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ABSTRACT 

CP-533,536 (3-{[(4-tert-butyl-benzyl)-(pyridine-3-sulfonyl)-amino]methyl}-phenoxy)-acetic 

acid 1, an EP2 receptor-selective prostaglandin E2 agonist, is being developed to aid in the 

healing of bone fractures.  To support the development of this program, in vitro metabolism of 1 

was investigated in human liver microsomes and major recombinant human P450 isoforms.  1 

was metabolized in-vitro by at least by 3 recombinant human P450s, CYP3A4, 3A5 and 2C8.  

The turnover of 1 was NADPH dependent and was completely inhibited by ketoconazole and 

quercetin in the CYP3A4/5 and CYP2C8 incubations, respectively.  The major metabolic 

pathways were due to oxidation of the tert-butyl moiety to form the ω-hydroxy metabolite (M4), 

oxidation of the pyridine moiety, and/or N-dealkylation of the methylphenoxy acetic acid 

moiety.  The alcohol metabolite M4 was further oxidized to corresponding carboxylic acid M3.  

In addition to these pathways, three unusual metabolites M22, M23 and M26, resulted by C-

demethylation of the tert-butyl group were identified utilizing high resolution LC-MS/MS and 

LC-MS-NMR.  The C-demethylated metabolites were not detected upon incubation of 

carboxylic acid metabolite M3 with either human liver microsomes or CYP3A/2C8 isoforms, 

suggesting that these metabolites were not derived from decarboxylation of M3. A possible 

mechanism for C-demethylation may involve the oxidation of M4 to form an aldehyde 

metabolite (M24), followed by P450-mediated deformylation, to give an unstable carbon 

centered radical and formic acid.  The carbon centered radical intermediate then undergoes either 

oxygen rebound to form an alcohol metabolite M23 or hydrogen abstraction leading to an olefin 

metabolite M26. 
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It has been well documented that EP2-selective PGE21 agonists, when delivered locally to the 

periosteal surface or the marrow cavity of bones, increase cortical and cancellous bone formation 

without the systemic side effects observed with PGE2 (Breyer et al., 2001).  Compound 1 (3-

{[(4-tert-butyl-benzyl)-(pyridine-3-sulfonyl)-amino]-methyl}-phenoxy)-acetic acid (Fig. 1) is a 

nonprostanoid agonist of the prostaglandin EP2 receptor subtype of PGE2 with significant local 

bone anabolic activity.  It binds to the EP2 receptor with high affinity and selectivity and initiates 

cyclic adenosine monophosphate (cAMP) signaling via an EP2 receptor-mediated signaling 

pathway.  In in vivo studies, 1 enhanced bone fracture healing in rat and dog fracture models.  

Furthermore, 1 induced new bone formation and healed critical-sized segmental defects of long 

bones in the dog (Paralkar et al., 2003).  Therefore, it offers a promising therapeutic alternative 

for the enhancement of bone healing and treatment of bone defects and fractures in humans. 

 

Elucidation of biotransformation pathways of a drug candidate in animals and humans, and 

evaluation of pharmacological and toxicological consequences of its metabolites are very critical 

to pharmaceutical development and compound progression (Kostiainen et al., 2003; Watt et al., 

2003; Baranczewski et al., 2006).  Knowledge of the major human metabolites of a drug 

candidate early in its development is useful to enable the judicious selection of animal species 

used for safety evaluation, and to ensure that the selected animal species are exposed to all major 

metabolites formed in humans (Baillie et. al., 2002; FDA 2008).  Human unique metabolites 

otherwise may need to be tested in animals in additional studies (FDA 2008).  The metabolic 

profiles of a drug candidate are determined definitively in preclinical species and humans 

following its radiolabel administration.  Studies with radiolabeled drug in humans are conducted 

at a later stage of drug development due to high attrition during Phase I and Phase II clinical 
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trials (Caldwell, 1996).  In vitro studies using animal and human hepatocellular and subcellular 

fractions and/or recombinant enzymes are generally used to predict metabolites in vivo 

(Baranczewski et al., 2006; Bachmann and Ghosh, 2001; Testino. and Patonay. 2003).  In vivo 

studies in rats have shown that 1 is extensively metabolized.  The major oxidative pathway in 

rats was due to the oxidation of the tert-butyl side chain to form the ω-hydroxy metabolite, 

which was further oxidized to form the ω-carboxy metabolite or conjugated via sulfation to form 

a sulfate conjugate .  Other metabolites were due to N-oxidation of the pyridine ring and 

aromatic hydroxylation, and conjugation with glucuronic acid (Johnson and Prakash, 2005).  The 

objective of the present study was to characterize the in vitro metabolites of 1 in human liver 

microsomes and major recombinant human P450 isoforms.  The metabolites were characterized 

by high resolution LC-MS/MS and LC-MS-NMR and by comparisons of their retention times on 

HPLC, and MS spectra with those of the synthetic standards.  

