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ABSTRACT

BI 187004, an 11b-hydroxysteroid dehydrogenase 1 inhibitor, was
administered once daily for 14 days to eight patients with type
2 diabetes mellitus. N-methylation was identified as a major bio-
transformation pathway. In four patients treated with BI 187004,
the plasma exposure of an N-methylbenzimidazole metabolite
[N-methylbenzimidazole regioisomer 1 (M1)] was 7-fold higher
than the remaining four patients, indicating a substantial degree of
metabolic variation. To identify the methyltransferase enzymes respon-
sible for N-methylation, BI 187004 was incubated with human liver
microsomes (HLM), human kidney microsomes (HKM), and their re-
spective cytosolic preparations in the presence andabsenceof isoform-
selective chemical inhibitors. Additionally, BI 187004was incubatedwith
several human recombinant methyltransferases: catechol O-methyl-
transferase (rhCOMT), histamine N-methyltransferase (rhHNMT), nico-
tinamide N-methyltransferase (rhNNMT), glycine N-methyltransferase

(rhGNMT), and thiopurine S-methyltransferase (rhTPMT). M1 was prin-
cipally observed in HLM and HKM incubations, minimally formed in liver
andkidneycytosol, andnot formedduring incubationswith recombinant
methyltransferase enzymes. In allmicrosomal andcytosolic incubations,
the formation of M1 was inhibited only by 2,3-dichloro-a-methylbenzyl-
amine (DCMB), an inhibitorof thiolS-methyltransferase (TMT), providing
evidence that TMT catalyzed the formation of M1. Interestingly, the
N-methylbenzimidazole regioisomer (M14) was only observed in vitro,
predominantly during incubations with human kidney cytosol and
rhHNMT. The formation of M14 was inhibited by amodiaquine (an
HNMT inhibitor) and DCMB, providing additional evidence that both
HNMT and TMT catalyzed M14 formation. Overall, using BI 187004 as
a substrate, this study demonstrates a novel TMT-mediated
N-methylation biotransformation and an HNMT-mediated regio-
selective N-methylation.

Introduction

Xenobiotic methylation is a conjugation reaction catalyzed by
methyltransferases located in hepatic and extrahepatic tissues. Methyl-
transferases catalyze the transfer of a methyl group from S-(59-
adenosyl)-L-methionine (SAM) to substrates containing an -O, -S, or
-N heteroatom. More than 100 methyltransferase enzymes have been
discovered, with only a select few exhibiting human genetic polymor-
phisms (Weinshilboum et al., 1999). Polymorphic methyltransferase
enzymes include catechol O-methyltransferase (COMT), histamine N-
methyltransferase (HNMT), thiopurine S-methyltransferase (TPMT),
and thiol S-methyltransferase (TMT) (Price et al., 1989; Lachman et al.,
1996; Preuss et al., 1998; Wang and Weinshilboum, 2006).
COMT catalyzes the O-methylation of biogenic catecholamines as

well as catechol-containing drugs such as levodopa and methyldopa
(Mannisto and Kaakkola, 1999). Interestingly, COMT also catalyzes the
N-methylation of benzimidazole (Arnett et al., 1977). Polymorphisms
within the COMT gene express low-activityCOMT (COMTL) and high-
activity COMT (COMTH) enzymes, with both variants expressed at
approximately 25% allelic frequency in the Caucasian population,

whereas about 50% of the population is heterozygous with intermediate
COMT activity. In the African American and Asian populations, the
COMTH frequency is about 55% and 70%–80%, respectively (McLeod
et al., 1994;Weinshilboum et al., 1999). HNMTN-methylates endogenous
histamine, and methylating activity can vary up to 5-fold among
individuals (Weinshilboum et al., 1999). A number of thiol-containing
drugs, such as 6-mercaptopurine, undergo S-methylation by TPMT. TPMT
expression varies in Caucasians because 0.3% of the population are
homozygous (TPMTL/TPMTL) for the low-activity enzyme; 11% are
heterozygous (TPMTL/TPMTH), resulting in intermediate activity; and 89%
are homozygous (TPMTH/TPMTH) for the high-activity enzyme
(Weinshilboum, 2001). In Asians, TPMT activity is high with a unimodal
distribution due to the lack of TPMTL allele (Jang et al., 1996). TMT is
responsible for the S-methylation of captopril and ziprasidone, and, most
recently, the S-methylation of the pharmacologically active metabolites of
clopidogrel and prasugrel (Keith et al., 1984; Obach et al., 2012; Kazui
et al., 2014; Liu et al., 2015). Although the gene that encodes TMT has yet
to be identified, it was reported that TMT activity varies 5-fold among the
Caucasian population (Keith et al., 1983b; Glauser et al., 1992).
BI 187004, (4aR,9aS)-1-(1H-benzo[d]imidazole-5-carbonyl)-2,3,4,4a,9,9a-

