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bstract

The metabolism of 2-{[2-(3-fluoropyrid-2-yl)-1H-imidazol-1-yl]methyl}-1-propyl-5-cyano-1H-benzimidazole (1), a potent subtype-selective
ABAA receptor partial agonist, was investigated in rat, dog and human liver microsomes. Due to its significant metabolic cleavage at C8 observed

n preliminary biotransformation studies with non-radiolabeled 1, both [14C]1 and [3H]1 were synthesized with respective radioisotopes placed
n either side of C8 to determine if all microsomal metabolites formed after C8 N-dealkylation of 1 (or its core-intact metabolites) could be
etected and quantified adequately. Both radiolabeled forms of 1, used separately in mono-radiolabel studies in cross-species microsomes and
oncomitantly in dual-radiolabel studies in rat microsomes, permitted the detection and quantification of all metabolites of 1, and a combination of
adioactive and mass spectral data allowed structural elucidation of its Phase I metabolites. As expected, the sum of 14C-only metabolites equaled
hat of 3H-only metabolites in all incubations. In-line radiometric analysis worked extremely well (and was very reproducible) for quantifying
ither 14C- or 3H-compounds within separate incubations when using mono-radiolabeled 1. However, although the in-line radiodetector provided
comprehensive qualitative metabolic profile using dual-radiolabled 1, its inability to exclude completely 14C- from 3H-generated counts caused
degree of ambiguity pertaining to metabolite quantification. Thus, off-line liquid scintillation counting of collected dual-radiolabeled incubation

C-fractions was employed to quantify both 14C- and 3H-metabolites simultaneously, while in-line radiodetection was only used for qualitative
nalyses accompanying MS and MS/MS experiments. These studies demonstrated the analytical feasibility of using a dual-radiolabel approach
or subsequent in vivo ADME studies with 1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Deciphering metabolic pathways in both preclinical species
nd humans is critical in the evaluation of a new chemical
ntity (NCE) [1–4]. Initial studies in drug discovery typically
ssess NCE stability in human hepatic in vitro systems since the
iver is most often the prime organ of metabolic importance for
enobiotics [5]. These studies attempt to identify metabolically

usceptible sites within the NCE potentially amenable to syn-
hetic modification for improved metabolic stability resulting in
uperior pharmacology and safety. Prior to clinical trials, the in

∗ Corresponding author. Tel.: +1 860 441 3377; fax: +1 860 686 6532.
E-mail address: Christopher.L.Shaffer@pfizer.com (C.L. Shaffer).

t
c
t
a
p
a
a

731-7085/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2006.11.022
re elucidation

itro metabolic profile of an NCE is determined in hepatic tis-
ue systems of the proposed toxicological species and humans to
rovide a preliminary idea of the appropriateness of such species
rom a drug metabolism perspective. Because such initial stud-
es typically employ a non-radiolabeled NCE and lack authentic
tandards of yet to be determined metabolites, they purely afford
ualitative and (at best) semi-quantitative metabolite informa-
ion for only those metabolites detectable by non-radioactive
echniques (e.g. UV and/or MS). Due to these analytical short-
omings, as well as in vitro systems often being only partially
elling of in vivo clearance mechanisms, radiolabeled NCE is

dministered to toxicological species and humans during com-
ound development for the definitive determination of excretory
nd metabolic pathways to ensure that human metabolites are
dequately evaluated in toxicology studies [6,7]. Radioactivity
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Fig. 1. The NADPH-dependent microsoma

llows direct detection and quantification of metabolites irre-
pective of intrinsic molecular properties that dictate their
etection by the currently preferred analytical techniques of liq-
id chromatography–tandem mass spectrometry (LC–MS/MS)
8–11] or traditional HPLC with UV detection [12,13].

Compound 1, a potent subtype-selective partial agonist at the
ABAA receptor complex, significantly reduces in rats both

pontaneous locomotor activity and the latency to assume a
leep posture without the well-known side effects of commonly
vailable hypnotics [14–16]. Initial in vitro biotransformation
tudies using non-radiolabeled 1 in cross-species hepatic micro-
omes suggested it underwent significant metabolic scission
o benzimidazole alcohol 2 and fluoropyridine imidazole 3 in
n NADPH-dependent manner (Fig. 1). Due to the availabil-
ty of authentic standards 2 and 3, their metabolic stability
as assessed similarly to determine if either underwent fur-

her metabolism; in the presence of NADPH, 2 was inert
hile 3 was extensively metabolized. Hence, prior to the

nitiation of in vivo biotransformation studies with a radi-
labeled form of 1, both [14C]1 and [3H]1 (Fig. 2) were
ynthesized with respective radioisotopes placed on either side
f C8, the site of metabolic fragmentation, to determine if
ll microsomal metabolites formed after C8 N-dealkylation
f 1 (or its core-intact metabolites) could be detected ade-
uately. Compound 1 was radiolabeled with different isotopes
o that a mixture of the two radioisoforms could be mon-
tored simultaneously without the confusion of changes in
pecific activity of mono-radiolabeled metabolites that might
ccur using 1 dually labeled with the same radioisotope. Both
adiolabeled forms of 1, used separately in mono-radiolabeled
tudies in cross-species microsomes and concomitantly in dual-
adiolabeled studies in rat microsomes, permitted the detection
nd quantification of all metabolites of 1. A combination of

adioactive and mass spectral data allowed elucidation of the
hase I metabolic pathways of 1 in rat, dog and human liver
icrosomes.

o
t
r

Fig. 2. Chemical structures for [14C]1 (s
iated metabolic scission of 1 into 2 and 3.