 
Materials and Methods 

 

General Chemicals. Commercially obtained chemicals and solvents were of HPLC or analytical 

grade.  YMC AQ (C-18) and YMC basic column analytical and preparative columns were 

obtained from YMC (Wilmington, NC).  Phenomenex Luna C8 (2) column was obtained from 

Phenomenex (Torrance, CA).  Ecolite (+) scintillation cocktail was obtained from ICN (Irvine, 

CA).  HPLC grade acetonitrile, methanol, water, certified ACS grade ammonium acetate and 

acetic acid were obtained from J. T. Baker (Phillipsburg, NJ).  CYP3A4/3A5 and CYP2C8 

specific inhibitors, ketoconazole and quercetin, were obtained from Sigma-Aldrich Chemicals 

(St. Louis, MO). 

 

Human liver samples were obtained from organ donors (both male and female between the ages 

of 18-65 years) and purchased from Tissue Transformation Technology (Edison, NJ) upon an 
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approval from ethics committee of the vendor.  Liver and microsomal samples were stored at -

70oC until used.  Human liver microsomes were prepared and characterized for P450 isoforms at 

Pfizer Global Research & Development (Groton, CT) using standard procedures (Prakash et al., 

2000). HL-mix was prepared by mixing liver microsomes from several donors to represent the 

P450 in normal humans.  Recombinant human P450 isoforms (CYP1A1, CYP1A2, CYP2C8, 

CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4 and CYP3A5) were purchased from Gentest 

(Bedford, MA).  The microsomal protein was assayed using BCA assay kit (Pierce, Rockford, 

IL) and its P450 contents were determined by the method described previously (Omura and Sato, 

1964).  

 
Radiolabelled Drug and Reference Compounds. [14C]1, specific activity 4.36 mCi/mmol (Fig. 

1), was synthesized by the Radiosynthesis Group at Pfizer Global Research and Development 

(Groton, CT).  It showed a radiochemical purity of ≥98%, as determined by radio-HPLC.  The 

synthetic reference standards, ω-carboxy-, (M3; 2-(4-{[(3-carboxymethoxy-benzyl)-(pyridine-3-

sulfonyl)-amino]-methyl}-phenyl)-2-methyl-propionic acid) and ω-hydroxy-, (M4; (3-{[[4-(2-

hydroxy-1,1-dimethyl-ethyl)-benzyl]-(pyridine-3-sulfonyl)-amino]-methyl}-phenoxy)-acetic 

acid) were synthesized by the Medicinal Chemistry Group at Pfizer Global Research and 

Development (Groton, CT). 

 
Human Liver Microsomes and Recombinant Human P450 isoforms Incubations 

Prior to use, human liver microsomes and recombinant P450 isoforms were thawed on ice and 

reconstituted in 100 mM potassium phosphate butter (pH=7.4).  [14C]1 (10-20 μM) was pre-

incubated with microsomes (0.5 mg/ml protein microsomes) or recombinant P450s (20-60 

pmol/ml) for 3 min at 37 oC in a shaking water bath.  The incubation was initiated with the 

addition of 100 μl cofactor (1.1 mM NADPH, 10 mmol MgCl2) per 1 ml of incubation mixture.  
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After 30 min, the incubations were terminated by the addition of 100 μl cold acetonitrile and 

ascorbic acid (50 μl of a 20 mM stock solution in water).   

 

Large-scale Microsomal Incubations 

Compound 1 was incubated with recombinant human P450 isoforms CYP3A4, CYP3A5 and 

CYP2C8 to generate metabolites in sufficient quantity for LC/MS-NMR study (50 ml total 

incubation).  The quantities of expressed protein in each incubation were approximately 1 mg 

protein/ml of incubation.  Prior to use, microsomes were thawed on ice and reconstituted using 

100 mM potassium phosphate pH 7.4 containing 1 (50 µM).  Samples were preincubated for 3 

min with recombinant P450s at 37°C in a shaking water bath.  Incubations were initiated with the 

addition of 100 µl cofactor (1.1 mM NADPH, 10 mM MgCl2) per ml of incubation mixture.  

Sixty minutes following the addition of NADPH cofactor, the samples were acidified with 500 μl 

of acetic acid.   

 

Extraction of Metabolites from In-Vitro Matrices 

Incubations were stopped by the addition of an equal volume of cold acetonitrile, sonicated and 

centrifuged at 3000 rpm for 10 min.  The supernatants were removed and evaporated to dryness 

in a nitrogen Turbo Vap LV evaporator (Caliper Life Sciences Corporate, Hopkinton, MA).  

Residues were reconstituted in 200 µl of 50:50 (acetonitrile: water) and aliquots (50-90 µl) were 

injected onto the HPLC system for analysis. 
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The incubation mixture from large incubations was extracted with an equal volume of methyl-

tert-butyl ether (MTBE).  The organic solvent was separated and evaporated to dryness in 

nitrogen Turbo Vap LV evaporator (Caliper Life Sciences Corporate, Hopkinton, MA).  The 

residue was reconstituted in 300 μl of 50:50 (acetonitrile: water), and an aliquot (100 μl) was 

injected into the HPLC system for analysis.  

