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In vitro liver metabolism of aclidinium bromide in preclinical animal
species and humans: Identification of the human enzymes involved
in its oxidative metabolism
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A B S T R A C T

The metabolism of aclidinium bromide, a novel long-acting antimuscarinic drug for the maintenance

treatment of chronic obstructive pulmonary disorder, has been investigated in liver microsomes and

hepatocytes of mice, rats, rabbits, dogs, and humans. Due to the rapid hydrolysis of this ester compound,

two distinct radiolabeled forms of aclidinium were studied. The main biotransformation route of

aclidinium was the hydrolytic cleavage of the ester moiety, resulting in the formation of the alcohol

metabolite (M2, LAS34823) and carboxylic acid metabolite (m3, LAS34850), which mainly occurred non-

enzymatically. By comparison, the oxidative metabolism was substantially lower and the metabolite

profiles were similar across all five species examined. Aclidinium was metabolized oxidatively to four

minor primary metabolites that were identified as monohydroxylated derivatives of aclidinium at the

phenyl (M4) and glycolyl (m6 and m7) moieties of the molecule. The NADPH-dependent metabolite m4

involved the loss of one of the thiophene rings of aclidinium. Incubations with human recombinant P450

isoforms and inhibition studies with selective chemical inhibitors and antibodies of human P450

enzymes demonstrated that the oxidative metabolism of aclidinium is primarily mediated by CYP3A4

and CYP2D6. Additionally, up to eight secondary metabolites were also characterized, involving further

hydrolysis, oxidation, or glucuronidation of the primary metabolites. Also, the liver oxidative metabolism

of the alcohol metabolite (LAS34823) resulted in the production of one hydroxylated metabolite (M1)

mediated by human CYP2D6, whereas the acid metabolite (LAS34850) was not metabolized

enzymatically, although a minor non-enzymatic and NADPH-dependent reduction was observed.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Aclidinium bromide (AB) (also known as 3R-(2-hydroxy-2,2-
dithiophen-2-yl-acetoxy)-1-(3-phenoxy-propyl)1-azonia bicyclo
[2.2.2] octane bromide) is a novel, long-acting muscarinic
antagonist [1] undergoing Phase III clinical trials for the mainte-
nance treatment of chronic obstructive pulmonary disorder. This
ester compound displayed non-enzymatic hydrolysis of its ester
bond at neutral and basic pH. Furthermore, AB was rapidly
hydrolyzed in plasma of different animal species and humans to
yield its alcohol (LAS34823) and carboxylic acid (LAS34850)
Abbreviations: AB, aclidinium bromide; BChE, butyrylcholinesterase; CID, collision-

induced dissociation; P450, cytochrome P450; ESI, electrospray ionization; FMO,

flavin-containing monooxigenases; glyc, glycolyl; Kh, hydrolysis rate constant; LC,

liquid chromatography; MRM, multiple reaction monitoring; MS, mass spectrome-

try; m/z, mass-to-charge ratio; phe, phenyl; SPE, solid-phase extraction; TEA,

triethylamine.
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metabolites [2,3]. The main human esterase involved in the
enzymatic hydrolysis of aclidinium was identified as butyrylcho-
linesterase (BChE), which is found mainly in human plasma.
Cytochrome P450-catalyzed ester cleavage was not observed in
human liver microsomes [4].

In vitro incubations with liver microsomes and/or hepatocytes
can be used to predict potential biotransformations in humans and
in those animal species used for preclinical safety studies.
Hepatocyte incubations retain Phase I and Phase II enzyme
activities and are therefore useful in determining overall metabo-
lism. They also mimic in vivo metabolism more accurately than
incubations with subcellular fractions [5]. Previous data using
diagnostic substrates have shown that P450 activities in rat, dog,
monkey, and human hepatocyte suspensions are not significantly
decreased by cryopreservation [6].

The objectives of this study were (a) to compare the in vitro
metabolism of aclidinium in liver microsomes and hepatocytes
of different preclinical animal species and humans; (b) to identify
the oxidative metabolites; and (c) to identify and kinetically
characterize the human enzymes responsible for the oxidative

http://dx.doi.org/10.1016/j.bcp.2010.12.013
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http://www.sciencedirect.com/science/journal/00062952
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Fig. 1. Proposed in vitro metabolic pathways for aclidinium bromide in animal species and humans. Dashed arrows indicate possible paths of metabolite formation. Symbols *

and # denote the positions of 14C-labeled carbon atoms in 14C-phe-AB and 14C-glyc-AB, respectively. Metabolites generated from 14C-phe-AB incubations were coded as ‘‘M’’,

whereas metabolites generated from 14C-glyc-AB incubations were coded as ‘‘m’’.
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metabolism. Due to the hydrolysis mechanism, two distinct
radiolabeled forms of aclidinium were prepared with the radioac-
tive carbon-14 label incorporated into the phenyl or the glycolyl
moieties of the molecule (Fig. 1). The phenotyping reaction of
aclidinium and its hydrolysis metabolites was performed using
human-expressed recombinant P450 isoforms and P450-specific
chemical inhibitors and inhibitory antibodies.

2. Materials and methods

2.1. Chemicals

14C-phenyl-AB (14C-phe-AB, 30.2 mCi/mmol) and 14C-glycolyl-
AB (14C-glyc-AB, 26.0 mCi/mmol) were synthesized at Quotient
BioResearch Ltd. (Northamptonshire, UK). The radiolabeled
hydrolysis products 14C-LAS34823 (23.9 mCi/mmol) and 14C-
LAS34850 (24.4 mCi/mmol) were prepared by basic hydrolysis
from 14C-phe-AB and 14C-glyc-AB, respectively, and further
purification (Pharmacokinetics & Drug Metabolism Department,
Almirall S.A., Barcelona, Spain). All radiolabeled compounds
exhibited purity over 98% (determined by liquid chromatography
[LC] with UV and radiometric detection). Stock solutions of 5 mM
14C-phe-AB and 5 mM 14C-glyc-AB were prepared in 0.1N
HCl:acetonitrile (10:90, v/v). Stock solutions of 5 mM 14C-
LAS34823 and 10 mM 14C-LAS34850 were prepared in aqueous
basic solution containing 20% acetonitrile. Non-radiolabeled
aclidinium (>99% purity), its alcohol metabolite (LAS34823;
[3(R)-hydroxy-1-(3-phenoxy-propyl)-1-azonia-bicyclo[2.2.2]oc-
tane, bromide]) and its carboxylic acid metabolite (LAS34850;
[dithienyl-glycolic acid, sodium salt]), LAS188638 and LAS101563
standards were synthesized at Ranke Quı́mica S.L. (Barcelona,
Spain). Working solutions of 14C-phe-AB and 14C-glyc-AB were
prepared daily before use in 0.01N HCl:acetonitrile (80:20, v/v) to
prevent aclidinium hydrolysis. LC-grade methanol, acetonitrile,
dimethylsulphoxide (DMSO), and triethylamine (TEA) were
obtained from Scharlab S.L. (Barcelona, Spain). Glucose-6-phos-
phate, NADP+, glucose-6-phosphate dehydrogenase, 2-thiophene-
glyoxylic acid, dithienyl-2-ketone, and Krebs–Henseleit medium
with D-glucose were purchased from Sigma–Aldrich (Steinheim,
Germany). Williams’ E medium and other chemicals used in
hepatocyte incubations were purchased from Gibco Invitrogen
(Paisley, UK). All other chemicals used were purchased from
Sigma–Aldrich (Steinheim, Germany).