. Experimental

.1. Chemicals and reagents

Compounds 1–3 were provided by Neurogen Corporation
Branford, CT); [14C]1 (49.9 mCi/mmol, 99.7% radiochemical
urity) and [3H]1 (23.7 Ci/mmol, 99.5% radiochemical purity)
ere synthesized by the Radiochemical Synthesis Group at
fizer Global Research and Development (PGRD, Ann Arbor,
I). The chemical purity of all synthetic compounds was

99%. Male Sprague–Dawley rat liver microsomes (RLMs;
1.0 mg protein/mL, 0.61 nmol P450/mg protein), male beagle
og liver microsomes (DLMs; 18.6 mg protein/mL, 0.36 nmol
450/mg protein) and human liver microsomes (HLMs, a pool
f 45 donor livers; 19.5 mg protein/mL, 0.32 nmol P450/mg pro-
ein) were prepared, characterized and stored at −70 ◦C prior
o use by the Candidate Enhancement Group at PGRD (Gro-
on, CT). Chemicals and solvents of reagent or HPLC grade
ere supplied by Aldrich Fine Chemical Co. (Milwaukee, WI),
isher Scientific (Pittsburgh, PA) and the J. T. Baker Chemi-
al Co. (Phillipsburg, NJ). TruCount liquid scintillation cocktail
as purchased from IN/US Systems, Inc. (Tampa, FL).

.2. Microsomal incubations

Hepatic microsomes were thawed on wet ice just prior to use.
ncubations (3 mL) were performed in duplicate with and with-
ut NADPH (3.9 �mol) in round-bottom glass test tubes open to
ir at 37 ◦C in a shaking water bath. Each incubation contained,
n order of addition, 2385 �L of KH2PO4 buffer (pH 7.4; 0.1 M),
00 �L of RLMs, DLMs or HLMs (ca. 2 mg protein/mL), 15 �L
f a 2 mM substrate (1–3) stock solution dissolved in ace-
f 10 �M), and 300 �L of a 13 mM NADPH solution con-
aining 33 mM MgCl2. For incubations with [14C]1 or [3H]1,
adiolabeled material was diluted with non-radiolabeled 1 to

ymbol ‘*’ denotes 14C) and [3H]1.
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rovide 10 �M incubations with either 0.25 �Ci of [14C]1 or
.5 �Ci of [3H]1 for mono-radiolabeled studies, or 0.25 �Ci
f [14C]1 and 2.5 �Ci of [3H]1 for dual-radiolabeled studies.
ample aliquots (1 mL) were removed from incubations after
ADPH (or MgCl2) addition by micropipette at 0, 30 and 60 min

or mono-radiolabeled studies, and at 0 and 60 min for dual-
adiolabeled studies. Aliquots were quenched with acetonitrile
5 mL), precipitated microsomal proteins were sedimented by
entrifugation (1811 rcf for 10 min), and the resulting super-
atant was concentrated under N2 at 40 ◦C and reconstituted
n 1 mL of acetonitrile–ammonium formate (pH 3.5; 10 mM)
15:85, v/v).

.3. Radioactivity recovery analyses

At each step during the preparation of analytical samples
rom radioactive incubations, total radioactivity levels were
etermined by liquid scintillation counting (LSC) for recov-
ry calculations to determine the extent (if any) of radioactive
inding to microsomal proteins and/or formation of volatile
etabolites. Aliquots (10 �L), taken from the unquenched incu-

ation sample aliquot (1 mL), from the supernatant following
entrifugation of the quenched sample aliquot (ca. 6 mL), and
rom the reconstituted analytical sample (1 mL) after super-
atant concentration, were removed by micropipette, mixed
ith liquid scintillation cocktail (7 mL) and analyzed for 5 min
y a Wallac 1409 DSC liquid scintillation counter (Perkin-
lmer Life and Analytical Sciences, Inc., Wellesley, MA).
cintillation counter data were automatically corrected for 14C
r 3H counting efficiency using an external standardization
echnique and an instrument-stored quench curve generated
rom a series of sealed quench standards. For samples con-
aining 14C and 3H, a dual-radiolabeled LSC program was
sed which corrected for energy overlaps following customary
rocedures.

Although the tritium atom within [3H]1 was predicted to be
esistant to chemical- and metabolism-mediated loss, incuba-
ions with [3H]1 were nonetheless analyzed for tritiated water
HTO), the molecular reporter of 3H-loss. The following proce-
ure was undertaken to quantify both total radioactivity and HTO
ithin a mono-radiolabeled tritiated incubation with micro-

omes from each species: a gravimetric aliquot (1 g) from an
nquenched incubation at each time point (i.e. 0, 30 and 60 min)
as transferred to a borosilicate glass tube (12 mm × 75 mm,
yrex®) immersed in wet ice. Duplicate gravimetric aliquots
0.25 g) were mixed with scintillation cocktail (7 mL) and
ounted for 5 min by LSC as described previously. Subsequently,
ach glass tube containing the remaining sample (0.5 g) was
apped with a Kimwipe® secured by a rubber band, frozen at
20 ◦C and lyophilized using a FreeZone 4.5 Benchtop Freeze
ry System (Labconco Corporation, Kansas City, MO). Each

yophilized sample was reconstituted in H2O (2.5 g) and vortex-
ixed, and duplicate gravimetric aliquots (0.5 g) were combined

ith scintillation cocktail (7 mL) and counted for 5 min by LSC.
dditionally, each Kimwipe® was submerged in scintillation

ocktail (7 mL) and analyzed for radioactivity via LSC. The
ifference in total radioactivity within each incubation sample

t
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efore and after lyophilization was attributed to HTO. Scintilla-
ion counter data were automatically corrected for 3H counting
fficiency as described previously.