 

Quantitative Assessment 

Quantification of metabolites was carried out by measuring the radioactivity in the individual 

peaks that were separated on HPLC using β-RAM (IN/US, Tampa, FL).  The β-RAM provided 

and integrated printout in counts per min and the percentage of the radiolabelled material, as well 

as the peak representation.  The β-RAM was operated in the homogeneous liquid scintillation 

counting mode with the addition of 3 ml/min of Tru-Count scintillation cocktail (IN/US, Tampa, 

FL) to the effluent post-UV detection. 

 

High Performance Liquid Chromatography 

The HPLC system consisted of a HP-1050 solvent delivery system, a HP-1050 membrane 

degasser, an HP-1050 autoinjector (Hewlett Packard, Palo Alto, CA), a Thermo Separations 

spectromonitor 3200 UV (San Jose, CA) and a radioactive monitor (β-RAM, IN/US, Tampa, 

FL).  Chromatography was performed on a YMC AQ (C-18) column (4.6 mm x 150 mm, 3 µm) 

with a mobile phase containing a mixture of 10 mM ammonium acetate, pH 3 with formic acid 

(solvent A) and acetonitrile (solvent B).  The mobile phase was initially composed of solvent 

A/solvent B (90:10), held for 3 min, it was then linearly programmed to solvent A/solvent B 
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(35:65) over 22 min followed by a short gradient to solvent A/solvent B (10:90) over 1 min.  

Chromatography was conducted under isocratic conditions for 3 min.  The mobile phase 

composition was returned to the starting solvent mixture over 52min.  The system was allowed to 

equilibrate for approximately 5 min before making the next injection.  A flow rate of 1.0 ml/min 

was used for all analyses.  For full resolution of some metabolites a second HPLC separation was 

employed using the above HPLC conditions at a pH of 3.0 instead of pH 5.0. 

 

Mass Spectrometry 

Identification of the metabolites was performed using a Finnigan TSQ 7000 LC/MS/MS 

(Thermo Electron Corp., San Jose, CA) using pneumatically assisted electrospray.  The effluent 

from the HPLC column was split and about 50 µl/min was introduced into the mass 

spectrometer.  The remaining effluent was directed into the flow cell of the β-RAM.  The β-

RAM response was recorded in real time by the mass spectrometer data system, which provided 

simultaneous detection of radioactivity (RAD) and mass spectrometry data.  The collected data 

from the radioactivity and MS detectors were separated by the dwell volume of flow from the 

MS to the radioactivity detector (corresponding to a dwell time of ~0.2 min.).  The interface was 

operated at -4.5 eV, sheath pressure at 80 PSI, capillary temp at 200 oC and the mass 

spectrometer was operated in the positive mode.  Collision induced dissociation (CID) studies 

were performed using argon gas in Q2 using collision energy of 30-35 eV and at a pressure of 

2.1 mTorr.  Data output from the mass spectrometer was analyzed by Xcalibur (version 1.2, 

Thermo Electron Corp., San Jose, CA).  
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Accurate mass analysis of the metabolites was performed using a Micromass Q-TOF-2 (Waters 

Corporation, Beverly, MA) mass spectrometer equipped with an electrospray interface.  The 

HPLC column effluent was split so that approximately 50 μl/min was introduced into the API 

interface.  The remaining effluent was directed to the flow cell of β-RAM.  The β-RAM response 

was recorded as a real time analog signal by the MS data collection system.  The collected data 

from the radioactivity and MS detectors were separated by the dwell volume of flow from the 

MS to the radioactivity detector (corresponding to a dwell time of ~0.1 min.).  The electrospray 

voltage operated at -3 eV as the mass spectrometer collected data in the positive ion mode.  

Collision induced dissociation (CID) studies were performed with argon gas in Q2 using 

collision energy of 20-30 eV and a penning pressure of ~5x10-5 torr.  An internal lock mass 

(quinidine, m/z 325.1916) was used throughout the analyses via an indexed Lockspray allowing 

for the calibrant to be introduced into the mass spectrometer every 5 seconds. 