2.2. Biological materials

CD-1 mouse (male and female), Sprague–Dawley rat (male and
female), New Zealand white rabbit (female), Beagle dog (male), and
human (mixed gender, n = 50 donors) liver microsomes were
purchased from XenoTech (Lenexa, KS, USA). CD-1 mouse (male),
Wistar rat (male), New Zealand white rabbit (female) and human
(mixed gender, n = 10 donors) cryopreserved hepatocytes were
purchased from Celsis International (Chicago, USA). Cryopreserved
Beagle dog (male) hepatocytes were purchased from XenoTech.
Recombinant human P450 (CYP1A1, 1A2, 2C8, 2C9*1, 2C19*1, 2A6,
2B6, 2D6*1, 2E1, 3A4, 3A5, 4A11, 2F2, 4F3A, 4F3B) and flavin-
containing monooxigenases (FMO1, FMO3, and FMO5) expressed
in microsomes of baculovirus-infected cells (SupersomesTM) were



J.J. Albertı́ et al. / Biochemical Pharmacology 81 (2011) 761–776 763
obtained from BD Biosciences (San Jose, CA, USA). All the P450
isoforms contained NADPH-P450 reductase. Selective human P450
antibodies (CYP1A2, 2A6, 2B6, 2C8, 2D6, 2E1, and 3A4/5) were
obtained from Gentest (Woburn, MA, USA).

2.3. Liver microsome incubations

All microsomal incubations were carried out in open-to-air
polyethylene tubes at 37 8C in a shaking water bath. Microsomal
protein (0.5 mg/ml) in 50 mM phosphate buffer (pH 7.4) contain-
ing 3 mM MgCl2, 1 mM EDTA, and co-factor generating system
(1 mM NADP+, 5 mM glucose-6-phosphate and 2.5 units/ml
glucose-6-phosphate dehydrogenase) were placed in a shaking
water bath for 3 min at 37 8C. Reactions were initiated by the
addition of the test compounds (14C-phe-AB and 14C-glyc-AB
incubations) or NADPH-generating system (14C-LAS34823 and 14C-
LAS34850 incubations) to give a final incubation volume of 1 ml.
Incubations were terminated by the addition of 0.5 ml of ice-cold
0.2N HCl. Aliquots of the incubation samples (0.3 ml) in time-
dependent studies were taken at different pre-defined times (15,
30, and 60 min) and terminated by the addition of 0.15 ml of ice-
cold 0.2N HCl. Enzyme kinetics studies in human liver microsomes
were performed under initial linear conditions with respect to
incubation time (15 min for 14C-phe-AB and 14C-glyc-AB and
30 min for 14C-LAS34823 and 14C-LAS34850) and microsomal
protein concentration (0.25 mg/ml for 14C-phe-AB and 14C-glyc-AB
and 0.5 mg/ml for 14C-LAS34823 and 14C-LAS34850). All incuba-
tions were carried out in duplicate, and the concentration of
organic solvent (acetonitrile) was kept below 2% (v/v). Parallel
incubations were always performed in the incubation buffer as a
non-enzymatic hydrolysis evaluation. Sample analysis was con-
ducted using solid phase extraction (SPE)–LC system with
radiometric detection.

2.4. Hepatocyte incubations

Immediately before use, hepatocytes were thawed according
to the recommended protocol. In brief, frozen cells (approxi-
mately 5 � 106 cells/vial) were thawed quickly by gentle shaking
in a 37 8C water bath. Immediately after thawing, the hepatocyte
suspension was diluted with Williams’ E medium (pH 7.4)
supplemented with 2.5 mM dexamethasone, 4 mg/ml insulin,
100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM gluta-
mine, and 10% fetal bovine serum pre-warmed to 37 8C. After
centrifugation (25 8C, 50 � g, 5 min) and medium aspiration, the
hepatocyte pellet was resuspended by gentle inversion in 2.0 ml
of pre-warmed Krebs–Henseleit buffer (pH 7.4) supplemented
with 1 mM CaCl2, 25% NaHCO3, 20 mM HEPES, diluted to 30 ml
with the same buffer and washed once. Hepatocyte viability was
measured using the trypan blue exclusion method. The initial cell
suspension was diluted at 2.1 � 106 viable cells/ml using Krebs–
Henseleit buffer (pH 7.4). Incubations were conducted in
suspension (2 � 106 viable cells/ml in a total volume of 0.1 ml)
for 1 and 2 h in round-bottom glass tubes at 37 8C in an
atmosphere of 5% CO2 and 95% relative humidity (Forma Series II
3121, CO2 water jacketed incubator, Thermo Scientific, Marietta,
OH, USA). Radiolabeled test compounds were incubated at final
concentrations of 20 mM. To minimize P450 inhibition, the
concentration of organic solvent (acetonitrile) was kept below 1%
(v/v). Reactions were terminated by addition of 0.1 ml of ice-cold
acetonitrile/1N HCl (90/10, v/v) and incubation samples were
immediately frozen at �80 8C until analysis using LC with
radiometric detection. All incubations were performed in
triplicate and parallel incubations with 75 mM 7-ethoxycou-
marin were also performed as a positive control for Phases I and II
metabolism.
2.5. Incubations with human recombinant P450 and FMO isoforms

The compounds 14C-Phe-AB (5 mM), 14C-Glyc-AB (5 and
25 mM), and 14C-LAS34823 (5 mM) were incubated in duplicate
at 37 8C for 15, 30 and 60 min, respectively, with a panel of
recombinant human P450 enzymes (CYP1A1, 1A2, 2B6, 2C8, 2C19,
2D6, 2E1, 3A4, 3A5, 4F2, 4F3A, 4F3B, CYP2A6, 2C9, and 4A11) at
25 pmol of P450/ml and with recombinant FMO1, FMO2, and
FMO3 at 0.2 mg of protein/ml. Protein concentration in recombi-
nant human P450 incubations was normalized (0.25 mg/ml) using
insect control protein, without esterase and P450 activity. The
incubation conditions and sample workup were similar to those
described above (Section 2.3).

