermo Fisher scientific, Waltham, MA) equilibrated with 2 volume of water 

containing 60% methanol. After loading samples, the columns were washed with 5 ml of 

60% methanol in water and then 15 ml of 70% methanol in water followed by 5 ml of 80%, 

90%, and 100% methanol in water, respectively. Each 1 ml of eluent was collected and 

analyzed by LC-MS. The fractionations with single compound were used to identify the 

chemical structure by NMR and to determine the inhibitory activity by the fluorescent assay.

2.7. NMR analysis

AEPU and its metabolites were dissolved in CDCl3 for NMR data collection. All NMR data 

were collected on a Bruker Avance 500 spectrometer with 1H observed at 500 MHz. The 

chemical shifts were expressed in δ (ppm) relative to SiMe4 (the internal standard) with 

coupling constants J expressed in Hz.

2.8. sEH activity assay

IC50 values were determined by using fluorescent assay according to the previously reported 

protocol [39].
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3. Results

3.1. In vitro metabolites of AEPU

To investigate the metabolites of AEPU, the extracted supernatant from the incubation of 

AEPU with rat and human liver S9 fractions was monitored by LC-MS with a full scan 

mode (Fig. 1.). As expected, the major metabolites obtained from liver S9 fraction 

incubation are hydroxylated products. According to the retention time of the synthetic 

standards, the chromatogram can be divided into three parts including “additional” polar 

metabolites (2.5–6 min), adamantyl hydroxylation metabolites (6–12 min) and polyethylene 

glycol chain cleavage metabolites (12–18 min). The relative amounts of AEPU’s polar 

metabolites differ between rat and human liver S9. In addition for both species, additional 

polar metabolites (2.5–6 min) were detected but in very low relative amount compared to the 

less polar metabolites. Therefore, the tentative structures of these minor metabolites are not 

discussed in this paper. M1 to M6 are probably the metabolites with hydroxylation on the 

adamantyl group because the retention time is close to a synthetic standard with β-

hydroxylation on the adamantyl group (M2)[40]. M7 to M14 are likely the metabolites with 

hydroxylation on the polyethylene glycol chain because their retention times are close to the 

synthetic standard with ω-hydroxylation at the end of polyethylene glycol chain (M7)[37]. 

These tentatively assigned structures were also supported by the precursor and key 

fragments of the metabolites that are detailed below in 3.3.

3.2. In vivo metabolites of AEPU

To investigate the in vivo metabolism of AEPU in a rodent model, rat urine was collected in 

the metabolic chamber before and 24 hr post drug treatment, respectively. The collected 

urine was prepared for the examination by LC-MS with the full scan mode (Fig. 2.). The 

metabolites with hydroxylation on the adamantyl group and nitrogen (M1 to M6) are 

present, suggesting that these metabolites resist further oxidation or conjugation in vivo. The 

metabolites with hydroxylation on the glycol chain were observed near or under the limit of 

detection probably due to rapid oxidation of the primary alcohols, and excretion and/or 

conjugation of those metabolites. The remaining metabolites shown on the chromatogram 

are acid metabolites including M8 and M11. However, there is one other major metabolite, 

M15, found in the urine samples. In addition, more polar metabolites were observed in in 

vivo metabolism, indicating the involvement of multiple metabolic pathways resulting in a 

more complicated metabolic pattern in vivo.

3.3. The structural identification of in vitro metabolites of AEPU by LC-MS and LC-MS/MS

An understanding of the generation and conversion mechanisms of the three key fragments 

of AEPU by the collision-induced dissociation (CID) spectrum is critical for establishing the 

structures of its metabolites (Table 1). Fragment 1 (m/z 135) resulted from the cleavage 

between N-adamantyl and urea groups while fragment 2 (m/z 152) and fragment 3 (m/z 220) 

were formed through a proton shift from nitrogens on the urea group (Table 1.). Fragments 1 
and 2 are the characteristic products of adamantyl substituted urea sEH inhibitors, which has 

been demonstrated by previous studies [31, 41].
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The structures of the key metabolites AEPU are summarized in Table 1. The metabolites 