 

LC/MS-NMR 

The samples were dissolved in 50 μL of ACN-d3 and 50 μL buffer (50 mM ND4OAc in D2O 

with 0.1% TFA-d, pH adjusted to 5 with ND4OD) and analyzed by LC-NMR. For LC/MS-NMR 

analysis, the mobile phase was composed of 50 mM ND4OAC in D2O with 0.1% TFA-d, 

adjusted to pH 5.0 with ND4OD (solvent A) and acetonitrile-D3 (solvent B). For M23, the 

chromatography was performed on a YMC basic column (4.6 mm x 150 mm, 3 µm) using a 

mobile phase that was initially composed of solvent A/solvent B (90:10), held for 3 min and  it 

was then linearly programmed to solvent A/solvent B (30:70) over 32 min at a flow rate of 1 

ml/min.  For metabolites M22, M24 and M26, the chromatography was performed on a 

Phenomenex Luna C8(2) column (3.0 mm x 150 mm, 3 µm) at 0.5 ml/min flow rate using a 
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mobile phase that was initially composed of solvent A/solvent B (90:10) and it was then linearly 

programmed to solvent A/solvent B (60:40) over 60 min at a flow rate of 0.5 ml/min.  The LC 

eluent was split 20:1 to an Esquire 3000 ion trap mass spectrometer (Bruker Daltonics Inc., 

Billerica, MA)) operated in the positive ion mode using electrospray ionization.  A make-up flow 

of 125 μl/min of 9:1 ACN-D20 with 0.2% AcOD was used to dilute the eluent to the mass 

spectrometer.  The majority of the LC effluent was directed to a Bruker DRX 500 MHz NMR 

system (Bruker Daltonics Inc., Billerica, MA) equipped with a 4 mm 1H–13C inverse z-gradient 

LC flow probe.  Metabolite peaks were captured in the NMR probe using the loop storage 

method.  1H spectra were obtained on the LC peaks of interest using 1D NOESY double 

presaturation of solvent NMR resonances.  All chemical shifts are reported in ppm downfield 

from TMS as referenced from the shift of residual protons in MeCN-d3 at δ1.94 ppm. 

 

RESULTS 

Representative HPLC radiochromatograms obtained from the analysis of human liver 

microsomes and recombinant human CYP3A4, 3A5 and 2C8 incubations of 1 are shown in fig. 

2.  The incubation of 1 with HLM and CYP3A4/A5 and 2C8 in the presence of the NADPH-

regenerating system yielded a total of 12 metabolites.  The turnover of 1 was greatest in 

CYP3A4, 3A5 and 2C8.  Other isoforms (CYP1A1, 1A2, 2B6, 2C9, 2C19, 2D6, and 2E1) 

exhibited less than 2% turnover based on radioisotope detection (not shown).  Metabolites were 

quantitated by in-line radioactive counting and relative percentages are presented in Table 1.   

The structures of metabolites were characterized and assigned based on their high resolution MS, 

product ion mass spectra and 1H NMR.  Metabolites M2, M3, M4, M5 and M11 were further 

confirmed by comparison with synthetic standards and/or metabolites observed in rats in vivo 
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(Johnson and Prakash, 2005).  The protonated molecular and characteristic product ions of 1 and 

its metabolites, along with HPLC retention times are summarized in Table 2.  The protonated 

molecular ion (MH)+ of 1 was observed at m/z 469, with MS2 spectrum of this ion giving rise to 

prominent fragment ions at m/z 423, 413, 326, 165, and 147.  The product ion at m/z 423 

occurred from loss of the formic acid from the molecule.  The loss of the tert-butyl group 

resulted in the ion at m/z 413.  The ion at m/z 326 resulted from the loss of a sulfonyl pyridine 

moiety.  The ion at m/z 165 was due to a carbocation at the methyl phenoxyacetic acid moiety, 

and the ion at m/z 147 was due to tert-butyl tropylium ion. 

 

Metabolite M2 had a retention time of ~14.0 min on HPLC and showed a (MH)+ at m/z 501 (32 

Da higher than 1).  It showed prominent fragment ions at m/z 483, 342, 324, 165, and 145 (Table 

2).  The ion at m/z 483 occurred from the loss of water from the molecule. The ion at m/z 342 

loss of the modified sulfonyl pyridine moiety, suggested the addition of an oxygen atom to the 

tert-butyl moiety.  The fragment at m/z 324 was resulted by a loss of water from the ion at m/z 

342.  The ion at m/z 165, similar to that of the parent compound, was due to the methyl 

phenoxyacetic acid moiety.  The ion at m/z 145, a loss of water molecule from the modified tert-

butyl benzyl moiety, indicated the presence of an alcohol group.  Based on these data, M2 was 

tentatively identified as the dihydroxy metabolite. 

 

Metabolite M3 had a retention time of ~15.5 min on HPLC and showed a MH+ at m/z 499 (30 Da 

higher than 1).  The CID product ion spectrum of M3 showed prominent fragments at m/z 453, 

356, 310, 165 and 131 (Table 2).  HPLC retention time and MS2 spectrum of M3 were similar to 

those of a synthetic standard.  Based on these data, M3 was identified as 2-(4-{[(3-
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carboxymethoxy-benzyl)-(pyridine-3-sulfonyl)-amino]-methyl}-phenyl)-2-methyl-propionic 

acid). 