2.6. Chemical and antibody inhibition studies

Incubations were conducted in human liver microsomes as
described above at the following test substance concentrations:
5 mM (14C-LAS34823), 5 and 25 mM (14C-phe-AB and 14C-glyc-AB,
respectively) in a final volume of 1 ml. The selective chemical
human P450 inhibitors assayed and final concentrations were
1 mM a-naphthoflavone (CYP1A2), 2.5 mM 8-methoxypsolaren
(CYP2A6), 10 mM quercetin (CYP2C8), 10 mM sulfaphenazole
(CYP2C9), 10 mM omeprazole (CYP2C19), 10 mM quinidine
(CYP2D6), 2 mM ketoconazole (CYP3A4), and 2.5 mM 4-methyl-
pyrazole (CYP2E1). After 3 min of pre-incubation at 37 8C,
reactions were started by addition of the NADPH generating
system (14C-LAS34823) or the test substance (14C-phe-AB and 14C-
glyc-AB). After 15 min (14C-phe-AB and14C-glyc-AB) or 30 min
(14C-LAS34823), reactions were stopped by the addition of 0.5 ml
ice-cold 0.2N HCl. Incubations in the presence of the irreversible
CYP2A6 inhibitor 8-methoxypsolaren were preceded by 15 min of
pre-incubation time with NADPH before the addition of the test
compounds. The final concentration of acetonitrile in the incuba-
tion mixtures was 0.7%. To determine the effect of anti-P450
monoclonal antibodies on the metabolism of 14C-LAS34823, 14C-
phe-AB, and 14C-glyc-AB, incubations were conducted in the
presence of 5 ml antibody/100 mg microsomal protein in all cases
except for CYP3A4 antibody (10 ml/100 mg). The different mono-
clonal human P450 antibodies were added to human liver
microsomes (0.5 ml) and incubated for 20 min on ice. Incubations
were conducted as described above in a final volume of 1 ml. The
final concentration of acetonitrile in the incubation mixtures was
0.2%. All incubations were carried out in duplicate. Sample analysis
was conducted using SPE–LC system with radiometric detection.

2.7. LC analysis with radiometric detection

2.7.1. Method A

Microsomal incubation samples were centrifuged for 10 min
(4 8C) at 2000 � g (Heraeus Omnifuge 2.0RS, Heraeus Sepatech
GmbH, Osterode, Germany), and the supernatant (1.5 ml) was
analyzed by on-line SPE (Prospekt, Spark-Holland, Emmen,
Netherlands) coupled to LC (Waters Alliance 2695 system, Milford,
MA, USA) with radiometric flow scintillation detection (Packard
150TR, PerkinElmer, Downers Grove, IL, USA), and UV detection at
220 and 240 nm (Waters 2996 Photo Diode Array). Briefly,
following activation of an SPE Waters Oasis HLB cartridge
(10 � 2 mm, 30 mm, 15 mg) with 1 ml of methanol and condition-
ing with 1 ml of pure water, incubation samples (1.5 ml) were
passed through the cartridges and cleaned up with 0.5 ml of
40 mM formic acid. The compounds retained were eluted directly
into the LC column using the mobile phase for 20 min.
Chromatographic separation was achieved using a Symmetry
C18 column (250 � 4.6 mm; 5 mm; Waters), eluted at a constant
flow rate of 1 ml/min. The mobile phase consisted of (A) 40 mM
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ammonium formate containing 0.1% triethylamine (pH 4.5) and (B)
acetonitrile as solvents. Samples were separated using a linear
gradient from 10% to 55% B within 30 min. The mobile phase was
returned to the starting solvent mixture in 1 min and the system
equilibrated for 8 min between runs. Incubation samples during LC
analysis were always kept at 4 8C in order to prevent aclidinium
ester cleavage. Chromatographic data were processed using
Millenium32 software, version 3.2 (Waters). The analytical method
was validated for selectivity, linearity, quantitation limit, intra-
and inter-batch precision and accuracy, recovery, and stability,
demonstrating the suitability of this method for the quantitative
measurements of test compounds and their respective metabo-
lites.

2.7.2. Method B

Hepatocyte incubation samples were centrifuged for 10 min
(4 8C) at 2000 � g and the supernatant was analyzed by LC with
radiometric detection. Chromatographic separation was achieved
using a Luna Phenyl-Hexyl column (250 � 4.6 mm; 5 mm;
Phenomenex, Torrance, CA, USA) and eluted at a constant flow
rate of 0.8 ml/min. The mobile phase consisted of mixtures of (A)
1 M ammonium acetate:water:acetonitrile (10:890:100, v/v/v)
and (B) 1 M ammonium acetate:water:acetonitrile (10:290:700, v/
v/v). An initial proportion of 10% B was maintained for 1 min after
sample injection (75 ml), followed by a linear gradient from 10% to
90% B within 7 min. B was maintained at 90% for 12 min and the
mobile phase was returned to the starting solvent mixture in
1 min. The system was equilibrated for 7 min between runs. All LC
analysis samples were also kept at +4 8C in order to prevent
aclidinium ester cleavage. Chromatographic data were processed
as described above.

The designation of the individual metabolites was coded to
specify the structure and the origin of the biotransformation
product. Thus, the initial letter refers to the parent compound
origin: ‘‘M’’ metabolites formed from 14C-phe-AB and 14C-
LAS34823 incubations, and ‘‘m’’ metabolites formed from 14C-
glyc-AB and 14C-LAS34850 incubations. The number given to a
metabolite corresponds to a specific chemical entity identified
according to the observed chromatographic retention time in the
radiochromatograms. For example, metabolites M4 and m5
correspond to the same biotransformation product obtained in
14C-phe-AB or in 14C-glyc-AB incubations, respectively. Other
minor LAS34823, LAS34850, and aclidinium metabolites were
coded as M/m, followed by a lower-case subscript letter (e.g.: Mf).
The identification of metabolites was based on comparison with
standards and LC–MS/MS analysis.

2.8. LC–MS and LC–MS/MS analysis

The LC–MS system used for analysis of incubation supernatants
consisted of an Agilent 1100 LC separation module (Waldbronn,
Germany) coupled to an API Sciex 3000 triple quadrupole mass
spectrometer (PerkinElmer, Boston, MA, USA). Chromatographic
separation was achieved using a Symmetry C18 column
(100 � 2.6 mm; 3.5 mm; Waters) with elution at a constant flow
rate of 0.5 ml/min. The mobile phase consisted of (A) 10 mM
ammonium formate at pH 4.5 and (B) acetonitrile as solvents. An
initial proportion of 100% A was maintained for 2 min after sample
injection, followed by a linear gradient from 0% to 45% B within
28 min. The mobile phase was returned to the starting solvent
mixture in 1 min, and the system was equilibrated for 7 min
between runs. Mass spectrometry was conducted with electro-
spray ion source operating in positive ion mode (AB, LAS34823 and
their metabolites) or negative ion mode (AB, LAS34850 and their
metabolites). The ion spray interface temperature was set at 450 8C
(positive mode) and at 250 8C (negative mode) using nitrogen as a
nebulizing gas. LC/MS and LC/MS/MS experiments were performed
at a voltage between 2.0 and 4.5 kV (positive mode) and 1.5 kV
(negative mode). The collision energy was between 30–45 eV in
positive mode and 5–30 eV in negative mode.