M1, M2 and M6 afford the same protonated molecular peak at m/z 413, indicating that these 

metabolites are the mono-hydroxylation products of AEPU (m/z 397). M1, M2 and M6 have 

the same product ion with the m/z at 220 showing that the subunit yielding fragment 3 is 

untouched during the formations of M1, M2 and M6. Furthermore, the product ions of m/z 

151 and 168 replaced the fragments 1 and 2 of AEPU at m/z 135 and 152 respectively, 

which suggests that fragment 1 (adamantyl moiety) is hydroxylated during the biosyntheses 

of M1, M2 and M6. M5 affords the protonated molecular peak at m/z 411 with product ions 

at m/z 220 indicating the hydroxylated fragment 1 rearranges to a ketone moiety. These 

metabolite identifications were further supported with chromic acid oxidation on a micro 

scale (Fig. 3). After chromic acid oxidation, M1 and M6 disappear and M5 increase 

indicating that M1 and M6 are secondary hydroxylation metabolites oxidized to ketone 

product (M5). And because M1 and M6 formed the same product M5 by chromic acid 

oxidation, M1 and M6 should be stereoisomers. In addition, the retention time pattern for 

M1 and M2 were similar to that of the two synthetic metabolite reference standards of 

another N-adamantyl-urea-based sEH inhibitor, 1-(1-acetypiperidin-4-yl)-3-

adamantanylurea (APAU), showing that the M1 similar metabolite was eluted earlier than 

the M2 similar metabolite in the same chromatographic column. Therefore, M6 is tentatively 

identified as the structure as shown in Table 1. Because M2 is stable to chromic acid 

oxidation, it is identified as a tertiary hydroxylation product on the adamantyl moiety. 

Furthermore, M2 was established as a tertiary hydroxylation product (Table 1) for its 

retention time and CID product ion spectra identical to those of the synthetic standard.

The metabolites M3 and M4 afforded the same protonated molecular peak at m/z 413 that is 

diagnostic of the mono-hydroxylation products (Table 1). However, they contain product 

ions with the m/z at 135 for fragment 1 (adamantyl moiety) and 220 for fragment 3 
indicating the hydroxylation occurs on one of the urea nitrogens. After chromic acid 

oxidation M3 and M4 are stable, supporting the hydroxylation on the nitrogen groups (Fig. 

3). Assuming that the ionization efficiencies on mass of these metabolites are similar, the 

amounts of M3 and M4 are much smaller than M2.

The metabolites M7 (m/z 281), M9 (m/z 325), and M10 (m/z 369) had the protonated 

molecular peaks from AEPU (m/z 397), indicating the cleavage of the polyethylene glycol 

chain (Table 1). These were supported by the same key fragments 1 (m/z 135) and 2 (m/z 

152) as those of AEPU. The cleavage fragments were also found at m/z 192 for M10, m/z 

148 for M9, and m/z 104 for M7, respectively, probably through the similar mechanism as 

for fragment 3. In addition, the retention time and CID product ion spectra of M7 are 

identical to those of the synthetic standard [37]. The corresponding acids were also 

determined as M8 (m/z 295), M11 (m/z 339), and M12 (m/z 383). M13 and M14 afford the 

same protonated molecular peaks at m/z 413, indicating that these metabolites are the 

hydroxylation products of AEPU. M13 and M14 have the same product ions with the m/z at 

135 and 152 showing that they have the subunit critical to produce the same fragment 1 and 

2 as AEPU and the hydroxylation occurs on the polyethylene glycol chain. M13 was 

identified to with the structure as Table 1 for its retention time and mass data identical to 

those of the synthetic standard. Furthermore, after chromic acid oxidation, the metabolites of 
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the polyethylene glycol chain (M7, M9, and M10) which are primary hydroxylation were 

further oxidized to corresponding acids (M8, M11, and M12) (Fig. 3).