hexahydro-1H-indeno[2,1-b]pyridine-6-carbonitrile, is an 11b-HSD1 inhibitor
intended to treat type 2 diabetes mellitus (T2D). After a multiple rising-dose
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ABBREVIATIONS: AUC, area under the plasma concentration-time curve; BI 187004, (4aR,9aS)-1-(1H-benzo[d]imidazole-5-carbonyl)-2,3,4,4a,9,9a-
hexahydro-1H-indeno[2,1-b]pyridine-6-carbonitrile; COMT, catechol O-methyltransferase; DCMB, 2,3-dichloro-a-methylbenzylamine; DMSO,
dimethylsulfoxide; ESI, electrospray ionization; FT, Fourier transform; GNMT, glycine N-methyltransferase; HKC, human kidney cytosol; HKM,
human kidney microsome; HLC, human liver cytosol; HLM, human liver microsome; HNMT, histamine N-methyltransferase; HPLC, high-performance
liquid chromatography; HSD, 11b-hydroxysteroid dehydrogenase 1; LC, liquid chromatography; M1, N-methylbenzimidazole regioisomer 1; M14,
N-methylbenzimidazole regioisomer 2; m/z, charge/mass ratio; MRM, multiple reaction monitoring; MS, mass spectrometry; MS/MS, tandem mass
spectrometry; NNMT, nicotinamide N-methyltransferase; SAM, S-(59-adenosyl)-L-methionine; T2D, type 2 diabetes mellitus; THF, tetrahydrofuran;
TMT, thiol S-methyltransferase; TPMT, thiopurine S-methyltransferase; V, formation rate.
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study in Caucasian patients with T2D, during which patients were
administered an 80-mg oral dose of BI 187004 once daily for 14 days, an
abundant N-methylbenzimidazole metabolite [N-methylbenzimidazole
regioisomer 1 (M1)] was identified in plasma. Of eight patients treated,
M1 exposurewas 7-fold higher in four patients, suggesting the involvement
of a polymorphic methyltransferase drug-metabolizing enzyme. The
objective of this study was to identify the polymorphic methyltransferases
responsible for BI 187004 benzimidazole N-methylation.

Materials and Methods

Chemicals and Reagents. Acetic acid, formic acid, SAM, potassium
phosphate monobasic, potassium phosphate dibasic, tolcapone, amodiaquine
dihydrochloride dihydrate, chloroquine diphosphate salt, sulfasalazine, histamine,
1-methylhistamine dihydrochloride, and 1-naphthyl-b-D-glucuronide were
obtained from Sigma-Aldrich (St. Louis, MO). Magnesium chloride hexahydrate
and 6-methylmercaptopurine were purchased from Fisher Scientific (Pittsburgh,
PA). LY78335 [2,3-dichloro-a-methylbenzylamine (DCMB) hydrochloride] and
6-mercaptopurine were from Tocris Bioscience (Bristol, UK). 7-a-Thiospirono-
lactone and 7-a-thiomethyl spironolactone were obtained from Toronto Research
Chemicals (Toronto, ON, Canada). 39,49-Dihydroxyacetophenone was from
Matrix Scientific (Columbia, SC). Pooled HLM (75 males and 75 females,
18–82 years of age) were purchased from Corning Life Sciences (Woburn, MA).
Pooled HLC (26 males and 24 females, 4–76 years of age), HKM (5 males and
3 females, 42–58 years of age), and HKC (2 males and 2 females, 45–62 years of

age) were obtained from Xenotech (Lenexa, KS). Recombinant human (rh)
COMT, rhHNMT, rh nicotinamide N-methyltransferase (NNMT), and rh glycine
N-methyltransferase (GNMT) were from R&D Systems (Minneapolis, MN).
rhTPMT was obtained from Novus Biologicals (Littleton, CO). HPLC-grade
solvents [acetonitrile, methanol, water, and dimethylsulfoxide (DMSO)] were
purchased from Sigma-Aldrich. BI 187004 (Wei et al., 2016), 13C6-BI 187004 (Latli
et al., 2017), M1, and N-methylbenzimidazole regioisomer 2 (M14) were synthesized
internally at Boehringer Ingelheim Pharmaceuticals, Inc. (Ridgefield, CT).

Chemical Synthesis of M1. (4aR,9aS)-2,3,4,4a,9,9a-hexahydro-1H-
indeno[2,1-b]pyridine-6-carbonitrile (0.91 g, 4.59 mmol) and 1-methyl-1H-
benzimidazole-5-carboxylic acid (1.02 g, 95.0%, 5.51 mmol, 1.2 Eq) were added
into a 100-ml round-bottom flask. Anhydrous acetonitrile (5 ml) was added, and
stirring was started to obtain a slurry. Triethylamine (2.56 ml, 18.38 mmol, 4.0
Eq) was added at room temperature. The reaction mixture was cooled to
approximately 3�C and propane phosphonic acid anhydride [3.05 g, 50 wt.% in
tetrahydrofuran (THF), 4.80 mmol, 1.05 Eq] was added dropwise, keeping the
internal temperature below 11�C. The resulting slurry was stirred at room
temperature and monitored by HPLC and LC-MS for conversion. After 20 hours
at room temperature, the reaction reached approximately 98% conversion. Water
(5 ml) was added dropwise, keeping the internal temperature below 35�C.
Subsequently, a 50% sodium hydroxide aqueous solution (1.84 g, 22.97 mmol,
5.0 Eq) was added. The resulting mixture was stirred at room temperature for
2 hours. The mixture was extracted with 2-methyl-THF (2 � 50 ml), and the
layers were separated. The combined organic layers were dried over anhydrous
magnesium sulfate (MgSO4), filtered and concentrated to give a crude oil, which

TABLE 1

HPLC retention time (Rt) and high-resolution MS data for BI 187004 and its metabolites identified in human plasma