.4. LC–MS/MS sample analysis with radiometric detection

Samples were analyzed by an LC–MS/MS, comprised of a
E Sciex API-3000 tandem quadrupole mass spectrometer with
Turbo Ionspray interface (Perkin-Elmer Life and Analytical
ciences, Boston, MA), two Shimadzu LC-10A HPLC pumps
Shimadzu USA, Columbia, MD) and a CTC PAL Autosampler
LEAP Technologies, Carrboro, NC), in series with a �-RAM
adiometric detector (IN/US Systems, Inc.) containing a liq-
id scintillant cell (500 �L). Analytes within sample aliquots
50–100 �L) were eluted on a Phenomenex C18 analytical col-
mn (5 �m, 150 mm × 4.6 mm) at 0.6 mL/min with ammonium
ormate (pH 3.5; 10 mM) (Solvent A) and acetonitrile (Solvent
). The binary gradient was programmed as follows: 0–12 min,
5% Solvent B in Solvent A; 12–47 min, 15–40% B in A;
7–57 min, 40–90% B in A. Following elution of 1 and its
etabolites, the column was washed with 90% B in A for 3 min

nd then returned over 3 min to 15% B in A where it remained
or 8 min prior to the next injection. For all radioactive samples,
95% of the radioactivity injected onto the column eluted dur-

ng the first 57 min of the gradient program. HPLC effluent was
plit 1:9 between the mass spectrometer and the radiometric flow
etector; liquid scintillation cocktail flowed at 3 mL/min to the
adiometric detector. Mass spectral data were collected using
ositive ionization in full, precursor ion, neutral loss, product
on and multiple-reaction monitoring (MRM) scanning modes.
he source temperature was 350 ◦C, and the nebulizer and aux-

liary gas pressures were 8.0 A.U. For MS/MS experiments, the
ollisionally activated decomposition gas pressure was 4.0 A.U.
nd the collision energy was −30 eV. However, instrument oper-
tion modes, settings and potentials were adjusted accordingly
o provide optimal data for specific experiments. Analyst® 1.4
Perkin-Elmer Life and Analytical Sciences) and Winflow Ver-
ion 1.5(3) (IN/US Systems, Inc.) software were used for the
cquisition and processing of mass spectral and radiochromato-
raphic data, respectively. Metabolites were quantified by peak
ntegration within generated radiochromatograms.

For dual-radiolabeled samples, a unique dual-channel
ethod was created to monitor 3H and 14C simultaneously by

he �-RAM detector. Energy windows were adjusted to mea-
ure from 0 to 2 V in Channel 1 for 3H detection and from 2 to
0 V in Channel 2 for 14C detection, resulting in efficiencies of
0 and 50% for 3H and 14C, respectively, with a compensation
or 14C spill-over into the 3H channel of 38%. The latter was
etermined by injection of mono-radiolabeled standards. For
omparison, LC effluent from separate injections of the same
ual-radiolabeled samples was isolated in 30 s intervals by a
ilson FC 204 fraction collector (Gilson, Inc., Middleton, WI),

nd each fraction (ca. 270 �L) was mixed with liquid scintilla-

ion cocktail (7 mL) and analyzed by the dual-radiolabeled LSC
rogram already described. Radiochromatograms generated by
n-line and off-line radiometric detection were then compared
ualitatively and quantitatively.
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Table 1
Quantitative in-line-generated profile of [14C]metabolites, [3H]metabolites and
total metabolites after a 60 min mono-radiolabeled incubation with either [14C]1
or [3H]1 in rat liver microsomes

Compound [14C]1 [3H]1 Average

1 3.9 1.6 2.8
M1 – 3.8 1.9
3 – 41.6 20.8
M3 – 7.9 4.0
M4 – 1.7 0.9
M5 – 9.0 4.5
M6 3.3 2.7 3.0
M7 5.2 3.2 4.2
M8 7.9 4.4 6.2
M9 2.9 2.0 2.5
M10 – 1.4 0.7
2 55.7 – 27.9
M12 – – –
M13 4.0 – 2.0
M15 5.8 3.9 4.9
M16 – 3.2 1.6
M17 6.1 7.8 7.0
M18 – 2.0 1.0
M19 – – –
M20 – 1.1 0.6
M21 – – –
M22 5.1 3.1 4.1

Radioactivity profiled (%) 99.9 100.4 100.2
�3H-only metabolites (M1, 3, M3–M5) na 64.0 32.0
�14C-only metabolites (2, M13, M19) 59.7 na 29.9

–, not detected by radiochromatography; na, not applicable.
198 C.L. Shaffer, C.S. Langer / Journal of Pharmace

.5. LC–MS/MS sample analysis with UV detection

Authentic standards 2 and 3, the direct C8 N-dealkylation
roducts of 1, were incubated in RLMs to determine their
etabolic fates. Since 2 and 3 were not radiolabeled, incubation

liquots were analyzed using the same LC–MS/MS methods
escribed beforehand, but each compound was quantified by
S using MRM scanning mode following m/z 216.1 → 156.1

ragmentation for 2, and m/z 164.3 → 110.2 transition for 3. In
n attempt to detect metabolites (if any) of 2 and 3, LC efflu-
nt was monitored by single wavelength UV detection using
n in-line Spectro Monitor 3200 variable wavelength detector
Thermo Electron Corporation, Waltham, MA), with the selec-
ion of analytical wavelengths determined by the respective
V–vis spectrum of each standard. Stock solutions (23 �M) of 2

nd 3 in acetonitrile–water (pH 3.0) (3:7, v/v) were analyzed by
Shimadzu UV-2101 PC UV–vis scanning spectrophotometer

Shimadzu USA, Columbia, MD) from 200–500 nm in a 1 cm
rystal cell. For 2, λmax = 218 nm (ε218 = 52,449 cm−1 M−1,
254 = 7169 cm−1 M−1), and for 3 λmax = 289 nm (ε289 = 18,733
m−1 M−1, ε300 = 16,187 cm−1 M−1). Thus, 2 and 3 incubation
amples were monitored at analytical wavelengths of 254 and
00 nm, respectively; different analytical wavelengths were also
sed in an attempt to distinguish compound-dependent metabo-
ites simultaneously.