M15 is a propanoic acid metabolite indicated by the fragment ion at m/z 90. The key 

fragment ion of M15 was m/z 135, indicating it is derived from the AEPU fragment 

retaining the adamantyl group. Furthermore, the chromatogram shows more polar 

metabolites in the urine samples, indicating there is further metabolism of the tentatively 

identified AEPU products. We also monitored the murine whole blood samples from 

previous study for comparison [40]. AEPU is metabolized rapidly in vivo and multiple 

metabolites were observed after 30 minutes (Fig. 4). It could be observed that metabolites 

with hydroxylation on the adamantyl group and nitrogen (M1–4 & M6) were detected in the 

blood for 8 hours. This suggests that hydroxylated metabolites of adamantane are formed 

rapidly and seem to resist further oxidation and conjugation probably due to steric 

hindrance. On the other hand, most metabolites with hydroxylation on the polyethylene 

glycol chain are further oxidized. Only two acid products, M8, and M15, were detected in 

the blood samples. Probably their half-lives are short since they were under the detection 

limitation in blood 6 hours post administration. The other acid metabolite detected in rat 

urine, M11, was under detection limit in mouse whole blood.

3.4. The structural identification of key in vitro metabolites of AEPU by NMR

The structures of M1 and M2 are also supported by those unchanged signals of polyethylene 

glycol between δ 3.1 and 3.7 in 1H-NMR spectra when compared to that of AEPU (Table 2 

and Fig. 5). No additional peak appears between δ 3.0 and 4.5 in the 1H NMR spectrum of 

M2 when compared with that of AEPU, which requires that the hydroxylation have to occur 

at C-2 (or its equivalent C-2′ or C-2″) during the production of M2. This is supported 

substantially by the following changes to the adamantyl including 1) the original broad 

singlet at δ 2.09 (br s, 3H, H-2, H-2′ and H-2″) in AEPU′s spectrum was replaced by a new 

broad singlet at δ 2.24 (br s, 2H, H-2′ and H-2″) in M2; 2) the broad singlet at δ 1.97 (br s, 6 

H, 2H-3, 2H-3′ and 2H-3″) in AEPU′s 1H-NMR spectrum was replaced by the broad singlet 

at δ 1.94 (br s, 2H, H-3) and the broad singlet at δ 1.84 (br s, 4H, H-3′ and H-3″) in 

M2′s 1H-NMR spectrum, respectively; and 3) the broad singlet at δ 1.67 (br s, 6H, H-1, H-1′ 

and H-1″) in AEPU′s 1H-NMR spectrum is replaced by the broad singlet at δ1.67 (br s, 4 H, 

H-1 and H-1′) and the multiplet at δ 1.48 (m, 2H, H-1″) in M2′s 1H-NMR spectrum, 

respectively. In addition, the synthetic standard afforded the identical 1H-NMR and MS 

spectra to M2. An additional broad singlet appears at δ 3.94 (br s, 1H) in the 1H NMR 

spectrum of M1 when compared with those of AEPU and M2, indicating that C-1 (or its 

equivalent C-1′ or C-1″) may be hydroxylated [42]. However, the signals between δ 2.2 and 

1.5 overlapped heavily which makes it difficult to unambiguously assign the corresponding 

signal shifts of the rest protons in the adamantyl moiety due to the hydroxylation of C-1. 

Nevertheless, the pattern of retention time for M1 and M2 was similar to those of the 

synthetic standards of the M1- and M2-like metabolites of APAU, supporting the assigned 

structure for M1.

On the other hand, M7 and M10 have similar signals between δ 1.5 and 2.1 for the 

adamantyl moiety to those of AEPU indicating the hydroxylation occurs on the polyethylene 
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glycol chain. M7 affords only 5 methene signals at δ 3.63 (t, 6.4, 2H, H-12), 3.11 (dd, 10.6, 

6.5, 2H, H-8), 1.57 (m, 2H, H-11), 1.49 (m, 2H, H-9) and 1.39 (m, 2H, H-10), respectively, 

indicating that a hydrolysis occurred between O-13 and C-14 resulting in the formation of 

M-7. The ethyl signals for AEPU at δ 3.53 (q, 7.0, 2H, H-20) and 1.21 (t, 7.0, 3H, H-21) 

missing in the 1H-NMR spectrum of M10 indicates that the hydrolysis between O-19 and 

C-20, resulting in the downfield shift of the two methenes (C-18 and C-17) to δ 3.73 (br t, 

5.0, 2H, H-18) and 3.62 (br t. 5.0, 3H, H-17), respectively.