Analyte Biotransformation Rt (min) Measured Ion Formula Error (ppm)

BI 187004 Parent 18.1 343.1545 [M + H]+ C21H19ON4 22.6
M1 Benzimidazole N-methylation 18.6 357.1721 [M + H]+ C22H21ON4 3.1
M2 Benzimidazole N-methylation + oxidation 21.4 373.1654 [M + H]+ C22H21O2N4 21.5
M3 Benzimidazole N-oxidation 20.4 359.1502 [M + H]+ C21H19O2N4 20.1
M4 Oxidation + desaturation 21.5 357.1346 [M + H]+ C21H17O2N4 20.1
M5 Oxidation 16.6 359.1496 [M + H]+ C21H19O2N4 21.8
M6 Benzimidazole N-methylation + oxidation 16.9 373.1652 [M + H]+ C22H21O2N4 22.0
M7 Oxidation 16.2 359.1497 [M + H]+ C21H19O2N4 21.7
M8 Benzimidazole N-methylation + oxidation 16.5 373.1651 [M + H]+ C22H21O2N4 22.1
M9 Benzimidazole N-glucuronidation 18.2 519.1866 [M + H]+ C27H27O7N4 21.6
M10 Oxidation + desaturation 17.1 357.1341 [M + H]+ C21H17O2N4 21.5
M11 Di-oxidation 14.6 375.1447 [M + H]+ C21H19O3N4 21.2
M12 Di-oxidation 16.7 375.1442 [M + H]+ C21H19O3N4 22.4
M13 Nitrile hydrolysis 16.1 362.1499 [M + H]+ C21H20O3N3 20.1

Fig. 1. Major metabolic pathways of BI 187004 and corresponding plasma AUC (mean 6 S.D.) from eight patients.
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was purified by flash chromatography (100 g silica gel 230–400 mesh) by elution
with pure ethyl acetate first, and then a solution of 5%–20% methanol in ethyl
acetate. The fractions containing the desired product were pooled together
and concentrated under vacuum to give (4aR,9aS)-1-(1-methyl-1H-benzo[d]-
imidazole-5-carbonyl)-2,3,4,4a,9,9a-hexahydro-1H-indeno[2,1-b]pyridine-
6-carbonitrile (N-methylbenzimidazole regioisomer 1, M1) as an off-white solid
(1.50 g, 91.6% yield). The identity of M1 was confirmed by NMR analysis (1H,
13C, correlation spectroscopy, rotating-frame nuclear Overhauser effect correla-
tion spectroscopy, heteronuclear multiple quantum coherence, and heteronuclear
multiple bond coherence) in DMSO-d6 at 80�C (Supplemental Figs. 1–6). 1H
NMR (CD3SOCD3, 600 MHz, 353 K) d 8.18 (s, 1H), 7.67 (d, J = 1.2 Hz, 1H),
7.63 (s, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.55 (dd, J = 7.8 and 1.8 Hz, 1H), 7.41 (d, J
= 7.8 Hz, 1H), 7.32 (dd, J = 7.8 and 1.8 Hz, 1H), 4.80 (br, 1H), 4.05 (br, 1H), 3.84
(s, 3H), 3.24 (dd, J = 16.2 and 10.8 Hz, 1H), 3.14 (dt, J = 11.4 and 6.6 Hz, 1H),
2.95–3.05 (m, 2H), 1.98–2.04 (m, 1H), 1.59–1.65 (m, 1H), 1.47–1.56 (m, 1H),
1.28–1.36 (m, 1H). 13C NMR (CD3SOCD3, 150 MHz) d 170.45, 147.16, 145.40,
145.29, 142.53, 134.81, 130.34, 129.72, 126.61, 125.67, 120.63, 118.50, 117.31,
109.65, 109.05, 54.80, 41.00, 39.50 (br), 32.16, 30.20, 27.24, 22.44. LC-MS
calculated for C22H20N4O [M + H]+: 357.17, Found: 357.20.

Chemical Synthesis of M14. (4aR,9aS)-2,3,4,4a,9,9a-hexahydro-1H-
indeno[2,1-b]pyridine-6-carbonitrile (0.68 g, 3.44 mmol) and 1-methyl-1H-

benzimidazole-6-carboxylic acid (0.77 g, 95.0%, 4.13 mmol, 1.2 Eq) were added
into a 50 ml round bottom flask. Anhydrous acetonitrile (3.4 ml) was added and
stirring was started to obtain a slurry. Triethylamine (1.92 ml, 13.76 mmol, 4.0
Eq) was added at room temperature. The reaction mixture was cooled to ca. 0�C
and propane phosphonic acid anhydride (1.42 g, 50 wt.% in THF, 2.23 mmol,
0.65 Eq) was added dropwise keeping internal temperature below 11�C. The
resulting clear solution was stirred at room temperature and monitored by HPLC
and LC-MS for conversion. After 18 hours at room temperature, the reaction
reached ca. 93% conversion. Water (3.4 ml) was added dropwise keeping internal
temperature below 35�C. Subsequently, a 50% sodium hydroxide aqueous
solution (1.38 g, 17.20 mmol, 5.0 Eq) was added and the resulting mixture was
stirred at room temperature for 4 hours. The mixture was extracted with 2-methyl-
THF (2 � 50 ml), and the layers were separated. The combined organic layers
were dried over anhydrous MgSO4, filtered, and concentrated to give a crude oil,
which was purified by flash chromatography (100 g silica gel 230–400 mesh)
eluted with pure ethyl acetate first, and then a solution of 5%–30% methanol in
ethyl acetate. The fractions containing the desired product were pooled together
and concentrated under vacuum to give (4aR,9aS)-1-(1-methyl-1H-benzo[d]-
imidazole-6-carbonyl)-2,3,4,4a,9,9a-hexahydro-1H-indeno[2,1-b]pyridine-6-
carbonitrile (M14) as an off-white solid (0.91 g, 74.2% yield). The identity of
M14 was confirmed by NMR analysis (1H, 13C, correlation spectroscopy,