. Results and discussion

.1. Mono-radiolabel incubations with [14C]1 and [3H]1

Incubations with either [14C]1 or [3H]1 were conducted in
uplicate in RLMs, DLMs and HLMs for 30 and 60 min in both
he absence and presence of NADPH. In all studies, 95–106%
f the initial radioactivity was extracted from the microsomal
rotein, ≤3% of the extracted radioactivity was lost upon super-
atant concentration and >97% of the radioactivity detected in
he radiochromatogram was identified as either 1 or a unique

etabolite. In incubations lacking NADPH, no new radioac-
ive peaks were generated over time suggesting 1 underwent
either NADPH-independent biotransformation nor chemical
egradation. Furthermore, in all incubations (±NADPH) the
mount of radioactivity detected from 0 to 60 min remained
nchanged, signifying volatile metabolites were not generated
nd 1 did not evaporate from the microsomal suspension. For
ll tritiated incubations, 96–103% of the radioactivity present
rior to lyophilization was detected afterwards indicating no for-
ation of HTO during the microsomal consumption of [3H]1

onfirming the chemical and metabolic stability of its tritium
tom.

For quantitative metabolite profiling within mono-
adiolabeled microsomal incubations, [14C]1 and [3H]1
ere first assessed individually to determine the percent contri-
ution of each metabolite to total radioactivity within respective

adiochromatograms (e.g. Table 1 and Fig. 3 for RLMs, 60 min).

etabolites within 14C- or 3H-radiochromatograms retained
he benzimidazole or fluoropyridine of 1, respectively. The
verall contribution of a metabolite to the biotransformation

Fig. 3. In-line radiochromatograms of mono-radiolabeled incubations in rat liver
microsomes with [14C]1 (top) or [3H]1 (bottom) after 60 min.
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Table 2
Quantitative in-line-generated profile of mean metabolites of 1 after 30 and 60 min mono-radiolabeled incubations with either [14C]1 or [3H]1 in cross-species liver
microsomes

Compound 30 min 60 min

Rat Dog Human Rat Dog Human

1 7.8 66.9 73.1 2.8 51.5 58.2
M1 1.5 0.8 0.1 1.9 1.3 0.2
3 20.4 2.3 1.5 20.8 2.2 1.8
M3 2.5 1.0 0.8 4.0 1.8 0.9
M4 1.6 0.3 0.4 0.9 0.3 0.5
M5 4.5 6.7 5.9 4.5 7.4 7.7
M6 – – – 3.0 – –
M7 3.7 – – 4.2 0.4 –
M8 4.0 – – 6.2 – –
M9 2.2 2.0 1.5 2.5 3.1 2.7
M10 1.7 – – 0.7 0.6 –
2 29.1 4.6 2.5 27.9 6.1 3.8
M12 – – – – – –
M13 – – – 2.0 – –
M15 3.0 1.2 2.6 4.9 2.5 4.8
M16 2.6 0.5 – 1.6 1.5 –
M17 7.3 1.5 3.0 7.0 2.4 4.4
M18 2.4 1.9 – 1.0 2.9 –
M19 – 4.3 5.3 – 6.6 9.0
M20 1.5 5.2 0.9 0.6 8.1 0.7
M21 – 0.4 0.6 – 0.9 1.5
M22 2.6 0.5 1.4 4.1 0.9 2.6

Radioactivity profiled (%) 98.4 99.7 99.3 100.2 100.0 98.6
�3H-only metabolites (M1, 3, M3–M5) 30.5 11.0 8.7 32.0 12.9 11.0
�
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14C-only metabolites (2, M13, M19) 29.1 8.9

, not detected by radiochromatography.

f 1 was calculated by averaging the mono-radiolabel data.
erived from this procedure, a quantitative summary of the
etabolites observed in cross-species hepatic microsomes

ontaining both NADPH and either [14C]1 or [3H]1 after 30
nd 60 min of incubation is found in Table 2.

.1.1. Rat liver microsomes
After 30 and 60 min of [14C]1 incubation in RLMs, 6.8 and

.9% of 1 remained, respectively, and 7 and 9 (all 30 min metabo-
ites + M6 and M13) new peaks were detected radiometrically
Fig. 3, Tables 1 and 2). After 30 and 60 min of [3H]1 incubation
n RLMs, 8.8 and 1.6% of 1 remained, respectively, and 15 and
6 (all 30 min metabolites + M6) new peaks were observed by
adiodetection (Fig. 3, Tables 1 and 2). In RLMs, essentially
omplete NADPH-dependent oxidation of 1 occurred within
0 min, and the major route of metabolism (ca. 30% of over-
ll consumption of 1) was C8 N-dealkylation of 1 and/or its
ore-intact metabolites to 2 and 3 (Table 3).

Although [3H]1 was more useful than [14C]1 in determining
he overall metabolic fate of 1 in RLMs, it alone did not reveal
he entire metabolic picture since it did not permit radiometric
etection of 14C-only metabolites 2 and M13 (Fig. 3). A similar
hortcoming was found for [14C]1 regarding the radiometric

ompensation of 3H-only metabolites M1, 3, and M3–M5.
mportantly, the percent of total radioactivity comprised by 14C-
nly metabolites (29.9%) equaled that of 3H-only metabolites
32.0%).

M
w
i
t

7.8 29.9 12.7 12.8

.1.2. Dog liver microsomes
After 30 and 60 min of [14C]1 incubation in DLMs, 69.5

nd 52.5% of 1 remained, respectively, and 7 (M9, 2, M15 and
17–M20) and 9 (all 30 min peaks + M7 and M16) metabolites
ere detected radiometrically. After 30 and 60 min of [3H]1

ncubation in DLMs, 64.3 and 50.4% of 1 remained, respectively,
nd 13 (M1, 3, M3–M5, M9, M15–M18 and M20–M22) and 15
all 30 min peaks + M10 and M19) metabolites were observed by
adiodetection (Table 2). In DLMs, biotransformation of 1 was
ADPH-dependent, and the major (≥10% of net metabolism of
) routes of metabolism after 60 min were formation of M5, 2,
19 and M20 (Table 3).
The data suggest that RLMs and DLMs generate similar

etabolites, but DLMs metabolize 1 to a much lesser extent (and
t a much slower rate). Additionally, biotransformation of 1 after
0 min into 14C-only (12.7%) and 3H-only (12.9%) metabolites
s only one of four significant metabolic pathways in DLMs, and
he extent of this cleavage is essentially unchanged between 30
nd 60 min of incubation (Tables 2 and 3).