 

Metabolite M4 had a retention time of ~15.5 min on HPLC and showed a MH+ at m/z 485 (16 

Da higher than 1).  Its CID product ion spectrum showed prominent fragment ions at m/z 467, 

342, 335, 324, 165 and 145 (Table 2).  HPLC retention time and MS2 spectrum of M4 were 

similar to those of a synthetic standard.  Based on these data, M4 was identified as (3-{[[4-(2-

hydroxy-1,1-dimethyl-ethyl)-benzyl]-(pyridine-3-sulfonyl)-amino]-methyl}-phenoxy)-acetic 

acid) 

 

Metabolite M5 had a retention time of 17.5 min on HPLC and showed a MH+ at m/z 485 (16 Da 

higher than 1).  The CID product ion spectrum of m/z 485 showed prominent fragment ions at 

m/z 439, 326, 165, and 147 (Table 2).  The ions at m/z 326, 147 and 165 were all similar to those 

seen in the CID spectrum of the parent compound suggesting that the tert-butylbenzyl and the 

methylphenoxy acetic acid moieties were unmodified.  Treatment of M5 with aqueous TiCl3 

resulted in an increase of the relative area of 1 in the chromatogram. Thus M5 was tentatively 

identified as (3-{[(4-tert-butyl-benzyl)-(pyridine-N-oxide-3-sulfonyl)-amino]-methyl}-

phenoxy)-acetic acid.  

 

Metabolite M11 produced a MH+ at m/z 335, 134 Da lower than the parent compound, suggested 

that it was a cleaved product. The MS2 spectrum of M11 showed fragments at m/z 289, 146 and 

131 (Table 2).  The ions at m/z 131 and 146 resulted from the modified tert-butylbenzyl and tert-

butylbenzyl amine moieties with the concomitant loss of the formic acid.  Based on these data, 
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M11 was tentatively identified as 2-methyl-2-{4-[(pyridine-3-sulfonylamino)-methyl]-phenyl}-

propionic acid. 

 

Metabolite M19 had a retention time of ~16.6 min on HPLC and showed a MH+ at m/z 321 (148 

Da lower than the parent compound).  The MS2 spectrum of M19 showed prominent fragment 

ions at m/z 321, 265, 162 and 147 (Table 2).  The ions at m/z at m/z 162 and 147 were similar to 

those of the parent compound, suggesting that the phenyl tert-butylbenzyl moiety was unchanged 

and the molecule had undergone N-dealkylation.  The ion at m/z 265 resulted from the loss of the 

tert-butyl moiety, suggesting that an oxidation had occurred on the pyridine moiety.  Based on 

this data, M19 was tentatively identified as pyridine-N-oxide-3-sulfonic acid-4-tert-butyl-

benzylamide. 

 

Metabolite M20 had a retention time of 19.3 min on HPLC and showed a MH+ at m/z 305 (164 

Da lower than the parent compound).  The CID product ion spectrum of M20 showed prominent 

fragment ions at m/z 162 and 147 (Table 2).  These ions were similar to those observed in the 

CID product ion spectrum of the parent compound, suggesting that the tert-butylbenzyl moiety 

was unchanged and 1 had undergone N-dealkylation.  Based on these data M20 was tentatively 

identified as pyridine-3-sulfonic acid -4-tert-butyl-benzylamide. 

 

Metabolite M21 displayed a MH+ at m/z 321 and had a retention time of ~14.3 min on HPLC.  

The MS2 spectrum of M21 showed prominent ions at m/z 178, 160, 145, 133 and 78 (Table 2).  

The ion at m/z 178 resulted from cleavage of the sulfonamide bond.  A loss of water from the ion 

at m/z 178 generated the fragment at m/z 160.  The ion at m/z 145, two Da lower than that of the 
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parent compound (m/z 147), suggested that the hydroxylation had occurred on the tert-butyl 

moiety.  The ion at m/z 78 was due to charge stabilization on the pyridine ring.  Based on these 

data, the structure of M21 was tentatively identified as pyridine-3-sulfonic acid-4-(2-hydroxy-

1,1-dimethyl-ethyl)-benzyl amide.  

 

Metabolite M22 had a retention time of ~13.1 min on HPLC and displayed a MH+ at m/z 487 (18 

Da higher than the parent compound).  The MS2 spectrum of M22 showed prominent fragment 

ions at m/z 469, 451, 423, 395, 335, 326, 165, and 147 (Figure 3, Table 2).  The ion at m/z 165, 

similar to that of parent compound, indicated that the methylphenoxy acetic acid moiety was 

unchanged.  The ions at m/z 469 and 451, two consecutive losses of 18 Da from the protonated 

molecular ion suggested that two molecules of water had been lost.  Accurate mass analysis of 

protonated ion was determined to be 487.1592, corresponding to an empirical formula of 

C24H27N2O7S.  1H spectrum of M22 gave resonance at δ 1.36 (s, 3H, CH3), 3.50 (s, 2H, CH2OH).  

All other resonances were substantially similar to parent compound (Fig. 4).  Based on these 

data, M22 was tentatively identified as (3-{[[4-(1,2-dihydroxy-1-methyl-ethyl)-benzyl]-

(pyridine-3-sulfonyl)-amino]-methyl}-phenoxy)-acetic acid. 