Fig. 2. Accurate mass positive product ion mass spectrum and proposed product ions of BI 187004 reference standard (A); M1 in patient plasma (B), with inset showing an
m/z 353–365; M1 chemical standard (C); and M14 chemical standard (D).
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rotating-frame nuclear Overhauser effect correlation spectroscopy, hetero-
nuclear multiple quantum coherence, and heteronuclear multiple bond
coherence) in DMSO-d6 at 80�C (Supplemental Figs. 7–12). 1H NMR
(CD3SOCD3, 600 MHz, 353 K) d 8.18 (s, 1H), 7.67 (dd, J = 8.4 and 0.6 Hz,
1H), 7.63 (s, 1H), 7.62 (q, J = 0.6 Hz, 1H), 7.55 (dd, J = 7.8 and 1.2 Hz, 1H),
7.42 (d, J = 7.8 Hz, 1H), 7.24 (dd, J = 7.8 and 1.2 Hz, 1H), 4.83 (br, 1H),
4.05 (br, 1H), 3.86 (s, 3H), 3.24 (dd, J = 16.2 and 10.2 Hz, 1H), 3.15 (dt, J =
12.0 and 6.6 Hz, 1H), 2.97–3.07 (m, 2H), 1.99–2.05 (m, 1H), 1.60–1.65 (m,
1H), 1.47–1.56 (m, 1H), 1.29–1.37 (m, 1H). 13C NMR (CD3SOCD3,
150 MHz) d 170.37, 147.16, 145.45, 145.41, 143.60, 133.90, 130.43,
130.35, 126.63, 125.68, 119.59, 118.70, 118.50, 109.05, 108.49, 54.72,
41.02, 39.50 (br), 32.21, 30.23, 27.25, and 22.43. LC-MS calculated for
C22H20N4O ([M + H]+, 357.17; Found, 357.20).

Metabolite Identification. Plasma from eight patients, each of which was
administered an 80-mg oral dose of BI 187004 once daily for 14 days, was
collected on day 14 to identify circulating metabolites. The multiple rising-
dose clinical trial was carried out in compliance with the principles of the
Declaration of Helsinki, in accordance with the International Conference on
Harmonization-Good Clinical Practice, in accordance with applicable regula-
tory requirements and Boehringer Ingelheim standard operating procedures.

All subjects were informed about the trial verbally and in writing by the
investigator and provided written informed consent according to good clinical
practice and local legal requirements before the initiation of any trial-related
procedure.

Initially, individual plasma samples were prepared according to the time-
proportional sample-pooling procedure (Hop et al., 1998) to generate an AUC
pool. The AUC pooled plasma was mixed with two volumes of acetonitrile
containing 0.1% acetic acid, vortexed, and stored at 4�C for 30minutes to improve
plasma protein precipitation. Next, the samples were centrifuged at 10,000g for
10 minutes at room temperature to remove precipitated proteins, and the resulting
supernatant was evaporated to dryness under a stream of nitrogen. The residues
were reconstituted in methanol and 0.1% formic acid in water (1:1, v/v) and
analyzed by LC-MS.

The LC-MS system consisted of an LTQ Orbitrap XL Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA) and Shimadzu LC-20AD Pumps
(Shimadzu Scientific Instruments, Columbia, MD). Chromatographic
separation was performed at ambient temperature using an ACE 3 C18
Column (4.6 � 150 mm, 3 mm; MAC-MOD Analytical Inc., Chadds Ford,
PA), starting with 100% mobile phase A (0.1% formic acid in water) at a
flow rate of 700 ml/min. The HPLC gradient was held at 0% mobile phase B

Fig. 3. Representative MRM chromatograms. (A) Patient plasma spiked with N-methylbenzimidazole regioisomer 1 and 2 chemical standards. (B) M1 identified in patients
treated with BI 187004. (C) Patient plasma spiked with M1 chemical standard. (D) Patient plasma spiked with M14 chemical standard.

Fig. 4. Day 14 exposure of BI 187004, M1, M2, and M3 in
patient plasma after an 80-mg oral dose of BI 187004 ad-
ministered to eight patients for 14 days (*P , 0.001).