Metabolite identification was established by comparison with
synthetic standards, when available, using retention time and
mass spectral data.

2.9. NMR analysis

M1 (approximately 50 mg) isolated from an incubation of non-
radiolabeled LAS34823 with rat and rabbit liver microsomes in the
presence of NADPH was characterized using 1H nuclear magnetic
resonance (NMR). The 1H NMR spectrum was recorded in a Varian
Mercury-plus NMR spectrometer (Palo Alto, CA, USA) at 400 MHz.
The sample was dissolved in deuterated DMSO-d6. Chemical shifts
were reported in the d scale (ppm) by using DMSO-d6 signal at
2.49 ppm as a reference.

2.10. Statistics and data analysis

Data from kinetic studies were analyzed by non-linear
regression analysis with Grafit 5.0 (Erithacus Software, Staines,
UK) using models for Michaelis–Menten kinetics, biphasic kinetics,
or sigmoidal kinetics. In those cases where non-enzymatic
hydrolysis occurred, the determination of the apparent Michae-
lis–Menten parameters (Km and Vmax) and non-enzymatic hydro-
lysis rate constant (Kh) were carried out using the following
equation [4]:

y ¼ Vmax½S�
Km þ ½S�

þ Kh½S�

where y is the formation rate, [S] is the substrate concentration,
Km is the apparent Michaelis–Menten constant, Vmax is the
apparent maximum velocity, and Kh is the non-enzymatic
hydrolysis rate constant. The goodness-of-fit criteria used to
select the model comprised visual inspection, consideration of the
randomness of residuals, and the standard error of the param-
eters.

3. Results

3.1. Validation of the LC method with radiometric detection

The oxidative and NADPH-dependent metabolites of 14C-phe-
AB and 14C-glyc-AB were formed at a very low extent. Therefore,
on-line SPE was necessary to improve the sensitivity of the
radiometric detection method. To ensure the applicability of this
method for the analysis of incubation samples, the method was
fully validated for accuracy, precision, linearity, limit of quantita-
tion, and compound stability. Overall, the analytical method
demonstrated its suitability for the quantitative measurement of
AB metabolites originated in vitro. The extraction recovery for test
compounds and oxidative and hydrolysis metabolites ranged from
80% to 108%. For each day of incubation, calibration standards
(n = 5, r > 0.995) and quality-control samples (n = 2 at three
different concentrations) of the corresponding radiolabeled test
compounds were prepared in incubation buffer and treated as
incubation samples. Intra- and inter-batch precision and accuracy
of measurements of quality-control samples, expressed as coeffi-
cient of variation, were always lower than 10% at all concentration
levels. Following incubations of 14C-phe-AB, 14C-glyc-AB, 14C-
LAS34823, and 14C-LAS34850 in human liver microsomes in the
presence of NADPH, the supernatant recoveries based on total
radioactivity peak area (sum of peak areas of all metabolites and
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remaining parent compound) were, in all cases, greater than 85%
with respect the radioactivity peak area of the test compound in
control incubations. All test compounds were shown to be stable
during the sample analysis.

3.2. Metabolism of aclidinium bromide in liver microsomes

Incubations of 14C-phe-AB and 14C-glyc-AB in liver microsomes
(0.5 mg protein/ml) of animal species and humans were conducted
at a concentration of 50 mM in order to detect minor metabolites
formed during incubations. Both radiolabeled forms of AB were
incubated for 60 min in order to evaluate differences in their
metabolism. Aclidinium was shown to be an unstable ester in the
incubation buffer (pH 7.4). A species comparison of the overall
metabolism of 14C-phe-AB after 60 min of incubation is repre-
sented in Fig. 2. The hydrolysis half-life in the assay buffer (pH 7.4,
37 8C) was around 70 min. The in vitro disappearance half-life of
14C-phe-AB in the absence of NADPH followed the rank order rat
(male, female), 100 min � human, 93 min > mouse (male),
42 min �mouse (female), 37 min > dog 19 min � rabbit, 16 min.
The results obtained following incubation of 14C-glyc-AB were
similar to those obtained with 14C-phe-AB. Possible metabolites
other than the hydrolysis metabolites (LAS34823 and LAS34850)
were not observed in incubations without NADPH, suggesting that
the oxidative metabolism of AB in liver microsomes is primarily
mediated by P450.

According to these results, enzymatic hydrolysis of aclidi-
nium in human and rat liver microsomes was not observed,
suggesting that the potential presence of esterases responsible
for AB hydrolysis in the microsomal fractions of these two
species has little relevance. To confirm this, additional incuba-
tions of 14C-phe-AB (5 mM) in human liver microsomes (1 and
2 mg/ml) were investigated in the absence of NADPH and
incubation buffer. There were slight differences in the formation
of the hydrolysis metabolites between human liver microsomes
and the incubation buffer. In fact, the net enzymatic hydrolysis
of AB at 2 mg/ml was less than 20% after 60 min of incubation.
These results are in agreement with previous studies where
BChE content was demonstrated to be low in human liver
microsomes and consequently, the enzymatic hydrolysis of AB
had little scientific relevance compared to non-enzymatic
hydrolysis [4].

Additional oxidative metabolism of aclidinium was observed in
the presence of NADPH. In this case, the in vitro disappearance
half-life value for the overall metabolism of 14C-phe-AB followed
the rank order rat (female), 73 min > rat (male), 56 min � human,
52 min > mouse (male, female), 23 min > dog 13 min � rabbit,
8 min. Similar values were also obtained for 14C-glyc-AB.
The radioactive metabolite profiles of liver microsomal
incubations of 14C-phe-AB and 14C-glyc-AB (50 mM) with NADPH
were qualitatively similar across species and representative
chromatograms are shown in Fig. 3. After incubation of 14C-phe-
AB, the major metabolite observed in all species was M2
(LAS34823, alcohol metabolite), whilst other minor and NADPH-
dependent metabolites M1, M3, M4, M5, and M6 were also
observed in different species. In the same way, the acid metabolite
m3 (LAS34850) and metabolite m2 were the main metabolites in
14C-glyc-AB incubations. In addition, trace amounts of other
metabolites (m1, ma, m4, and m5) were also observed in some
species.

Incubation of 14C-LAS34823 with pooled human liver micro-
somes revealed the NADPH-dependent metabolism of this
compound to metabolite M1 (Fig. 3). Traces of other hydroxylated
LAS34823 metabolites were also observed using MS/MS detection
(Section 3.4.14).