.1.3. Human liver microsomes
After 30 and 60 min of [14C]1 incubation in HLMs, 75.3

nd 57.7% of 1 remained, respectively, and 6 (2, M15, M17,

19, M21 and M22) and 7 (30 min peaks + M9) metabolites
ere detected radiometrically. After 30 and 60 min of [3H]1

ncubation in HLMs, 70.9 and 58.7% of 1 remained, respec-
ively, and the same 12 (M1, 3, M3–M5, M9, M15, M17 and
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Table 3
Cross-species summary of each metabolite as a percentage of the net metabolism
of 1 after 60 min in hepatic microsomes containing NADPH

Compound Rata Doga Humana

Mono-labelb Dual-labelc Mono-labelb Mono-labelb

M1 2.0 0.7 2.7 0.5
3 21.4 20.1 4.4 4.3
M3 4.1 – 3.6 2.0
M4 0.9 2.6 0.5 1.2
M5 4.6 9.0 15.2 18.3
M6 3.1 0.7 – –
M7 4.3 2.8 0.7 –
M8 6.3 5.9 – –
M9 2.5 2.8 6.4 6.5
M10 0.7 – 1.1 –
2 28.6 24.7 12.5 9.1
M12 – 1.6 – –
M13 2.1 – – –
M15 5.0 4.5 5.1 11.5
M16 1.6 1.2 3.1 –
M17 7.1 6.7 4.8 10.5
M18 1.0 3.5 5.9 –
M19 – 1.5 13.6 21.5
M20 0.6 – 16.6 1.6
M21 – – 1.9 3.5
M22 4.2 – 1.9 6.2

–: not detected by radiochromatography.
a Values are reported as percentages of net metabolism. A specific value

determined for a metabolite (e.g. MX) is determined from 60 min mono- or
d
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19–M22) metabolites were observed after both 30 and 60 min
f incubation (Table 2). The HLM metabolism of 1 was NADPH-
ependent, and the major routes of its conversion after 60 min
ere to M5, 2, M15, M17 and M19 (Table 3).
All HLM metabolites of 1 were also formed in RLMs and/or

LMs, and 1 was metabolized to a similar extent and rate in
oth HLMs and DLMs. Enzyme-catalyzed cleavage of 1 after
0 min into 14C-only (12.8%) and 3H-only (11.0%) metabolites,
hich was similar after 30 or 60 min of incubation, occurred to
similar degree as in DLMs, and is only one of five significant
etabolic pathways in HLMs (Table 3). Although not as critical

n HLMs (or DLMs) as in RLMs due to the decreased amount
f C8 N-dealkylation, all mono-radiolabeled incubations across
pecies validated using dual-radiolabeled 1 to provide its entire
iver microsome-generated metabolic profile simultaneously.

.2. Dual-radiolabel incubations with [14C]1 and [3H]1

For dual-radiolabel studies, the simultaneous detection of 14C
nd 3H within the same sample posed analytical challenges. The
nergies of �-particles emitted from 3H range from 0–18.6 keV,
hile those from 14C range from 0–155 keV [17]; mean energies
f 3H- and 14C-derived �-particles are 5.6 and 52 keV, respec-

ively [18,19]. Therefore, due to the overlapping nature of the 3H
nd 14C energy distribution spectra, the amount of radioactiv-
ty attributable to each isotope was determined by selectively

easuring different energy ranges (i.e. “channels”) for each

(
t
R
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adioisotope (i.e. 0–18.6 keV for 3H and 18.6–155 keV for 14C)
hile still completely capturing its mean energy region, which

orresponds to its greatest percentage of total emissions. Since
he energy spectrum of 14C completely overlaps that of 3H, it
as impossible to distinguish fully 3H-derived �-emissions from

hose of 14C. Therefore, the amount of radioactivity deemed
ttributable to a 3H-containing metabolite might be artificially
igh, since a metabolite containing both 3H and 14C would have
otal �-emissions from both radioisotopes detected within the
H energy channel. This phenomenon is generically referred to
s “cross-talk.” Alternatively, because the energy channel set
or 14C detection completely excluded 3H-derived �-emissions,
o cross-talk was possible in 14C-radiochromatograms of dual-
adiolabel incubations. However, a portion of the �-emissions
rising from 14C was not counted using the dual-channel method
ince the lower energy range of 0–18.6 keV was excluded from
he 14C energy channel.

With this cross-talk caveat in mind, in-line radiodetection
ersus LC fraction collection and LSC analysis (i.e. off-
ine radiodetection) was evaluated for the quantification of
adioactive metabolites in dual-radiolabel studies. Although the
mployed in-line radiodetector was technically able to perform
ross-talk subtraction calculations in real-time, which ultimately
llows simultaneously normalized-3H- and 14C-radiodetection,
hese complex mathematical calculations can potentially hin-
er the precision of dual-radiolabel quantification even when
he instrument parameters are adjusted optimally. Complicat-
ng matters further is the fact that for an in-line detector the
adioactive effluent within the flow cell may not interact with
he inflowing liquid scintillant for the length of time required
or optimal photon generation. This would cause lower counts
etected within the instrument resulting in even more ambi-
uity during cross-talk normalization calculations leading to
nreliable quantification data. However, traditional LSC anal-
sis of fraction collected LC samples would allow for more
eliable dual-radiolabel radiodetection for a number of reasons.
irst, radioactive effluent would interact with the liquid scin-

illant for a longer period of time and be counted over a more
ustained period, allowing for more accurate data. Secondly,
reater confidence could be achieved in setting the 3H and 14C
nergy windows within the LSC accordingly, so that radioactiv-
ty arising from either radioisotope could be determined more
eliably due to no need for complicated normalization calcula-
ions required by the in-line radiodetector. Thus, it was decided
o use in-line radiodetection for the qualitative LC–MS sin-
le isotope analysis of samples (i.e. confirming that a specific
adioisotope peak coeluted with a specific m/z), and LSC for
he quantitative analysis of samples. Thus, for dual-radiolabel
ncubations, 1 and its metabolites were quantified by averag-
ng the relative percent of radioactivity associated with each
dentified peak from sequential fraction collection and LS count-
ng of 3H and 14C simultaneously using a dual-radiolabel
rotocol.