N-Methylation of BI 187004 by Thiol S-Methyltransferase 773
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(acetonitrile) for 5 minutes and increased linearly to 68% B in 20 minutes,
followed by an increase to 100% phase B in 5 minutes. After holding at
100% phase B for 5 minutes, the column was re-equilibrated to the initial
condition for 20 minutes; the total run time was 55 minutes. The Orbitrap
was equipped with an electrospray ionization (ESI) source and operated in
positive ion mode. FT-MS full scans at 60,000 resolution full width at half-
maximum and subsequent data-dependent MS/MS scans were acquired.
The source settings were set as follows: capillary temperature at 275�C,
sheath gas flow of 40, auxiliary gas flow of 20, sweep gas flow of 10, source
voltage at 4 kV, capillary voltage at 30 V, and tube lens at 100 V.
The external calibration was performed daily using a Pierce LTQ ESI
positive ion calibration mix (Thermo Fisher Scientific), and the mass
accuracy was within 4 ppm. MS/MS spectra were collected after collision-
induced dissociation fragmentation acquired with an isolation width of
2 Da, normalized collision energy at 30 eV, and activation time of
30 milliseconds.

Methyltransferase Assays. BI 187004 (10 mM, final concentration) was
incubated with 3 mg/ml HLM, HLC, HKM, and HKC, or 1.64 mg/ml
rhHNMT, in 50 mM phosphate buffer (pH 7.4) containing 5 mM
magnesium chloride and 1 mM SAM, in the presence and absence of
isoform-selective chemical inhibitors. The final concentrations of inhib-
itors were 5 mM tolcapone (a COMT inhibitor), 50 mM amodiaquine or
chloroquine (an HNMT inhibitor), 50 mM sulfasalazine (a TPMT in-
hibitor), and 1 mM DCMB (a TMT inhibitor). Additional incubations with
BI 187004 (10 mM) and 1.64 mg/ml rhCOMT, rhNNMT, rhGNMT, and
rhTPMT were conducted in 50 mM phosphate buffer (pH 7.4) containing
5 mM magnesium chloride and 1 mM SAM. Briefly, HLM, HLC, HKM,
HKC, recombinant proteins, and BI 187004 were preincubated with or
without inhibitors for 5 minutes in a water bath at 37�C, followed by the
addition of SAM to commence the reaction. The final incubation volume
was 500 ml and contained #1% of organic solvents. At the desired time
points (0, 2, 4, 6, and 24 hours), the reactions were terminated by adding
two volumes of an ice-cold quench solution (acetonitrile with 0.1% acetic

acid containing 0.25 mM 13C6-BI 187004). The quenched samples were
centrifuged at 3500 rpm for 30 minutes at 4�C. Subsequently, the
supernatants were analyzed by LC-MS to monitor the depletion of BI
187004 and the formation of M1 and M14.

The LC-MS system consisted of an API 4000 Triple Quadrupole Mass
Spectrometer (AB Sciex, Foster City, CA) and Acquity UPLC System
(Waters, Milford, MA). Chromatographic separation was performed at
50�C using a BEH C18 Column (2.1 � 50 mm, 1.7 mm; Waters), starting
with 95% mobile phase A (95% water, 5% acetonitrile, 0.05% acetic acid)
and 5% mobile phase B (95% acetonitrile, 5% water, 0.05% acetic acid) at a
flow rate of 350 ml/min. The HPLC gradient started at 5% B and increased
linearly to 30% B in 10 minutes, followed by an increase to 100% phase B in
0.5 minute. After holding at 100% B for 0.5 minute, the column was
re-equilibrated to initial conditions for 0.5 minute; total run time was
11.5 minutes. Under these conditions, M1 and M14 eluted at 7.6 and
7.2 minutes, respectively, and were detected by multiple reaction monitor-
ing (MRM) at a charge/mass ratio (m/z) of 357.2 → 159.2. The internal
standard, 13C6-BI 187004, eluted at 6.5 minutes and was detected by MRM
transition at m/z 349.2 → 151.2. The mass spectrometer was equipped with
an ESI source and operated in positive ion mode at 500�C with ion spray
voltage set at 5500 V, an entrance potential of 10 V, and an exit potential of
10 V. The curtain gas was set at 30 psi, ion source gas 1 and 2 was set at
60 psi. Calibration standards were freshly prepared in inactive matrices
(mixture of equal volume of HLM, HLC, HKM, HKC, or recombinant
proteins). The linear calibration range was from 0.00234 to 1.20 mM for M1
and M14. The calibration curves were linear with a R2 value of$0.99 using
a 1/x2 weighting factor. Positive control incubations, with and without
selective chemical inhibitors, were conducted to confirm methyltransferase
activity (Supplemental Figs. 13–16).

Data Analysis. The formation rate of M1 and M14 [V (in picomoles per
minute per milligram protein)] and the percentage of inhibition (%) were
calculated utilizing the following equations: A two-sample t test, using SAS
version 9.4 (SAS Institute Inc., Cary, NC) was applied to compare the exposure

Inhibitionð%Þ ¼ ðslope of metabolite formationwithout inhibitor2 slope of metabolite formationwith inhibitorÞ � 100
slope of metabolite formationwithout inhibitor

ð2Þ

Vðpmol=min=mg proteinÞ ¼ slope of metabolite formation ðmMmin2 1Þ � 1000
protein concentration ðmg=mLÞ ð1Þ

Fig. 5. BI 187004 N-methylation in HLM, HLC, HKM, and HKC. Level (micromoles) of M1 (A) and M14 (B) after incubations with BI 187004 in HLM, HLC, HKM, and
HKC (3 mg/ml) at 37�C for 24 hours in the presence of SAM. Data are reported from triplicate incubations (mean 6 S.D.).
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differences of BI 187004 andmetabolites within eight patients. A P value,0.001
was considered to be a statistically significant difference.