After incubation of 14C-LAS34850 in incubation buffer, a
radioactive peak was observed with a retention time of
31.5 min. The formation of this compound was independent of
the incubation time. According to its chromatographic retention
time and comparison of the MS spectra with a commercial
standard, this artifact was identified as the compound di-2-thienyl
ketone (see below). In the presence of NADPH-generating system,
the artifact disappeared and a new radioactive peak (tret 19 min)
named ma was detected (Fig. 3). The formation of ma was very
rapid and did not increase with incubation time. Further
investigations at different microsomal protein concentrations
(0.25, 0.5, and 1 mg/ml) demonstrated that ma formation was
non-enzymatic and dependent only on NADPH. This point was
confirmed by performing additional incubations where the
presence of NADP+ (oxidized form) in buffer solution failed to
generate ma (results not shown). The chemical structure of ma was
tentatively elucidated by LC–MS/MS as the compound 2-dithie-
nylacetic acid (see below). The presence of an acidic moiety in the
chemical structure of ma was also confirmed by the chro-
matographic behaviour of this compound, increasing its retention
time with decreasing pH of the mobile phase in the same way
observed for LAS34850. No other radioactive peaks were observed
in the chromatograms, which suggests that enzymatic metabolism
of LAS34850 does not occur.

The metabolites found in liver microsomal incubations of 14C-
phe-AB and 14C-glyc-AB are summarized in Tables 1 and 2,
respectively.

3.3. Metabolism of aclidinium bromide in hepatocytes

The stability of AB in Krebs–Henseleit incubation medium (pH
7.4) showed an apparent elimination half-life (t1/2) of 56 min,
indicative of considerable non-enzymatic hydrolysis in the
incubation conditions. The percentages of metabolism for 14C-
phe-AB and 14C-glyc-AB were high in all species evaluated after 2 h
of incubation, ranging from 60% (human) to almost 100% (rabbit).

The major radioactive metabolites of 14C-phe-AB (20 mM) in
all species were M2 (LAS34823) and M1 (LAS188638). Represen-
tative chromatograms obtained in rabbit and human hepatocytes
are shown in Fig. 4. Rabbit hepatocytes showed the highest rate of
M1 formation (around 50%) and intermediate values (between 9%
and 16%) were observed for mouse, rat and human hepatocytes.
In contrast, dog hepatocytes showed the lowest formation of M1
(Table 1). Also, two polar radioactive metabolites were observed
in mouse, rat, and rabbit hepatocytes. Their structures were
identified by LC–MS/MS as the glucuronide conjugates of M1 and
M2, i.e., M1gluc and M2gluc, respectively (see below). Rabbit
hepatocytes produced the highest amount of glucuronide
conjugates. Although M1 and M2 were generated to a similar



Fig. 3. Representative chromatograms (Method A) showing metabolite profiles of 50 mM 14C-phe-AB and 14C-glyc-AB in phosphate buffer (A, B), 50 mM 14C-phe-AB and 14C-

glyc-AB in human liver microsomes (HLM) with NADPH (C, D), 10 mM 14C-LAS34823 in human liver microsomes with NADPH (E), and 10 mM 14C-LAS34850 in phosphate

buffer and human liver microsomes with/without NADPH (F).

J.J. Albertı́ et al. / Biochemical Pharmacology 81 (2011) 761–776766
extent in incubations, M2gluc was formed at much lower levels
than M1gluc. Thus, it is reasonable to propose that M1
glucuronidation occurs at the hydroxyl moiety located at the
para position of the phenyl ring.
Table 1
Metabolites of 14C-phe-aclidinium bromide detected in liver microsomes and hepato

generating system) and hepatocytes (2 M cells/ml) for 60 and 120 min, respectively. Re

Metabolite RT Mouse (m) Mouse (f) Rat

Liver microsomes

M1 6.2 (8.8) 3.7 3.5 7.1

M2 12.6 (13.2) 75.7 75.4 36.

M3 19.9 (20.2) d ND ND

M4 21.8 (22.4) 1.1 1.3 2.0

M5 22.6 (25.3) d 1.3 1.4

M6 23.1 (25.4) 0.9 1.0 2.0

Hepatocytes

M1gluc 3.9B (3.9) 2.7 – 2.5

M2gluc 4.4B (4.4) 0.5 – 0.6

M1 8.7B (8.8) 15.9 – 13.

M2 12.2B (13.2) 73.1 – 59.

Mean values from duplicate (liver microsomes) and triplicate (hepatocytes) experimen

m, male; f, female; mix, mixed gender.

RT, retention time (minutes) using method A, if not otherwise indicated. In brackets, r

–: assay not performed.

ND, not detected, below 0.5% of total radioactive peak area.

d, metabolite detected at shorter incubation times.

Metabolites generated from 14C-phe-AB incubations were coded as ‘‘M’’. Metabolites M1g

and M6 were not observed in hepatocyte incubations.
The major radioactive metabolite of 14C-glyc-AB (20 mM) in all
species was m3 (LAS34850), which accounted for 85%, 51%, 100%,
72%, and 64% in mouse, rat, rabbit, dog, and human hepatocytes,
respectively. Two minor polar metabolites were also observed in
cytes. 14C-phe-AB was incubated with liver microsomes (0.5 mg/ml and NADPH-

sults expressed as percentage of total peak area of the radiochromatograms.

(m) Rat (f) Rabbit (f) Dog (m) Human (mix)

4.3 8.2 9.3 0.9

5 36.5 91.0 85.7 47.5

ND d ND 2.1

1.1 d 0.9 2.5

ND ND ND 0.7

ND d ND 1.1

– 14.8 ND ND

– 1.4 ND ND

9 – 51.2 1.7 9.2

5 – 32.6 87.3 76.2

ts.

etention times using LC–MS/MS.

luc and M2gluc were not observed in microsomal incubation, whereas M3, M4, M5,



Table 2
Metabolites of 14C-glyc-aclidinium bromide detected in liver microsomes and hepatocytes. 14C-glyc-AB was incubated with liver microsomes (0.5 mg/ml and NADPH-

generating system) and hepatocytes (2 M cells/ml) for 60 and 120 min, respectively. Results expressed as percentage of total peak area of the radiochromatograms.

Metabolite RT Mouse (m) Mouse (f) Rat (m) Rat (f) Rabbit (f) Dog (m) Human (mix)

Liver microsomes

m1 4.4 (1.5) 3.1 2.3 ND ND 1.8 ND 2.5

m2 5.1 (3.0) 23.5 29.9 15.5 9.6 19.5 16.3 13.7

m3 14.2 (16.6) 57.2 52.6 33.1 36.0 74.1 76.1 33.7

ma 19.3 (18.6) 3.4 3.0 2.8 2.0 4.6 4.9 2.8

m4 (M3) 19.9 (20.2) d ND d ND d ND 3.1

m5 (M4) 21.8 (22.4) 1.2 1.3 1.7 0.9 d 1.4 3.3

m6 (M5) 22.6 (25.3) ND 1.0 1.0 ND ND ND ND

m7 (M6) 23.1 (25.4) ND 0.9 ND 1.5 ND ND ND

Hepatocytes

mx 3.5B (ND) 0.5 – 0.9 – ND 0.8 ND

m1 ND ND – ND – ND ND ND

m2 3.9B (3.0) 1.4 – 6.7 – ND 0.8 ND

m3 8.1B (16.6) 85.4 – 50.6 – 100 71.8 63.7

ma ND ND – ND – ND ND ND

Mean values from duplicate (liver microsomes) and triplicate (hepatocytes) experiments.

m, male; f, female; mix, mixed gender.