3.5. CYP 3A4 is the major CYP mediating the metabolism of AEPU

Because the hydroxylated metabolites are known to occur through CYPs, six commercially 

available CYPs (CYP1A1, CYP2B6, CYP2D6, CYP2C9, CYP3A4, and CYP4F11) were 

tested on the metabolism of AEPU (Fig. 6A). CYP3A4 is the major enzyme while CYP2D6 

is minor enzyme involved in the in vitro metabolism of AEPU. M2, M7 and M10 are three 

major metabolites found after incubation and no acid metabolites have been determined. In 

addition, based on the response area, it is clear that still other adamantyl metabolites are 

produced. When using ketoconazole, a selective inhibitor of CYP 3A4, the metabolism of 

AEPU in human liver S9 fraction ceased (Fig. 6B). This inhibitory selectivity of 

ketoconazole indicates that CYP 3A4 is a major enzyme mediating the metabolism of 

AEPU.

3.6. The potencies of metabolites

Using small amount of the AEPU metabolite mixture, it was found that metabolites of 

AEPU from rat and human liver S9 fraction also have sEH inhibitory activity (Fig. 7). 

Specifically, after removal of the remaining AEPU at 30 and 60 min, the metabolite mixture 

also had inhibitory ability against respective sEH enzymes although the inhibitory action 

was weaker than AEPU. In addition, the AEPU metabolite mixture was separated into 

fractions for potency determination with the fluorescent assay (Fig. 8), showing the potency 

for some fractions. The AEPU metabolites produced in the rat liver S9 fraction for NMR 

analysis were evaluated for potency with the fluorescent assay for sEH inhibition (Table 3). 

M1 and M2 identified as hydroxylation products on the adamantyl moiety have weaker 

potencies (30–100 fold lower) compared to AEPU. On the other hand, metabolites with 

hydroxylations on the polyethylene glycol chain (M7 and M10) are more potent than M1 

and M2 but similar potent to AEPU. Moreover, it was observed that the potencies decrease 

when the polyethylene glycol chain is shortened.

4. Discussion

Drug metabolism study plays a vital role in the process of drug development because it 

provides comprehensive understanding of the alterations of drugs within the body mediated 

by a vast array of enzymes. So far, in vitro metabolism has been described for only 1-

cyclohexyl-3-dodecyl-urea (CDU) [36]. However, metabolism of N-adamantyl substituted 

urea-based sEH inhibitors has been occasionally reported in vivo whereas their 

pharmacological effects and pharmacokinetics profiles have been reported extensively [11, 

27, 32, 40, 43–46]. Therefore, here we report the in vitro and in vivo metabolism of N-

adamantyl substituted urea-based sEH inhibitors.
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To overcome the limitation such as poor water solubility and high melting point in early 

sEH inhibitors like CDU, AEPU is composed with an adamantyl moiety to increase potency 

on the target enzyme and a polyethylene glycol chain to increase water solubility and lower 

melting point which facilitate formulation to increase oral bioavailability. AEPU is a potent 

sEH inhibitor in vitro and effective on several animal models [12, 40]. However, the blood 

level of AEPU was undetectable in those animals through the whole time course. It was 

hypothesized that the biological effects may due in part, to the metabolites of AEPU 

collectively in addition to low levels of AEPU bound to the target enzyme [40]. In other 

words, AEPU is also an excellent compound to investigate the metabolism of N-adamantyl 

substituted urea-based sEH inhibitors. The insights into the route of AEPU metabolism can 

help in the refinement of more stable inhibitors for future in vivo applications. This was 

supported by the later findings that conformationally restricted N,N′-disubstituted urea-based 

compounds, like t-AUCB and TPPU, result in more stable in vivo and higher blood levels 

than AEPU [31, 34].

In this study, we firstly determined the structures and the inhibitory activities of major 

AEPU metabolites mediated by the liver subcellular fractions based on two facts below: 1) 

Liver subcellular fractions are convenient and inexpensive models to predict the drug 

metabolism in vivo [47, 48]; 2) The liver S9 fractions contain both phase I and phase II 

enzymes for understanding entire AEPU metabolism. As expected, we observed that the 

metabolism of AEPU was greater in liver S9 fractions than that in liver microsomal 

preparations, indicating that some cytosol enzymes in liver S9 fraction also contributed to 

AEPU metabolism (Fig. 7).