Results

Metabolite Profile of BI 187004 in Humans. Thirteen circulating
metabolites were identified in seven male and one female Caucasian
patients dosedwith 80mg of BI 187004 once daily for 14 days (Table 1).
The metabolic pathways of BI 187004 in human plasma were
benzimidazole N-methylation (M1), benzimidazole N-methylation
and oxidation (M2, M8, M6), benzimidazole N-oxidation (M3),
mono-oxidation (M7, M5), dioxidation (M11, M12), oxidation and
desaturation (M4, M10), nitrile hydrolysis (M13), and benzimid-
azole N-glucuronidation (M9). BI 187004 accounted for 83% of
total drug-related material, and the most abundant circulating
metabolites were M1 (8%), M2 (4%), and M3 (3%) in the AUC
pooled plasma samples (Fig. 1). All other metabolites were minor,
accounting for ,1% of the total drug-related material.
M1 Structural Elucidation. The FT-MS/MS analysis of the BI

187004 showed a protonated ion at m/z 343.1542, consistent with a
molecular formula of C21H19ON4 (23.32 ppm). The product ion
spectra of BI 187004 and the characteristic fragmentations are
proposed in Fig. 2A. The major MS fragments of the molecular ion
(m/z 343.1542) were m/z 117.0444 (C7H5N2), m/z 145.0392
(C8H5ON2), m/z 154.0647 (C11H8N), m/z 182.0961 (C13H12N), and
m/z 225.1018 (C14H13ON2). The FT-MS/MS of M1 in human plasma
showed an accurate mass of the protonated ion at m/z 357.1721, which
is consistent with a molecular formula of C22H21ON4 (3.11 ppm) (Fig.
2B: inset). The [M + H]+ of M1 was 14 Da (+CH2) higher than that of
BI 187004, which is indicative of a methylation biotransformation.
The product ion spectral data of M1 and the characteristic fragmen-
tations are proposed in Fig. 2B. The major MS fragments of the
molecular ion (m/z 357.1721) were m/z 131.0612 (C8H7N2), m/z
154.0659 (C11H8N), m/z 159.0561 (C9H7ON2), and m/z 182.0975

(C13H12N). The fragment ions at m/z 159 and m/z 131 were 14 Da
higher than the m/z 145 and m/z 117 fragments of BI 187004,
suggesting that methylation occurred on one of the benzimidazole
nitrogens. All other fragment ions of M1 were also consistent with the
characteristic fragments of BI 187004. The FT-MS/MS of the BI
187004 N-methylbenzimidazole regioisomer chemical standards
showed an accurate mass of the protonated ion at both m/z
357.1717 (regioisomer 1) and m/z 357.1707 (regioisomer 2), which
is consistent with a molecular formula of C22H21ON4 (6 2 ppm). The
product ion spectral data and characteristic fragmentations of each N-
methylbenzimidazole regioisomer chemical standard are proposed in
Fig. 2, C and D, and match theMS/MS fragmentation of M1 identified
in human plasma.
To determine the N-methyl regiochemistry of M1, the BI 187004 N-

methylbenzimidazole regioisomer chemical standards were baseline
separated (resolution = 1.8) with retention times of 7.6 and 7.2 minutes,
respectively (Fig. 3A). The retention time of M1 in patient plasma (Fig.
3B) matched the retention time of N-methylbenzimidazole regioisomer
1, but not with N-methylbenzimidazole regioisomer 2. Additionally, a
mixture of the N-methylbenzimidazole regioisomer 1 standard spiked
into patient plasma produced only one peak (Fig. 3C), whereas a mixture
of N-methylbenzimidazole regioisomer 2 and patient plasma showed
two peaks (Fig. 3D), further confirming M1 as N-methylbenzimidazole
regioisomer 1.
M1 Human Exposure. Among eight patients treated with BI

187004, M1 exposure was 7-fold higher in four patients, indicating a
substantial degree of metabolic variation (P , 0.001 by a two-sample
t test) (Fig. 4). Themean age was 58 years (age range, 43–68 years); four
subjects were ex-smokers, three subjects never smoked, and one subject
smoked during the study. Although there were only eight patients in this
study, there was no apparent trend among M1 exposure, smoking, and
the age of patients within the study. Additionally, there was no
intersubject variation (P . 0.001) regarding the plasma exposure of
M2 and M3, which accounted for 4% and 3% of total drug-related
material, respectively.
In Vitro Methylation of BI 187004. Methyltransferase reac-

tion phenotyping experiments were conducted with HLM, HLC,
HKM, HKC, and recombinant enzyme preparations to determine the
enzyme(s) responsible for BI 187004 N-methylation. Initially, 1 mM BI
187004 was incubated for 1 hour with HLM, HLC, HKM, and HKC
(1 mg/ml) in the presence of SAM. Due to low metabolic turnover, the
incubations were conducted up to 24 hours with 3 mg/ml microsomal or
cytosolic protein and 10 mM BI 187004 (Fig. 5). In addition to M1
formation (Fig. 5A), M14, which was not circulating in patient plasma,
was also observed in each of the in vitro incubations (Fig. 5B). In this

TABLE 2

BI 187004 N-methylation in HLM, HLC, HKM, and HKC

Formation rates (picomoles per minute per milligram protein) of M1 and M14 after
incubations with BI 187004 in HLM, HLC, HKM, and HKC (3 mg/ml) at 37�C for 24 h in the
presence of SAM. Data are reported from triplicate incubations (mean 6 S.D.).