RT, retention time (minutes) using method A, if not otherwise indicated. In brackets, retention times using LC–MS/MS.

–: assay not performed.

ND, not detected, below 0.5% of total radioactive peak area.

d, metabolite detected at shorter incubation times.

Metabolites generated from 14C-glyc-AB incubations were coded as ‘‘m’’. Metabolite mx, was not observed in microsomal incubation, whereas m4, m5, m6, and m7 were not

observed in hepatocyte incubations.

Fig. 4. Representative chromatograms (Method B) showing metabolite profiles of 14C-phe-AB and 14C-glyc-AB in human hepatocytes (A, B), 14C-phe-AB and 14C-glyc-AB in

rabbit hepatocytes (C, D), 14C-LAS34823 and 14C-LAS34850 in human hepatocytes (E, F). Test substances were incubated at a final concentration of 20 mM.
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mouse, rat, and dog cryopreserved hepatocytes. One of these minor
metabolites was identified as 2-thiopheneglyoxylic acid (m2),
accounting for 1–7% of total radioactivity. Metabolite mx was only
observed in mouse, rat, and dog hepatocytes at a very low
concentration (Table 2).

Metabolite m2 was only observed in 14C-glyc-AB incubations
and not in 14C-phe-AB incubations (Table 2, Fig. 3), which supports
the hypothesis that the metabolic attack took place at the
thiopheneglyoxylic moiety of the molecule. Nevertheless, this
metabolite was not observed following incubation of 14C-
LAS34850, suggesting that m2 might originate from the parent
compound only.
Fig. 5. MS/MS spectra of (A) aclidinium bromide, (B) metabol
Following incubation of 14C-LAS34823 (20 mM) with human
hepatocytes, only M1 (LAS188638) was observed, accounting for
28% of the radioactivity after an incubation time of 2 h. The acid
metabolite 14C-LAS34850 (20 mM) was not metabolized by human
hepatocytes during the 2 h of incubation (Fig. 4).

3.4. Metabolite identification

The identification of metabolites was based on comparison with
standards (when available) using LC-ESI-MS/MS in either positive
or negative mode depending on the compound or metabolite of
ite M2 (LAS34823), and (C) metabolite M1 (LAS188638).
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interest. The exact position of hydrolylation on the terminal phenyl
ring of M1 was conducted using 1H NMR.

3.4.1. Aclidinium bromide

The MS/MS spectrum of aclidinium in positive mode gave a
major fragment ion at m/z 262, corresponding to the molecular ion
of the alcohol derivative LAS34823. This fragment ion m/z 262 led
to the sequential loss of H2O (m/z 244) and H2C55CH2 (m/z 216) as
shown in Fig. 5A. This fragmentation pattern is in accordance with
the MS/MS fragmentation of different N-alkyl derivatives of 3-
quinuclidinol molecules described by Bednár et al. [7].

3.4.2. Metabolite M2 (LAS34823)

LC–MS analysis of LAS34823 using ESI in positive mode showed
a molecular ion [M+] of m/z 262. The product ion spectrum showed
a fragment ion of m/z 140 as the most abundant. The fragment ions
observed at m/z 168 and 107 suggest the loss of the phenox-
ymethyl moiety. The fragment of m/z 135 points to the loss of the
phenoxypropyl moiety (Fig. 5B).

3.4.3. Metabolite M1 (LAS188638)

This metabolite presented a molecular ion [M+] at m/z 278. The
fragments obtained at m/z 168, 140, and 124 were also observed in
the spectrum of M2 (LAS34823), which suggests that the 3-
quinuclidinol moiety remains unchanged. The observed fragments
at m/z 123 (107 + 16 amu) and 151 (135 + 16 amu) clearly suggest
hydroxylation at the phenyl ring (Fig. 5C). In order to determine the
exact position of hydroxylation, this metabolite was isolated and
purified from rat and rabbit liver microsomal incubations for further
analysis by 1H NMR. The integrals of the aromatic region revealed
that the point of hydroxylation was at the 4-position, since the
spectrum showed two doublets (at a proportion 1:1) with a coupling
constant of J = 8 Hz. This was later confirmed with the synthesis of
the authentic standard. The LC–MS/MS analysis showed the same
chromatographic retention time and mass fragmentation for both
M1 and the authentic standard (LAS188638).

3.4.4. Metabolites M1gluc and M2gluc

The formation of these conjugated metabolites was observed in
hepatocyte incubations of 14C-Phe-AB, and their identification was
conducted using the LC–MS/MS in multiple reaction monitoring
(MRM) mode. The theoretical transitions corresponding to the loss
of the glucuronic acid moiety (176 Da) of the potential glucur-
onides of M1 and M2 (m/z 454 > 278 and m/z 438 > 262,
respectively) were monitored. The radioactive peak with a
Table 3
MS and MS/MS spectral data of 14C-glyc-AB metabolites.

Metabolite MS spectra

m/z Tentative assignation

m3

(LAS34850)

285 (15)

239 (91)

195 (100)

137 (5)

[M + HCOO]�

[M�H]�

[M�H�CO2]�

na

m1

(LAS101563)

203 (20)

157 (100)

113 (20)

[M + HCOO]�

[M�H]�

[M�H�CO2]�

m2

(2-thiopheneglyoxylic acid)

201 (5)

155 (100)

89 (7)

83 (55)

[M + HCOO]�

[M�H]�

na

[C4H3S]�

ma

(LAS101565)

269 (77)

223 (61)

179 (100)

[M + HCOO]�

[M�H]�

[M�H�CO2]�

Data in parenthesis: relative abundance (%) in the spectrum.

na: not assigned.

–: MS/MS spectrum not performed.
retention time of 4.4 min showed a peak at the MRM transition
of m/z 454 > 278, which corresponds to a glucuronide of M1.
Similarly, the radioactive peak observed at 5.1 min presented a
peak at the transition m/z 438 > 262, which strongly suggests the
formation of a glucuronide derivative of metabolite M2. Additional
incubations of rabbit and mouse hepatocyte samples with b-
glucuronidase from Helix Pomatia demonstrated a decrease in the
radioactive peak areas, although both glucuronide metabolites
were highly resistant to enzymatic hydrolysis (results not shown).