The metabolism of AEPU mainly occurred in two parts (Fig. 9): a hydroxylation on the 

adamantyl group (30%; M1, M2 and M6) and an oxidation on the polyethylene glycol chain 

(42%; M7, M9, M10, M13, and M14). M1, M2, and M6 are stable hydroxylation 

metabolites on the adamantyl moiety in vivo that were also observed in blood (Fig. 4.) and 

urine (Fig. 2.). Like other adamantyl derivatives, it is expected that further conjugation such 

as glucuronidation may occur on those hydroxylation metabolites in vivo but steric 

hindrance will likely result in slow conjugation [42, 49]. Relatively small amounts of the 

secondary hydroxylation products (M1 and M6) can be further metabolized to a secondary 

ketone (M5). This may be mediated by alcohol dehydrogenase in cytosol, a generally known 

enzyme that catalyzes secondary alcohols to the formation of corresponding ketones. The 

inhibitory activities of M1 and M2 are 30–100 fold lower than AEPU (Table 2) and it is 

expected that M6 is also less potent than AEPU. However, because they are relatively stable 

resulting in high steady state blood concentrations in vivo [40], it is most likely that those 

metabolites contribute to the pharmacological effects of AEPU collectively.

The second pathway is oxidation of the polyethylene glycol chain of AEPU. While most 

metabolites of this oxidation were hydroxylated compounds after in vitro incubation (M7, 

M9, M10, M13, and M14), more acid metabolites were found in vivo (M8, M11, and M12). 

Because M8 is one of major metabolites in plasma, it is expected that further oxidation 

occurs on these metabolites to form M8 in vivo. M15 was found in both plasma and urine, 

suggesting that M15 is the final metabolite derived from M8 by β-oxidation. Due to the lack 

of the authentic standard, the exact amount of hydroxylation metabolites was not analyzed 
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quantitatively. However, the pharmacological effects may derive from some of these 

metabolites collectively. For example, M10 is similar potent to AEPU on the human sEH 

enzyme due to the long polyethylene glycol chain (Table 2). When the glycol chain was 

shortened to M7, the inhibitory potency decreased 6 fold compared to M10 and AEPU. One 

can expect that major metabolite in plasma, M8, has similar or lower potency to M7. These 

results are similar to the previous study [30] that the inhibitory potencies decreased while 

the alkyl chain was shortened. It was determined that the inhibitory potency of 4-(3-

adamantan-1-yl-ureido)butanoic acid which is similar to M15 is very weak. One can expect 

that the major metabolite in urine, M15, has very low or negligible biological effect in vivo. 

Thus, some of the pharmacological effects of AEPU may result from the metabolites with 

hydroxylation on the polyethylene glycol chain but these effects will be of short duration 

because of their metabolic instability due to rapid oxidation and conjugation.

In addition, there are 23% of AEPU metabolized to other products. M3 and M4 represent 

oxidation on the nitrogen of the urea functional group. Though the amount is relatively 

small, M3 and M4 are also stable in blood and urine. M3 and M4 are unlikely to be potent 

sEH inhibitors because the hydroxylation blocks the active binding site of urea functional 

group [50]. Furthermore, the concentration of M3 and M4 are too low to result in 

pharmacological effects even though they are also stable in vivo. Furthermore, more polar 

metabolites of AEPU were observed in the rat urine (Fig. 2). It is hard to determine the 

structures of those metabolites due to low amount and the lack of specific fragments that can 

be traced to AEPU. However, by the mass spectrum, some of them are suggested as 

metabolites with two hydroxylations on AEPU. Because of the high polarity, one can expect 

low potencies from these metabolites on the sEH [51].