A mixture of [14C]1 and [3H]1 was incubated in RLMs

±NADPH) for 60 min. The dual-radiolabel approach was only
ested in RLMs since mono-radiolabeled studies demonstrated
LMs afforded the most complex metabolite profile of 1. In all
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Fig. 5. LSC-generated radiochromatograms of dual-radiolabeled incubations in
rat liver microsomes with [14C/3H]1 after 60 min. Top, 14C channel; bottom, 3H
channel.
C.L. Shaffer, C.S. Langer / Journal of Pharmace

tudies, ≥96% of the initial radioactivity was extracted from
he microsomal protein, no radioactivity was lost upon super-
atant concentration and >91% of total radioactivity detected in
he radiochromatogram was identified as either 1 or a unique

etabolite; no new radioactive peaks were generated over time
n incubations lacking NADPH. Furthermore, in all incubations
±NADPH) the amount of radioactivity detected in each incu-
ation from 0 to 60 min remained unchanged, and >97% of
he radioactivity present prior to lyophilization was detected
fterwards.

After 60 min of [14C/3H]1 incubation, 25.9% of 1 remained
nd 15 metabolites were observed radiometrically by both in-
ine and off-line analyses (Figs. 4 and 5, Table 4). Metabolites

20, M21 and M22, which were detected by both in-line
adiodetection (Fig. 4) and MS, were not detected by LSC
Fig. 5) due to the loss in peak resolution upon fraction collec-
ion. Conversely, metabolites M9, M12 and M19 were detected
y both LSC and MS, but not by in-line radioanalysis, due to
he greater sensitivity of the LSC methodology. Although 1
as metabolized to a lesser extent by RLMs using [14C/3H]1

han either mono-radiolabeled substrate, a virtually identical
etabolic profile (both quantitatively and qualitatively) was

bserved (Fig. 3 versus Figs. 4 and 5), suggesting the dual-
adiolabel analytical methodology was functioning optimally.
ne additional metabolite, M12, was detected radiometrically
y LSC in the dual-radiolabel 60 min incubation. Although
12 was not previously detected radiometrically, its protonated

olecular ion was observed by LC–MS in all previous mono-

nd dual-radiolabel incubations containing NADPH. This sug-
ests that M12 is generated at quantities that fall below the lower

ig. 4. In-line radiochromatograms of dual-radiolabeled incubations in rat liver
icrosomes with [14C/3H]1 after 60 min. Top, 14C channel; bottom, 3H channel.

Table 4
Quantitative LSC-generated profile of [14C]metabolites, [3H]metabolites and
total metabolites after a 60 min dual-radiolabeled incubation with [14C]1 and
[3H]1 in rat liver microsomes

Compound [14C]Channel [3H]Channel Average

1 23.7 28.0 25.9
M1 – 1.0 0.5
3 – 29.8 14.9
M3 – – –
M4 – 3.8 1.9
M5 – 13.3 6.7
M6 0.5 0.4 0.5
M7 2.1 2.0 2.1
M8 6.5 2.2 4.4
M9 3.0 1.1 2.1
M10 – – –
2 36.0 0.5a 18.3
M12 1.8 0.6 1.2
M13 – – –
M15 3.7 2.9 3.3
M16 1.1 0.8 0.9
M17 6.9 3.1 5.0
M18 3.0 2.1 2.6
M19 2.2 – 1.1
M20 – – –
M21 – – –
M22 – – –

Radioactivity profiled (%) 90.5 91.6 91.4
�3H-only metabolites

(M1, 3, M3–M5)
0.0 46.4 23.2

�14C-only metabolites
(2, M13, M19)

38.2 0.5a 19.4

–: not detected by radiochromatography.
a Cross-talk detected within the 3H-channel from 14C-only metabolite 3.
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Fig. 6. Collision-induced dissociation spectrum of proto

imit of detection (LLOD) for in-line radioanalysis, but above
he LLOD for LSC analysis. In both instances, however, these
ame quantities of M12 were well above the LLOD for MS anal-

sis, and so M12 was detected by MS without the detection of a
orresponding radioactive peak. Lastly, three metabolites (M3,

10 and M13) previously observed in mono-radiolabel incuba-
ions were not observed in the dual-radiolabel study most likely

r
3

i
s

able 5
hromatographic and mass spectral data for 1 and its metabolites

ompound LC tR (min) [M + H]+ (m/z) Product ionsa (m/z)

50.1 361 361, 319, 198, 170, 1
1 2.9 nd na

4.1 164 164, 144, 137, 128, 1
3 5.4 nd na
4 6.4 nd na
5 9.3 nd na
6 19.2 nd na
7 21.4 nd na
8 23.3 287 243, 215, 198, 170, 1
9 27.3 337 320, 215, 198, 170, 1
10 28.5 353 336, 215, 198, 170, 1

29.6 216 198, 183, 174, 170, 1
12 30.2 377 319, 214, 196, 170, 1
13 31.4 286 241, 198, 170, 156
15 36.1 377 335, 198, 170, 156
16 38.4 377 214, 164
17 39.4 393 375, 347, 269, 241, 1
18 41.6 nd na
19 46.5 299 271, 257, 215, 198, 1
20 48.4 439 421, 403, 299, 215, 1
21 51.8 338 320, 296, 198, 170, 1
22 53.2 409 338, 269, 241, 198

d, not determined since a MS signal unique from endogenous ions detected in contro
ositive atmospheric pressure chemical ionization techniques; na, not applicable.
a Bold font denotes base peak m/z within collision-induced dissociation spectrum.
b Compound was (+) or was not (−) detected radiochromatographically within sam
c Compound was (+) or was not (−) detected spectroscopically by precursor ion 19
1 (m/z 361) and its proposed fragmentation pathways.

ue to the decreased extent of metabolism of 1 resulting in no
ormation of these proposed downstream metabolites.