3.4.5. Metabolite m3 (LAS34850)

This compound presented two major peaks at m/z 239 and m/z
195 in negative ESI mode (Table 3). The fragment of m/z 239
corresponds to the molecular ion [M� H]�, whereas the fragment m/
z 195 may be assigned to decarboxylation (in source collision-
induced dissociation) of the molecular ion [8]. Additionally, a minor
ion at m/z 285 was consistent with the formation of an adduct with
the formate present in the mobile phase [M + HCOO]�, a common
process described in the literature [9,10]. The product ion mass
spectrum of m/z 239 gave only the fragment of m/z 195, suggesting
the loss of CO2 from the carboxylic acid group. The mass
fragmentation of the product ion of m/z 195 gave a main fragment
ion at m/z 83, which is in accordance with the loss of a thiophene ring.

3.4.6. Metabolite m1 (LAS101563)

MS/MS (negative mode) characterization showed the molecular
ion at m/z 157 and a peak at m/z 113 (Table 3). Moreover, a formate
adduct was also observed in the MS spectrum (157 + 46),
confirming the presence of a carboxylic acid moiety in its structure,
as observed for LAS34850 and m2. The chromatographic retention
time and the mass fragmentation were identical to those of the
authentic standard LAS101563 (hydroxyl-2-thienylacetic acid).

3.4.7. Metabolite m2 (2-thiopheneglyoxylic acid)

The MS (negative mode) spectrum showed a molecular ion at
m/z 155. The peak observed at m/z 201 would be also compatible
with the formation of an adduct with formic acid (Table 3). Further
MS/MS characterization gave a single fragment at m/z 83,
corresponding to the thiophene ring. The LC-MS analysis showed
the same chromatographic retention time and mass fragmentation
of the authentic standard 2-thiopheneglyoxylic acid.

3.4.8. Metabolite ma (LAS101565)

The full scan spectrum (negative mode) presented peaks at m/z
269, m/z 223, and m/z 179 (Table 3). The peak of m/z 223
MS/MS spectra

Relevant product ions (m/z)

239 (100); 195 (35)

239 (20); 195 (100)

195 (100); 83 (10)

–

–

157 (15); 113 (100)

–

201 (50); 155 (100)

155 (15); 83 (100)

–

–

269 (75); 223 (63); 179 (100)

223 (100); 179 (100)

178/179 (75/50); 146/147 (75/50); 133 (92); 107 (80); 83 (100)



Fig. 6. MS/MS spectra of (A) M3/m4 and (B) M4/m5 metabolites.
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corresponds to the molecular ion [M � H]�. The peak observed at
m/z 269 is compatible with the formation of a formate adduct,
which was confirmed by further MS/MS analysis. The fragment of
m/z 195 may be assigned to the decarboxylation of the molecular
ion, in analogy to LAS34850 and other acidic metabolites. Product
ion spectrum of m/z 179 showed abundant ions at m/z 178, 146,
133, 107, and 83. The LC–MS analysis showed the same
chromatographic retention time of the authentic standard
LAS101565.

3.4.9. LAS34850 artifact

In incubations of 14C-LAS34850 in phosphate buffer, a
radioactive chromatographic peak appeared at a retention time
of 31.4 min (Fig. 3), which was associated with a degradation
product or artifact of LAS34850. The commercially available
compound dithienyl-2-ketone presented the same retention time
and identical UV spectrum with a lmax at 315 nm. Further analysis
using the LC–MS method confirmed identical retention times
(26.6 min) and identical mass fragmentation pattern in positive ESI
mode (molecular ion at m/z 195). Product ion scans of m/z 195
showed a fragment at m/z 111, corresponding to the loss of one
thiophene ring. This compound was not ionizable in negative ESI
mode.

3.4.10. Metabolite M3/m4

The MS/MS (positive mode) of the molecular ion of m/z 402
presented major fragments at m/z 262 and 216, corresponding to
the intact quinuclidinol portion of the molecule. These intact
fragments indicate that the biotransformation occurs at the
thiopheneglyoxylic acid moiety of the molecule. The product ion
spectrum showed fragments at m/z 308 and m/z 280, which
suggests that a thiophene ring has been removed from the
structure, corresponding to a net loss of 82 Da (Fig. 6A).

3.4.11. Metabolite M4/m5

This metabolite presented an ion mass spectrum of m/z 500,
which is 16 Da higher than that of the parent compound. The most
prominent fragment (m/z 278) pointed to a hydroxylation
occurring at the quinuclidinol portion of the molecule. The
presence of the minor fragments of m/z 140, 362, and 390
suggested that the hydroxylation took place at the phenyl ring in a
manner similar to that observed in the formation of M1 (Fig. 6B). To
confirm this hypothesis, an M4-purified sample obtained from
incubations in liver microsomes was subjected to basic hydrolysis
in order to generate the alcohol derivative of this metabolite, which
matched the retention time and MS/MS spectrum of M1.

3.4.12. Metabolites M5/m6 and M6/m7

Metabolites M5/m6 and M6/m7 were obtained in very low
quantities and the chromatographic resolution was poor. These
two metabolites presented a molecular ion of m/z 500 which is
consistent with oxidation of the parent compound. In both cases,
the MS/MS spectra showed a fragment of m/z 262, which is
characteristic of an intact quinuclidinol moiety. In addition, a
fragment of m/z 401 clearly points out to an oxidation at one of the
thiophene rings. Nonetheless, the MS/MS spectra did not provide



Fig. 7. Kinetics of (A) M1 formation from 14C-LAS34823, and (B) ma formation from
14C-LAS34850 in human liver microsomes. Symbols represent observed data (mean

of duplicate determinations). Solid lines represent calculated rates with (A) bi-

enzymatic Michaelis–Menten equation in the range of concentration of 2–100 mM

and (B) linear regression.
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sufficient information to distinguish between C-oxidation (hy-
droxylation) and S-oxidation.

3.4.13. Metabolite mx

This polar compound was present as a minor metabolite in
incubations of 14C-glyc-AB in mouse, rat, and dog hepatocytes,
although the low amounts prevented its characterization by LC–
MS/MS.

3.4.14. Other minor metabolites

Additionally, other minor metabolites were detected by LC–MS
but were below the level of radiometric detection. Four minor
metabolites (Ma, Mb, Mc, and Md) with a molecular ion at m/z 278
were observed in AB and LAS34823 incubations. The MS spectra of
two of them (Ma and Mb) confirmed the hydroxylation on the
phenyl ring of LAS34823, hence constituting a positional isomer of
M1. Mc presented a mass fragmentation pattern different from M1,
with a clear loss of water and the appearance of an ion at m/z 156
(140 + 16) as the major fragment ion, suggesting that hydroxyl-
ation would take place at the 3-quinuclidinol group. Supporting
this hypothesis, the fragments at m/z 107 and 135 remained
unchanged. Md characterization was not possible due to its low
concentration. Metabolite Me presented a molecular ion m/z 408
and a major fragment of 186 Da, which is 76 Da less than the major
fragment (m/z 262) of LAS34823, consistent with the loss of the
phenyl ring. Another metabolite presented a molecular ion of m/z
400 (Mf, tret 23.8 min). This molecular ion and the fragments at m/z
152, 135, 124, and 107 suggested that the quinuclidinol portion of
the molecule remained intact. This fact implies that the
biotransformation should take place at one of the thiophene rings,
in a similar way already observed for M3/m4, with the final loss of a
thiophene ring. The presence of a fragment of m/z 111 strongly
suggests oxidation of the alcohol moiety of M3/m4 to a ketone
derivative. In addition, other minor glucuronide metabolites in rat
and mouse hepatocytes were also observed in LC–MS/MS (MRM
mode) analysis using the transition m/z 454 > 278, consistent with
structural isomers of M1gluc.