When AEPU was incubated in vitro without NADPH, it failed to generate metabolites 

indicating that the metabolism is mainly catalyzed by CYPs. To determine the major 

metabolizing enzyme, six CYPs were used in the study. Among them, five of the CYPs we 

used belonging to CYP enzyme families 1–3 which are responsible for 70–80% of phase I-

dependent drug metabolisms. The major CYP to metabolize AEPU is CYP3A4 which forms 

most adamantyl oxidation metabolites and the minor one is CYP2D6 which forms most M10 

with chain cleavage of polyethylene glycol chain. It was also supported by the fact that 

AEPU is metabolized slowest in the canine liver microsomes and S9 fraction because dogs 

have very low activity of CYP3A4 compared to other species [52]. In addition, with the 

ketoconazole, a selective CYP3A4 inhibitor, the in vitro metabolism of AEPU was 

dramatically reduced, which cautions use AEPU-like sEH inhibitors clinically with 

grapefruit juice or other CYP3A4 inhibitors. Other compounds with adamantyl moieties are 

metabolized by CYP2C19 and CYP2D6 [53] indicating activities of CYPs are 

complementary and overlapping. Besides the CYPs, the metabolites with N-oxidation may 

be involved with flavin-containing monooxygenase which need further experiments.

Among the metabolic pathways of AEPU (Fig. 9), oxidation on the adamantyl moiety and 

nitrogen atoms could be shared by other adamantyl substituted urea based sEH inhibitors. 

This was supported by a separate metabolism study of another potent sEH inhibitor, t-

AUCB, in a murine model. In the mouse, urine collected one day after administration of t-

AUCB (1 mg/kg, p.o.), five metabolites could be detected as the structures in Fig. 10 based 
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on the quasimolecular mass and associated key fragments, as well as the retention time 

pattern compared with those of the metabolites of AEPU. In contrast, the metabolism 

occurred at cyclohexyloxy-benzoic acid was much lower than those on adamantyl moiety. 

This supported our hypothesis that conformationally restricted N,N′-disubstituted 

compounds could improve their bioavailability, which was also supported by the higher 

blood levels of those inhibitors monitored in pharmacokinetic studies [31, 32].

It should be noted that the liver microsome and S-9 fraction from different species like 

mouse, rat, dog, and human resulted in different effects on in vitro metabolism of AEPU 

(Fig. 7). When compared to other species tested, dog liver microsome is likely less active 

than those from mouse, rat, and human on AEPU metabolism, resulting in the higher level 

of AEPU remaining in the metabolic mixture (Fig. 7A). However, only slight difference was 

observed among mouse, rat, and human liver microsome. When the in vitro metabolism 

mediated by liver S9 fractions, the order of activity looks like dog < human < mouse < rat, 

indicating the more complexity of S9 fractions than microsomes (Fig. 7B). More interesting, 

oral administration of AEPU at 5 mg/kg for mouse and rat, and 0.3 mg/kg for dog, resulted 

in a largest area under curve for dog, and then rat, while under detection limitation for 

mouse [37]. The species difference was also observed in other sEH inhibitors like t-AUCB, 

TPPU and others [31–34]. This suggests us to test the drug in corresponding species directly 

before we plan to employ a drug to a new species although sometimes we can draw on the 

experience from other species.

LC-MS/MS is a valuable analytical tool for drug metabolism [54]. The metabolites can be 

separated by their polarity on the LC column with the solvent gradient (Fig. 1 and 2). With 

different retention time of authentic standards, the metabolites with adamantyl hydroxylation 

(6–12 min) are separated from the metabolites with polyethylene glycol hydroxylation (12–

18 min). In addition, the regioisomers of metabolites with adamantyl hydroxylation can be 

separated by the reverse phase chromatography employed. Because of its identical retention 

time, co-chromatography and mass data with the authentic standard, the second peak is a 

product of hydroxylation on the adamantyl group (M2). It is suggested that M1 and M6 are 

stereoisomers because they had same ketone products after chromic acid oxidation. The first 

peak is more polar suggesting endo-γ-hydroxylation on the adamantyl group (M1). 

Meanwhile, the third peak is epi-γ-hydroxylation (M6) due to the intra-molecular hydrogen 

bond leading to longer retention time. As mentioned above, this laboratory synthesized M1- 

and M2-like metabolites for another adamantyl-urea-based sEH inhibitor APAU. M1-like 

metabolite was washed out earlier than M2-like metabolite in the same column, which 

strongly supported the proposed structure for M1 after the structure of M2 was established.