V (pmol/min/mg protein)

M1 M14

HLM 0.96 6 0.04 0.90 6 0.02
HLC 0.53 6 0.01 1.33 6 0.07
HKM 1.68 6 0.01 1.86 6 0.06
HKC 0.10 6 0.01 10.5 6 0.27

Fig. 6. Inhibition of BI 187004 N-methylation in HLM, HLC, HKM, and HKC with selective methyltransferase inhibitors. Evaluation of M1 (A) and M14 (B) formation
rates (pmol/min/mg protein) in the presence and absence of 5 mΜ tolcapone (a COMT inhibitor), 50 mΜ amodiaquine (an HNMT inhibitor), 50 mΜ sulfasalazine (a TPMT
inhibitor), and 1 mM DCMB (a TMT inhibitor). Data are reported from triplicate incubations (mean 6 S.D.).
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experiment, a maximum 2% and 8% of BI 187004 was metabolized to
M1 and M14, respectively, and there was time-dependent formation of
M1 andM14 in all in vitro systems tested. Only 2% ofM1was converted
back to BI 187004 when 10 mM M1 was incubated with human
hepatocytes (data not shown).
The formation rates of M1 and M14 in HLM, HLC, HKM, and

HLC incubations are described in Table 2. M1 was principally
formed in both HLM (0.96 pmol/min/mg protein) and HKM
(1.68 pmol/min/mg protein) incubations. In HLC, the M1 formation
rate was 0.53 pmol/min/mg protein), and in HKC the M1 production
was the lowest (0.10 pmol/min/mg protein) among all of the in vitro
systems tested. However, M14 formation was the highest in HKC
incubations (10.5 pmol/min/mg protein). In HLC, the M14 forma-
tion rate was 1.33 pmol/min/mg protein and was 7.9-fold lower than
that in HKC. The M14 formation rates in liver and kidney
microsomal incubations were 0.90 and 1.86 pmol/min/mg protein,
respectively.
Methyltransferase isoform-selective chemical inhibitors were added

to the HLM, HLC, HKM, and HKC incubations to determine the
specific methyltransferase responsible for BI 187004 methylation (Fig.
6). Tolcapone (a COMT inhibitor), amodiaquine (an HNMT inhibitor),
and sulfasalazine (a TPMT inhibitor) did not prevent M1 formation.
Interestingly, however, DCMB (an inhibitor of TMT) reduced M1
production by 67% in HLC, by 93% in HLM, by 95% in HKM, and by
100% in HKC (Table 3). The M14 regioisomer was not inhibited by
tolcapone in any of the in vitro systems tested. Additionally, sulfasa-
lazine did not inhibit M14 formation in HLC, but partially inhibitedM14
formation by 39% in HKM and HKC, and by 42% in HLM.
Amodiaquine and DCMB inhibited M14 production by 72%–95%
and 56%%–98%, respectively (Table 3).
Subsequently, BI 187004 was incubated with commercially avail-

able human recombinant proteins (rhCOMT, rhHNMT, rhNNMT,
rhGNMT, and rhTPMT) to substantiate the chemical inhibition
results. In all the human recombinant protein incubations, there was
no M1 formation (Fig. 7A). However, SAM-dependent formation of
M14 was observed only in incubations with rhHNMT, and minimally
with rhNNMT (Fig. 7B). The M14 formation during incubations of BI
187004 with rhHNMT was inhibited by chloroquine (an HNMT
inhibitor) (Fig. 7C).

Discussion

BI 187004, an HSD inhibitor, was administered once daily for 14 days
to eight patients with T2D. M1 was identified as the most abundant
metabolite, and its exposure was 7-fold higher in four patients treated
with BI 187004, indicating a substantial degree of metabolic variation.
Although M1 exposure was.10% of total drug-related material in four

of eight patients treated in the study, M1 is a conjugated metabolite
and poses no human safety concern according to the International
Conference on Harmonization guidance M3 (R2) and the US Food
and Drug Administration Metabolites in Safety Testing guidance
(European Medicines Agency, 2009; U.S. Food and Drug Adminis-
tration, 2016). Additionally, drug-drug interaction investigations
were unnecessary because M1 was less polar than BI 187004 and its
exposure was less than 25% of the parent AUC exposurs (European
Medicines Agency, 2012; U.S. Food and Drug Administration,
2017). However, the observed variability noted in the exposure of
M1 may be explained by a human polymorphic methyltransferase,
which could ultimately impact future dose selections andwarrant patient
genotyping in subsequent clinical studies. Therefore, methyltransferase

Fig. 7. BI 187004 N-methylation with human recombinant methyltransferase
enzymes and M14 inhibition by chloroquine. Level of M1 (A) and M14 (B) after
incubations of 10 mM BI 187004 with rhCOMT, rhHNMT, rhNNMT, rhGNMT,
and rhTPMT (1.64 mg/ml) in the presence or absence (open bars) of SAM at 37�C
for 24 hours. Data are reported from triplicate determinations (mean 6 S.D.) except
for n = 1 for rhNNMT, rhGNMT, and rhTPMT in the absence of SAM. MS peak
area ratio (PAR) is defined as the ratio between the analyte and the internal standard.
The concentrations of M1 and M14 were below the limit of quantitation, and,
consequently, MS PAR was plotted on the y-axis in (A) and (B). (C) Evaluation of
M14 formation rates (in picomoles per minute per milligram protein) after
incubations with 10 mM BI 187004 in rhHNMT (1.64 mg/ml) at 37�C for 22 hours
in the presence or absence (closed bars) of 50 mM chloroquine. Data are reported
from triplicate determinations (mean 6 S.D.).