 

Metabolite M23 had a retention time of ~15 min on HPLC and showed a MH+ at m/z 471 (2 Da 

higher than 1).  The MS2 spectrum of M23 showed prominent fragment ions at m/z 453, 335, 

310, 165, and 131 (Fig. 3, Table 2).  The ion at m/z 453, a loss of 18 Da from the protonated 

molecular ion suggested that a molecule of water had been lost.  The ions at m/z 310 and 131 (16 

Da lower than those observed in the parent compound) suggested that a methyl group was 

replaced by a hydroxyl group which was then lost during fragmentation. Accurate mass analysis 
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of protonated ion was determined to be 471.1596, corresponding to an empirical formula of 

C24H27N2O6S.  1H NMR spectrum of M23 gave resonance at δ (ppm) 1.39 (s, 6H, 2CH3).  All 

other resonances were substantially similar to parent compound (Fig. 4).  Based on these data, 

M23 was tentatively identified as (3-{[[4-(1-hydroxy-1-methyl-ethyl)-benzyl]-(pyridine-3-

sulfonyl)-amino]-methyl}-phenoxy)-acetic acid. 

 

Metabolite M24 had a retention time of ~17.1 min on HPLC and showed a MH+ at m/z 483 (14 

Da higher than the parent compound).  The CID product ion spectrum of M24 showed prominent 

fragment ions at m/z 483, 437, 409, 340, 295, 266, 165 and 161 (Fig. 5, Table 2).  The ions at m/z 

437, 340 and 161 were 14 Da higher than those observed in the spectrum of the parent 

compound, suggesting the addition of an oxygen atom with a concomitant loss of two hydrogen 

atoms.  Accurate mass analysis of protonated ion was determined to be 483.1592, corresponding 

to an empirical formula of C25H27N2O6S.  1H NMR spectrum of M24 gave resonance at δ (ppm) 

1.33 (s, 6H, 2CH3) and 9.34 (s, 1H, CHO).  All other resonances were substantially similar to 

parent compound (Fig. 6).  Based on these data, M24 was identified as (3-{[[4-(1,1-dimethyl-2-

oxo-ethyl)-benzyl]-(pyridine-3-sulfonyl)-amino]-methyl}-phenoxy)-acetic acid. 

 

Metabolite M26 had a retention time of ~18.3 min on HPLC and a MH+ ion at m/z 453 (16 Da 

lower than the parent compound).  The CID product ion spectrum of M26 showed prominent 

fragment ions at m/z 407, 310, 165 and 131(Fig 5, Table 2).  The ion at m/z 165 was similar to 

that observed in the parent drug, suggesting that the methyl phenoxyacetic acid moiety was 

unchanged.  The ions at m/z 407, 310 and 131 were 16 Da lower than the ions observed in the 

spectrum of parent drug, suggesting that 16 mass units were lost from the tert-butyl moiety.  
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Accurate mass analysis of protonated ion was determined to be 453.1506, corresponding to an 

empirical formula of C24H25N2O5S.  1H NMR spectrum of M26 gave resonances at δ  (ppm) 5.06 

(s, 1H, -RC=CH2) and 5.34 (s, 1H, -RC=CH2), which are consistent with a terminal olefin group.  

The aromatic resonances in the spectrum were substantially similar to the parent compound (Fig. 

6).  Based on these data, M26 was identified as (3-{[(4-isopropenyl-benzyl)-(pyridine-3-

sulfonyl)-amino]-methyl}-phenoxy)-acetic acid. 

 

DISCUSSION 

The predictive power of in vitro studies using animal and human subcellular fractions and/or 

recombinant enzymes has advanced considerably due to an ever increasing understanding of the 

relationships between in vitro and in vivo drug metabolism and disposition.  In vitro systems are 

routinely used to investigate the metabolite profile of drug candidates and to design clinical drug-

drug interactions studies.  We here report the in vitro metabolism of a (tert-butyl-benzyl)pyridyl 

sulfonamide analog, an EP2-receptor agonist, 1 in human liver microsomes and recombinant 

human P450 isoforms.  1 is metabolized in vitro by at least 3 recombinant human P450 isoforms, 

CYP3A4, 3A5 and 2C8.  The turnover of 1 was an NADPH-dependent and was completely 

inhibited with the use of the isoform specific inhibitors ketoconazole and quercetin in 

incubations of 1 with CYP3A4/5 and CYP2C8, respectively (not shown).  A total of 12 

metabolites were identified. The postulated metabolic pathways of 1 in human liver microsomes 

and recombinant human P450 isoforms, CYP3A4, 3A5 and 2C8 are shown in fig. 1.  The 

metabolites were primarily characterized by the LC-MS/MS method, which is a method of 

choice for the high-throughput and rapid structural characterization of metabolites from 

biological fluids (Prakash et al., 2007; Kamel and Prakash, 2006).  Interpretation of CID mass 
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spectra of metabolites was able to define the oxidative possibilities when they occur in positions 

characterized by distinct product ions.  The structures of metabolites were further supported by 

high resolution LC-MS and LC-1H NMR 

 