For RLMs, the use of [14C/3H]1 facilitated the simultaneous
14
adiochromatographic detection of all metabolites (i.e. C-only,

H-only and 14C/3H-compounds) found in the prerequisite stud-
es with mono-radiolabeled 1 (Table 3). As in mono-radiolabel
tudies, the dual-radiolabel studies demonstrated that after

14Cb 3Hb PC 198c NL 163c

56 + + + +
− + − −

23, 110, 96, 83, 42 − + − −
− + − −
− + − −
− + − −
− + − −
− + − −

56, 111, 69 + + + −
56 + + + −
56 + + + −
56, 43 + − + −
64 + + − +

+ − + −
+ + + −
+ + − +

98, 125 + + + −
+ + − −

70, 156 + − + −
98, 141 + + + −
56 + + + −

+ + + −
l incubations was not generated under positive or negative Turbo-ion spray nor

ples from mono-radiolabeled incubations using [14C]1 or [3H]1.
8 (PC 198) or neutral loss 163 (NL 163) scanning of incubation samples.
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0 min of incubation (Table 4), the sum of 14C-only metabolites
qualed that of 3H-only metabolites. However, the previously
escribed “cross-talk” concerns of 14C-spillover into the 3H
hannel was knowingly observed in dual-radiolabel incubations
or 2 most notably (i.e. 8% of total 3H within the radioachro-
atogram) in the in-line 3H-radiochromatogram (Fig. 4), but

lso to a very minor amount (0.5%) in the LSC-generated
adiochromatogram (Fig. 5). Nonetheless, this demonstrated the
dvantage of simultaneous dual-radiolabel analyses by LSC ver-
us in-line radiodetection.

.3. Structural rationalization of 1 and its metabolites

The premise behind the need for a dual-radiolabeled sub-
trate proved correct, and the observation of metabolite peaks in
espective mono-radiolabel studies using either [14C]1 or [3H]1
ignificantly aided metabolite structure elucidation. Specifically,
hile detection of a metabolite by 14C-conditions, but not by

H-conditions, suggested it lacked the fluoropyridine of 1, the
onverse meant the metabolite had lost the benzimidazole of 1.
etection of a metabolite by both 14C- and 3H-conditions sug-
ested it contained both the benzimidazole and fluoropyridine
unctionalities of 1. The availability of authentic standards 2
nd 3, as well as both [3H]1 and [14C]1, conveniently provided
ithin each mono-radiolabeled incubation a positive control for

he developed analytical methodology for a fully characterized
etabolite containing only 14C (i.e. 2 within [14C]1 incuba-

ions), a fully characterized metabolite containing only 3H (i.e.
within [3H]1 incubations), and unchanged 1 containing either

H or 14C.
Compound 1 had a protonated molecular ion of m/z 361

nd an LC retention time (tR) of ca. 50.1 min. Because of the
haracteristic fragment ions contained in the collision-induced
issociation (CID) spectrum of 1 (Fig. 6), two diagnostic MS
cans were used with radiochromatographic data as a starting
oint to elucidate metabolites structurally: precursor ion scan of
/z 198, corresponding to an unchanged benzimidazole moiety;

nd, neutral loss of 163 scan, representing loss of an unmodi-
ed fluoropyridine imidazole. If compound-related ions, which
ere determined to be unique from endogenous ions detected in

ompound-free incubations, were detected by either of these pre-
iminary diagnostic MS/MS scans, then their CID spectra were
enerated. Proposed metabolite structures were rationalized by
combination of the mono-radiolabel data and comparison of
etabolite fragmentation spectra ions to the structure assigned

o each fragment within the CID spectrum of 1. Metabolites,
uspected to contain one or more oxygen atoms, were subjected
o TiCl3 to determine if they contained an N-oxide [20,21]. A
ummary of all metabolite LC–MS/MS data is found in Table 5,
nd detailed structural rationalization for each metabolite is
ummarized in the accompanying supplementary data. The iden-
ification of a metabolite as a synthetic standard was determined
y the molecules’ indistinguishable CID spectra and LC tR, as

ell as an increase in metabolite MS peak height following

ddition of the authentic standard to the analytical sample.
A total of 21 NADPH-dependent metabolites were observed

cross species (Fig. 7), and all human metabolites were observed

s
l
p
a
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n RLMs and/or DLMs. Ten metabolites were tentatively identi-
ed while two were unequivocally determined, and consisted of:
variety of oxygenation products with the entire core of 1 intact

M12, M15, M16, M17 and M22), two direct N-dealkylation
roducts (2 and 3), two amidines (M9 and M10), an oxalimide
M13), an anhydride (M19) and an amide (M21). Nine of the
etabolites (M1, M3–M8, M18 and M20) remained unidenti-
ed, largely due to the inability to ionize the majority of these
ompounds in either positive or negative ion mode. Unknown
etabolite M5 was a major product in HLMs, where it consti-

uted 18% of net metabolism of 1.

.3.1. Qualitative microsomal assessment of 2 and 3
After conducting all radiolabled studies with 1 and using

adiometric and MS data to propose its metabolites, authentic
tandards 2 and 3, the direct N-dealkylation products of 1, were
ncubated in RLMs to determine their metabolic fate. This was
mportant since each compound represented a cleavage product
f 1 that contained only one radioisotope. In an attempt to detect
nd quantify non-radiolabeled metabolites (if any) of 2 and 3,
ncubation samples were monitored at an analytical wavelength
f 254 and 300 nm, respectively.