TABLE 3

Inhibition of the formation of M1 and M14 by selective methyltransferase chemical
inhibitors in HLM, HLC, HKM, and HKC

Values are given as percentage.

Inhibition (%)

M1
M14

DCMB Amodiaquine Sulfasalazine DCMB

HLM 93.3 71.7 42.2 87.4
HLC 67.2 85.5 No inhibition 55.8
HKM 94.7 74.5 38.7 94.7
HKC 100 94.7 39.1 97.6
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reaction phenotyping experiments were conducted to determine which
enzyme(s) catalyze BI 187004 N-methylation.
Interestingly, the formation of M1 and M14 was linear during the

extended incubation time course, demonstrating that methyltransferase
enzymes and SAM were thermally stable at 37�C up to 24 hours.
Historically, incubation times for investigating methyltransferase activ-
ity in vitro range from 10 minutes to 2 hours (Van Loon et al., 1985;
Kazui et al., 2014; Liu et al., 2015). From our work, it is noteworthy that,
unlike cytochrome P450 enzymes, methyltransferase enzymes in
microsomal or cytosolic preparations can be incubated at 37�C for
24 hours without the loss of enzyme activity.
In both human microsomal and cytosolic incubations, M1 was

observed, albeit with different formation rates. M1 was principally
formed in both HLM and HKM incubations, with a 1.8-fold higher
formation rate in kidney microsomes. This result indicates that M1 was
primarily formed via a methyltransferase specifically located in
microsomes. DCMB inhibited M1 production in HLM and HKM by
93% and 95%, respectively, providing evidence that M1 is catalyzed by
TMT. Additionally, there was no observed M1 formation utilizing any
commercially available recombinant methyltransferase enzymes
(COMT, HNMT, NNMT, GNMT, or TPMT). In HLC, the M1
formation rate was 1.8-fold lower than in HLM, suggesting that a liver
cytosolic methyltransferase may also contribute to BI 187004 methyl-
ation. Although TMT is notably a microsomal enzyme, TMT activity in
HLC has been previously reported, but only for S-methylation reactions
(Glauser et al., 1992; Liu et al., 2015).
In kidney preparations, M14 formation was dramatically higher in the

cytosolic incubations compared with all of other in vitro systems,
providing evidence that M14 is formed mainly via a soluble methyl-
transferase. Additionally, amodiaquine and DCMB inhibited M14
production, providing evidence that both HNMT and TMT catalyze
M14 formation. In this case, however, it is possible that DCMB,
previously identified as a phenylethanolamine N-methyltransferase
inhibitor (Fuller et al., 1973; Glauser et al., 1993), also inhibited HNMT
in the cytosolic incubations. Although there was no M14 formation in
rhTPMT incubations, the observed partial inhibition of M14 by
sulfasalazine may also be attributed to HNMT inhibition by sulfasala-
zine. M14 was formed in rhHNMT incubations, and its formation was
inhibited by chloroquine (an HNMT inhibitor), thus corroborating that
M14 is formed by HNMT and TMT.
Interestingly, onlyM1was identified in patient plasma. Since theM14

formation rate was 6.3-fold higher in kidney preparations compared with
M1, it is plausible that M14 is clinically formed in the kidney where
HNMT is highly expressed (Preuss et al., 1998), and then is rapidly
excreted into the urine. Although no human samples were available at
the time of our analysis to confirm this hypothesis, future in vitro
experiments will include an investigation of renal transporters involved
in the efflux of M1 and M14.
From a chemical perspective, BI 187004 will likely exist in aqueous

solution as two tautomers. In one tautomer, the benzimidazole NH
electron lone pair can be delocalized all the way through the carbonyl,
whereas the benzimidazole NH electron lone pair of the corresponding
tautomer is only delocalized within the benzimidazole ring. Theoreti-
cally, the NH of the tautomer with the longer electron delocalization
would be more acidic, and thus more reactive, leading to the preferential
formation ofM1.However, in HLM andHKMwhere TMT is expressed,
M1 and M14 are formed at nearly the same rate. We suspect that M1 is
not preferentially formed by TMT, but rather that M14 is regioselec-
tively cleared from the plasma.
In conclusion, TMT solely catalyzed M1 formation in human liver

and kidney microsomal and cytosol preparations based on the observed
67%–100% inhibition of methylating activity by DCMB. This novel

finding confirmed our initial hypothesis that a polymorphic methyl-
transferase may explain clinical data regarding a 7-fold difference in M1
exposure. Additionally, M14 formation was catalyzed by HNMT and
TMT in vitro, demonstrating regioselective N-methylation by HNMT.
Overall, this study provides evidence that TMT has a broad substrate
specificity that is limited not only to S- and O-methylation (Keith et al.,
1983a,b; Weinshilboum, 2006), but also to N-methylation.
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