The major oxidative primary pathways were due to the oxidation of the tert-butyl side chain to 

form the ω-hydroxy metabolite M4, N-oxidation of the pyridine moiety, and/or N-dealkylation 

of the methylphenoxyacetic acid moiety.  M4 was further oxidized to the ω-carboxy metabolite 

M3.  N-oxidation of the pyridine moiety formed metabolite M5.  The protonated molecular ion 

of M5 at m/z 485 was indicative of the addition of an oxygen atom.  The prominent fragment 

ions at m/z 147, 165, and 326 suggested that the oxidation had occurred at the pyridine ring.  

Reduction of M5 with aqueous TiCl3 provided the evidence that M5 was an N-oxide (Johnson 

and Prakash 2005; Kulanthiaivel et al., 2004).  Metabolite M20 was resulted by N-dealkylation 

of the methylphenoxy acetic acid moiety, a common pathway for N-substituted alkylamines 

(Parkinson, 2001; Prakash et al., 1997).  Other metabolites M11, M19, M21 were formed by 

combination of these primary pathways.  Metabolites M2, M3, M4, M5 and M11 were also 

observed in rats in vivo (Johnson and Prakash, 2005).   

 

Two unusual metabolites (M23 and M26) formed by C-demethylation of the tert butyl group 

were identified as (3-{[[4-(1-hydroxy-1-methyl-ethyl)-benzyl]-(pyridine-3-sulfonyl)-amino]-

methyl}-phenoxy)-acetic acid (M23) and 3-{[(4-isopropenyl-benzyl)-(pyridine-3-sulfonyl)-

amino]-methyl}-phenoxy)-acetic acid (M26).  The protonated molecular ion of M23 at m/z 471 

was indicative of the loss of a methyl group and the subsequent addition of an oxygen atom.  The 

fragment ion at m/z 453, a loss of 18 Da (H2O) from the protonated molecular ion, was indicative 
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of the presence of an alcohol group.  The ions at m/z 310 and 131suggested that on of the methyl 

group was replaced by an oxygen atom.  Further the resonance at δ1.39 ppm in the 1H NMR of 

M23 corresponds to two methyl groups indicating the one of the methyl groups has been 

removed or altered.  All other resonances are substantially similar to parent compound.  

 

The MH+ of M24 at m/z 453 suggested that the molecule had undergone demethylation and 

dehydrogenation.  The prominent ions at m/z 407, 310 and 131 were 16 Da lower than the ions 

observed in the spectrum of parent drug, indicated that the C-demethylation and dehydrogenation 

had occurred at the tert-butyl moiety.  1H NMR of M26 displayed two new singlet resonances 

(one proton each) at δ 5.06 ppm and 5.34 ppm which were consistent with a terminal olefin 

group.  The aromatic resonances in the spectrum are substantially similar to the parent 

compound.  In addition, there was a shift in the UV-Vis spectrum from 220/263nm in the parent 

spectrum to 250nm in the metabolite M26, indicating a change in the chromophore. 

 

Metabolite M22 was identified as (3-{[[4-(1,2-dihydroxy-1-methyl-ethyl)-benzyl]-(pyridine-3-

sulfonyl)-amino]-methyl}-phenoxy)-acetic acid and formed by further oxidation of M23. 1H 

NMR of M22 showed a resonance at δ1.36 ppm corresponding to only one methyl group, 

indicating that two of the methyl groups have been altered or removed.  Also, an additional two 

proton singlet resonance at δ 3.50 ppm was consistent with a hydroxyl group on a methylene 

group.   

 

Metabolite M24 was identified as (3-{[[4-(1,1-dimethyl-2-oxo-ethyl)-benzyl]-(pyridine-3-

sulfonyl)-amino]-methyl}-phenoxy)-acetic acid, an aldehyde intermediate in the formation of the 
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ω-carboxy metabolite acid.  The NMR spectrum of M24 showed a resonance at δ1.33 ppm 

corresponding to two methyl groups indicating the one of the methyl groups has been removed 

or altered.  Also, an additional one proton singlet resonance at δ 9.34 ppm was consistent with an 

aldehyde.  