Compound 2 was incubated in RLMs to investigate its sta-
ility. In all incubations (±NADPH), there was no change in
he concentration of 2 over time, suggesting that it was inert to
oth hepatic microsomal metabolism and chemical degradation.
n other words, once formed, 2 does not undergo further micro-
omal metabolism, and arises solely via C8 N-dealkylation of
and, most likely, its core-intact metabolites (e.g. M9, M15,

tc.).
Compound 3 was incubated in RLMs to monitor its stabil-

ty and to gain potentially structural information for unknowns
1, M3, M4 and M5 that only retained 3H in incubations with

14C/3H]1. In all incubations lacking NADPH, the concentra-
ion of 3 was unchanged over time, suggesting it underwent
either NADPH-independent metabolism nor chemical decom-
osition. Following 30 and 60 min incubations in the presence
f NADPH, the A300 peak area of 3 was ca. 53 and 15% of
hat observed at 0 min, respectively, and no additional peak(s)
ppeared in the UV chromatogram. These results suggested that
he NADPH-dependent metabolites of 3 did not exhibit even

inimal UV absorptivities at 300 nm, which is quite reason-
ble considering any biotransformation of the imidazole within
could significantly alter the UV properties of the original

ubstrate rendering metabolites undetectable at 300 nm. These
ndings precluded our hope to generate UV-peaks exhibiting

he same LC tR as any of the unidentified 3H-only metabo-
ites (M1, M3–M5) arising from the fluoropyridine imidazole
f 1. To investigate the metabolic fate of 3 further, specific
S2 experiments were performed in an attempt to elicit MS

esponses for these A300-non-chromophoric metabolites, includ-
ng precursor ion scans of m/z 137, 110 and 96 that were
ragment ions observed in the CID spectrum of 3 for which

tructures could be assigned confidently. However, no molecu-
ar ion other than 2 was detected by these MS scans in either
ositive or negative ion mode; a similar inability to ionize M1
nd M3–M5 was also observed in all radiolabeled incubations
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Fig. 7. An overview of the proposed metabolic

Table 5). In total, these results suggest that 3 is exten-
ively metabolized in a microsomal system containing NADPH,
ut the identification of its metabolite(s) remains unresolved,
eaving undetermined if M1 and/or M3–M5 arise directly
rom 3.

. Conclusions

The in vitro metabolism of 1 was studied in RLMs, DLMs
nd HLMs using either [14C]1, [3H]1 or a mixture of both. A
chematic overview of the hepatic microsomal metabolism of 1
cross species is presented in Fig. 7. Microsomal studies demon-
trated unequivocally that the consumption of 1 across species
as NADPH-dependent; RLMs metabolized 1 to the greatest

xtent (>90% after 30 min), followed by DLMs (ca. 49% after
0 min) and HLMs (ca. 42% after 60 min). As species hierarchy
ncreased, so did the number of significant metabolic pathways
or 1 in hepatic microsomes. For example, C8-cleaved metabo-

ites of 1, which were by far most prominent (ca. 30% of net

etabolism) in RLMs, seemed also to be significant (ca. ≥10%
f net metabolism) in DLMs and HLMs. However, in the dog
nd human systems, C8 N-dealkylation was just one of two to

M
a
f
i

ays for 1 in cross-species hepatic microsomes.

our other significant (≥10% of net metabolism) metabolic path-
ays. In HLMs, the major metabolic pathways appeared to be
xygenation of the fluoropyridine imidazole to afford M15, M17
nd M19, and C8-cleaved products 2 and M5.

Radiometric analyses of microsomal incubations with [14C]1
etected metabolites retaining the benzimidazole of 1. Metabo-
ites M1, 3, M3, M4 and M5 were not observed radiometrically
n these incubations, yet 3, the only ionizable metabolite of
hese five, was detected by MS analysis. Alternately, radio-

etric analysis of microsomal incubations with [3H]1 detected
etabolites maintaining the fluoropyridine, if not the entire
uoropyridine imidazole, of 1. Metabolites not observed radio-
etrically in these incubations were 2, M13 and M19, but all of

hese ionizable metabolites were detected by MS analysis. As
ould be predicted, the sum of 3H-only metabolites (i.e. M1,
and M3–M5) equaled that of 14C-only metabolites (i.e. 2,
13 and M19) in all incubations across species, which together

llowed the complete elucidation of the metabolic fate of 1.

ono-radiolabel studies demonstrated that in-line radiometric

nalysis worked extremely well (and was very reproducible)
or quantifying either 14C- or 3H-compounds within separate
ncubations.
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When RLMs were incubated with 1 using a mixture of [14C]1
nd [3H]1, all metabolites, except M3, M10 and M13, previ-
usly detected within mono-radiolabeled RLM incubations were
bserved. Metabolites M3, M10 and M13, which are suspected
o be downstream secondary or tertiary metabolites, might not
ave been observed in dual-radiolabeled studies since the aver-
ge extent of 1 consumption after 60 min (74%) was less than that
n mono-radiolabel studies (97%). Nonetheless, these studies
emonstrated that the dual-radiolabel strategy provided a com-
rehensive qualitative profile of 1 metabolism. But, the inability
f the in-line radiodetector to exclude completely 14C- from
H-generated counts caused a degree of ambiguity pertaining
o metabolite quantification within dual-radiolabel incubations.
hus, to minimize this “cross-talk”-related quantitative uncer-

ainty, which has the potential to inflate artificially 3H-values,
SC analysis of collected dual-radiolabeled incubation LC-

ractions was employed to quantify both 14C and 3H metabolites
imultaneously, while in-line radiodetection was only used for
ualitative analyses accompanying MS and MS/MS experi-
ents. With this fairly minor and unavoidable, yet readily
anageable, caveat of nuclear physics aside, these microso-
al analyses demonstrated analytically that dual-radiolabeled
could indeed be used for future cross-species in vivo ADME

tudies.
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