Besides LC separation, the unique adamantyl fragmentation of mass spectrometry facilitates 

the identification of metabolites and increase detection sensitivity by mass spectra without 

using radioisotopes (Table 1). Due to the stable tertiary carbocation from electrospray 

ionization on the adamantyl moiety, the mass spectrum can give positive ion at m/z 135 to 

identify the metabolite with adamantyl ring [41, 55]. This property of the adamantane allows 

very sensitive detection of such compounds by LC-MS. The metabolites with N-oxidation 

(M3 and M4) and polyethylene glycol oxidation (M7–M14) are further confirmed by the 

daughter scan at m/z 135, even though the retention time of M3 and M4 is overlapped with 
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metabolites of adamantyl oxidation (M2). Furthermore, the sensitivity of adamantyl group 

by MS/MS facilitates detection in biological fluids [41]. Herein, only 10 μl of whole blood is 

needed for in vivo monitoring (Fig. 4) suggesting that lower doses of AEPU can be used and 

smaller blood samples can be collected in a clinical study.

Numerous sEH inhibitors have been published based on the first description of substituted 

ureas amides and carbamates by Morisseau et al [56]. Shen and Hammock have reviewed 

the peer reviewed and patent literatures and described possible pathways to the clinic 

historically [26]. AEPU was significant in showing a polar binding site in the soluble 

epoxide hydrolase enzyme and directing the synthetic of more drug like inhibitors[57]. The 

adamantane moiety is a space filling lipophilic group that leads to high activity when used in 

sEH inhibitors [19], but it is also used in drugs to reduce their half lives because it is rapidly 

metabolized [58]. Similarly polyethoxylates are rapidly metabolized and very polar. When 

polyethoxylates are attached to a lipophilic head a surfactant is obtained which facilitates 

movement into cells. Thus AEPU is a highly potent sEH inhibitor which dissolves in water 

easily, penetrates membranes rapidly and is rapidly metabolized systemically. This makes it 

ideal for ocular administration or nebulization for pulmonary inflammation. Its rapid 

penetration and ease of formulation in common solvents makes it a good candidate for 

typical treatment of pain and inflammation as in gout. In all of these indications, the high 

local concentrations are anticipated to drop rapidly due to metabolism as AEPU moves away 

from the site of local application.

In conclusion, the present studies demonstrate that AEPU metabolism in liver subcellular 

fractions includes adamantyl oxidation, N-oxidation, and polyethylene glycol oxidation. 

Both adamantyl moiety and polyethylene glycol chain are vulnerable for the first-pass 

metabolism possibly resulting from CYP 3A4. Most metabolites with oxidation on 

polyethylene glycol chain are metabolized in vivo possibly by β-oxidation to propanoic acid 

metabolites. The metabolism of AEPU through adamantyl oxidation and N-oxidation could 

be shared by other N-adamantyl substituted urea-based sEH inhibitors. The insights to this 

study can help future inhibitor design and further pharmacological study.
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Abbreviations

AEPU 1-adamantan-1-yl-3-(5-(2-(2-ethoxyethoxy)ethoxy)pentyl)urea (also 

published as UC950)

t-AUCB trans-4-[4-(3-adamantan-1-ylureido)-cyclohexyloxy]-benzoic acid

AUDA 12-(3-adamantyl-ureido)-dodecanoic acid

CDU 1-cyclohexyl-3-dodecyl-urea
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CID collision-induced dissociation

CYP cytochrome P450

EETs epoxyeicosatrienoic acids

LC-MS liquid chromatography-mass chromatography

LC-MS/MS liquid chromatography-tandem mass spectrometry

m/z mass to charge ratio

RT retention time

sEH soluble epoxide hydrolase
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Fig. 1. 
Chromatograms of AEPU incubated within 60 minutes in rat (A) and human (B) liver S9 

fraction by LC/MS. Note that M2 and AEPU were identified by retention times and CID 

product ion spectra that were identical to those of their synthetic standards, whereas the 

other metabolite structures were assigned based on the mass spectrometric data and NMR 

spectra. Metabolites structures were tentatively assigned based on both identical retention 

time and co-chromatogrphy with authentic synthetic standards and metabolites generated 

with S9 incubations.
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Fig. 2. 
Chromatograms of AEPU metabolites in rat urine. The metabolite IDs are identical to those 

in Fig.1.
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Fig. 3. 
Chromatograms of AEPU hydroxylated metabolites in rat liver S9 fraction before (A) and 

after (B) chromic acid oxidation. M2 keep unchanged while M1 and M6 were oxidized by 