 

The novel findings in this study were the characterization of several C-demethylated metabolites 

M22, M23 and M26.  N-, O- and S-demethylation are frequently observed in the metabolism of 

xenobiotics but C-demethylation is not a common biotransformation reaction (Parkinson, 2001; 

Prakash et al., 1997).  Both alcohol and carboxylic acid metabolites have been observed for 

drugs containing the tert-butyl side chain such as terfenadine and finasteride (Rodrigues et al., 

1995; Carlin et. al. 1997, Lin et. al., 2006) but the C-demethylated metabolites have never been 

reported for these drugs. However, it has been reported that a carboxylic acid was an 

intermediate in the C-demethylation of N-tert-butylnorchlorcyclizine and 4-α-methyl-5α-

cholest-7-en-3β-ol (Kamm and Szuna, 1973; Miller and Gaylor, 1970) and this carboxylic acid is 

decarboxylated by a microsomal, cyanide-sensitive enzyme (Gaylor and Mason, 1968). Recently, 

C-demethylation of the tert butyl group of a novel dipeptidyl peptidase-4 inhibitor, LC15-0133, 

has been reported in rat liver microsomes (Yoo et al., 2008).  It was further revealed that the C-

demethylated metabolite of LC15-0133 was formed by nonenzymatic decarboxylation of the 

carboxyl metabolite.  However, incubation of the carboxyl metabolite M3 with human liver 

microsomes or CYP3A4/3A5 and CYP2C8 did not produce any C-demethylated metabolite 

(M23 or M26), suggesting that these metabolites are formed by an alternate mechanism.  A 

possible mechanism for C-demethylation of 1 may occur by deformylation of the aldehyde 

metabolite (M24), by a stepwise radical process with an intermediate carbon radical that can 
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form the alcohol metabolite M23 by oxygen rebound or the olefin metabolite M26 by hydrogen 

abstraction (Fig. 7).  CYP mediated deformylation of xenobiotics to form olefins has been 

reported (Roberts et al., 1991; Vaz, 2001). 

 

CYP3A is most abundant human hepatic P450 and is clinically very important because it has 

been shown to metabolize approximately 50% of commonly administered drugs.  In adults, 

CYP3A4 and CYP3A5 are predominant among the four known isoforms (CYP3A4, CYP3A5, 

CYP3A7 and, CYP3A43) in the liver and intestine.  Most of the CYP3A4 substrates are also 

metabolized by CYP3A5 (Williams et al., 2002). However, some differences have been reported 

in enzymatic properties of CYP3A4 and CYP3A5, including substrate specificity and inhibition 

(Khojasteh-Bakht et al., 2005; Emoto and Iwasaki, 2006).  In the current study, it was found that 

N-oxide (M5) and its N-dealkyalated metabolite (M19) were formed only by CYP3A4 but not 

CYP3A5.  The identification of these in vitro metabolic pathways of 1 will aid in understanding 

its metabolism in humans in vivo and in designing clinical drug-drug interaction studies. 
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Figure Legends: 

 
FIG. 1. Postulated in vitro biotransformation pathways of 1 

FIG. 2. HPLC-radiochromatograms of metabolites  of 1in human liver microsomes , CYP3A4, 

CYP3A5 and CYP2C8 

FIG. 3. CID product ion mass spectra of metabolites M22 (m/z 487) and M23 (m/z 471). 

FIG. 4. 1H NMR  spectra of metabolites M22 and M23 

FIG. 5. CID product ion mass spectra of metabolites M24 (m/z 483) and M26 (m/z 453). 

FIG. 6. 1H NMR  spectra of metabolites M24 and M26 

Fig. 7. Proposed mechanism for C-demethylation of 1. 
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Table 1. Percentage of metabolites of 1 formed by HLM and recombinant human cytochrome 

P450 isoforms (CYP2C8, 3A4 and 3A5) 

Metabolite  Retention Time Percent of Total Radioactivity 
(#) (min) HLM-mix 2C8 3A4 3A5 
1 19.4 10.1 2.4 12.3 5.4 

M2 14 2.4 - 2.5 4.3 
M3+M4 15.5 68.5 70 10.4 61.5 

M5 17.5 - - 18.7  - 
M11 12.1 - - 2.8 -  
M19 16.6 5.3 - 35 - 
M20 19.3 - 0.4 2.3 - 
M22 13.1 - 10.9 0.8 3.9 
M21 14.3 - - 6.5 5.2 
M23 15.0 5.1 9.6  - 3.3 
M24 17.1 0.8 4.9 <1% 12.2 
M26 18.3 4.6 2.7 8.7 2.7 
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Table 2.  Major CID product ions of 1 and its metabolites 
 
Metabolite Ret. Time (min) M+H+ Major CID Fragment Ions (m/z) 

1 19.4 469 423 (MH-HCOOH), 413, 326,165,147 

M2 14.0 501 483, 342, 324, 165, 145 

M3 15.5 499 453 (MH-HCOOH), 356, 310, 165,131 

M4 15.5 485 467 (MH-H2O), 342, 324, 335,165,145 

M5 17.5 485 439 (MH-HCOOH), 326, 165,147 

M11 12.1 335 289 (MH-HCOOH), 146, 131 

M19 16.6 321 265, 162,147 

M20 19.3 305  162, 147 

M21 14.3 321 178,160,145, 133, 78 

M22 13.1 487 469 (M-H2O), 451, 423, 395, 335, 326, 165, 147 

M23 15.0 471 453, 335, 310, 165, 131 

M24 17.1 483 437, 409, 340, 295, 266,165,161 

M26 18.3 453 407, 310, 131 
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