chromic acid, resulting in an increase in M5. In addition, M7, M9, M10, M13 and M14 were 

also oxidized by chromic acid.
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Fig. 4. 
Blood level-time course of AEPU and its adamantyl hydroxylation metabolites with an oral 

dose of 10 mg/kg in male swiss webster mice (n = 4). Insert: Blood level-time course of the 

other two metabolites. Due to the lack of standards, the metabolites were semi-quantified by 

the ratio of response area of metabolites to the response area of internal standard on the 

chromatograms.
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Fig. 5. 
1H-NMR spectra of AEPU (A) and its metabolites M1 (B), M2 (C), M7 (D) and M10 (E) 

collected on a Bruker Avance 500 spectrometer with 1H observed at 500 MHz in CDCl3.
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Fig. 6. 
Identification of CYPs for metabolizing AEPU. (A) CYP 2D6 and 3A4 were major enzymes 

to metabolize AEPU. The metabolites were compared by the ratio of response area of 

metabolite to the response area of internal standard on the chromatograms. The appearance 

of metabolites following incubation with different P450s is consistent with the decrease in 

AEPU starting material in the incubation. (B) In human S9 fractions, AEPU metabolism was 

inhibited by ketoconazole, a well-known CYP 3A4 inhibitor. Data represent mean ± sd (N = 

4). * (P<0.001) indicates significant difference between groups determined by ANOVA 

following Games-Howell analysis. M7 from CYP2D6 was of the same level as those from 

CYP1A1, CYP2B6, CYP2C9, and CYP4F11.
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Fig. 7. 
Time course of in vitro metabolism of AEPU in dog, mouse, rat, and human liver 

microsomal (A) and S9 fraction (B). (C) Time course of in vitro metabolism of AEPU in rat 

and human liver S-9 fraction and the corresponding in vitro inhibitory action of the 

metabolite mixture determined with fluorescent assay and respective recombinant purified 

enzymes after removal of the AEPU starting material by chromatographic approaches for 30 

and 60 min while the IC50 data at 0 min represent the data for AEPU. Data represent mean ± 

sd (N = 4). In (A) and (B), * (P<0.01) and **(P<0.001) indicate significant difference 

between groups determined by ANOVA following Turkey’s or Games-Howell analysis. In 

(C), # (P<0.05) indicates significantly different from time 0 and 60 min while $ (P<0.01) 

indicates significantly different from time 0 determined by ANOVA following Turkey’s or 

Games-Howell analysis.
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Fig. 8. 
In vitro inhibition of fractions from AEPU metabolite mixture. The inhibition percentage 

was normalized with AEPU IC50.
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Fig. 9. 
The scheme of the metabolism of AEPU. The percentage was calculated based on the ratios 

of response area of metabolites to the response of internal standard.
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Fig. 10. 
A putative scheme of the metabolism of t-AUCB.
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Table 1

Putative structure of metabolites of AEPU identified by LC-MS/MS

Met. ID* Retention time (min) [M+H]+ (m/z) Key fragments (m/z) Proposed structure#

AEPU 21.5 397 135, 152, 220

M1 8.2 413 151, 168, 220

M2 8.6 413 151, 168, 220

M3 8.8 413 135, 220,195

M4 8.8 413 135, 236

M5 9.5 411 166, 220

M6 9.8 413 151, 220

M7 12.4 281 104, 135
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Met. ID* Retention time (min) [M+H]+ (m/z) Key fragments (m/z) Proposed structure#

M8 12.6 295 118, 135

M9 13.5 325 135, 148

M10 14.3 369 135, 192

M11 14.3 339 135, 162

M12 15.2 383 135, 206

M13 15.2 413 135, 151, 236

M14* 15.8 413 135, 236

M15 10.3 267 90, 135

Metabolite IDs were identical to those in Fig. 1 and 2.

*
The tentative structure of M14 needs further study.

#
Some fragments involve in the shift and rearrangement of protons.
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Table 3

IC50 of AEPU metabolites determined by in vitro fluorescent assay

Met. ID. Structure
IC50 (nM)

Human sEH Mouse sEH

M1 480 290

M2 870 80

M7 84 5

M10 15 6

AEPU 14 3
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