3.5. Enzyme kinetics

The enzyme kinetics of 14C-LAS34823, 14C-LAS34850, 14C-phe-
AB, and 14C-glyc-AB metabolism in human liver microsomes was
determined. The metabolites formed in incubations were quanti-
fied by LC with radiometric detection (method A) as described in
Section 2.7.

3.5.1. Kinetics of enzymatic metabolism of 14C-LAS34823 and 14C-

LAS34850

The kinetics of 14C-LAS34823 metabolism was investigated in
pooled human liver microsomes over the concentration range 0.5–
500 mM. A single radioactive metabolite M1 was observed in all the
radiochromatograms (Fig. 3). The kinetic profile of M1 formation
exhibited substrate inhibition at LAS34823 concentrations greater
than 100 mM, indicating that LAS34823 may inhibit its own
metabolism (Fig. 7A). Unfortunately, experimental data could not
be fitted to any substrate inhibition model due to the severity of
the inhibition. Within LAS34823 concentration range between 2
and 100 mM, the Eadie–Hofstee plot of the kinetic data obtained
exhibited a biphasic pattern, suggesting that two enzymes of
different affinity could be involved in the formation of M1 (Fig. 7A).
Although limited experimental data were available, data fitting
was carried out assuming a bi-enzymatic Michaelis–Menten
model within this concentration range. The high-affinity compo-
nent exhibited apparent Km1 and Vmax1 values of 2.1 mM and
20.1 pmol/min/mg protein, respectively. The low-affinity compo-
nent exhibited apparent Km2 and Vmax2 values of 65.5 mM and
192.7 pmol/min/mg protein, respectively. The catalytic efficiency
(Vmax/Km) of the high-affinity component was approximately
three-fold higher than that observed for the low-affinity compo-
nent (Table 4).

On the other hand, following incubations of 14C-LAS34850
with liver microsomes, the formation of the radioactive peak ma

was observed in phosphate buffer and liver microsomes
only in the presence of NADPH-generating system or reduced
NADPH, but not with NADP+ (oxidized form). The fact that
liver microsomal protein was not essential for ma formation
strongly suggests a non-enzymatic reaction. Furthermore, the
kinetics of 14C-LAS34850 metabolism was investigated in pooled
human liver microsomes over the concentration range 0.5–
500 mM in the presence of NADPH-generating system. No other
LAS34850 metabolites apart from ma were observed at any
concentration and the time course of ma formation was linear
with increasing LAS34850 concentrations, confirming that its
formation was non-enzymatic and only NADPH-dependent
(Fig. 7B).

3.5.2. Kinetics of enzymatic metabolism of 14C-phe-AB

The esterase-mediated hydrolysis of 14C-phe-AB (5 mM) in
human liver microsomes (1 and 2 mg/ml) was investigated in the
absence of NADPH. Parallel incubations in buffer (pH 7.4) were also
carried out as a control of non-enzymatic hydrolysis. There were
slight differences in the formation of LAS34823 between human



Table 4
Apparent kinetic parameters for the oxidative metabolism of 14C-LAS34823, 14C-phe-AB and 14C-glyc-AB. Test compounds (0.5–100 mM 14C-phe-AB and 2–100 mM 14C-

LAS34823) were incubated in phosphate buffer (pH 7.4) and with human liver microsomes in the presence and absence of NADPH.

Metabolite Test compound System Km (mM) Vmax (pmol/min/mg protein) Clint (ml/min/mg protein) Kh (min�1)

M1 14C-LAS34823 HLM + NADPH Km1 2.1 Vmax1 20.1 9.6 NA

Km2 65.5 Vmax2 192.7 2.9 NA

M2 14C-phe-AB Buffer – – – 0.014

HLM–NADPH 0.43 37.7 87.7 0.012

HLM + NADPH 1.78 253.9 142.8 0.010

M3/m4 14C-phe-AB HLM + NADPH 22.6 283.4 12.5 NA
14C-glyc-AB HLM + NADPH 18.3 229.2 12.6 NA

M4/m5 14C-phe-AB HLM + NADPH 4.6 106.0 23.0 NA
14C-glyc-AB HLM + NADPH 5.8 100.4 17.4 NA

m2 14C-glyc-AB HLM + NADPH 0.4 328.3 812.5 0.022

NA, not applicable.
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liver microsomes and the incubation buffer. In fact, the net
enzymatic hydrolysis of aclidinium at a microsomal protein
concentration of 2 mg/ml was less than 20% after 60 min of
incubation. These results suggest that the esterase(s) responsible
for the aclidinium hydrolysis have low catalytic activity in human
liver microsomes.

In terms of substrate depletion, the rapid non-enzymatic
hydrolysis of aclidinium compromised the selection of the
incubation time for further kinetic studies. Incubation times of
above 15 min led to a substrate depletion higher than 20%.
Fig. 8. Eadie–Hofstee plots of (A) M2 formation from 14C-phe-AB with (filled

diamonds) and without (open circles) NADPH and (B) M3 and M4 formation from
14C-phe-AB in human liver microsomes. Symbols represent observed data (mean of

duplicate determinations); solid lines represent rates calculated by non-linear

regression.
Moreover, at the highest protein concentration assayed (1 mg/ml)
and incubation times of 15 and 30 min, aclidinium disappearance
was also considerable due to the enzymatic formation of the
oxidative metabolites M3 and M4. As a compromise, an incubation
time of 15 min and 0.25 mg of microsomal protein/ml was
selected.

The inhibitory potential of the main hydrolysis metabolites
towards human esterases was of low relevance [4]. In addition,
human CYP1A2, 2A6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4/5, and A9/11
activities were not inhibited by LAS34850 in vitro, whereas
CYP2D6 was inhibited competitively by LAS34823 with an
inhibition constant of 15.5 mM [11]. Thus, taking into account
all these data, any potential interference of the hydrolysis
metabolites on the characterization of the kinetics of 14C-phe-
AB and 14C-glyc-AB is very unlikely.

The kinetics of 14C-phe-AB metabolism was investigated in
pooled human liver microsomes over the concentration range 0.5–
100 mM. In parallel, 14C-phe-AB was also incubated in phosphate
buffer and with human liver microsomes without NADPH-
generating system. The Kh in the incubation buffer was calculated
from the slope of the regression line (r2 = 0.9991) and presented a
value of 0.014 min�1 (Table 4). The major metabolite was M2
(LAS34823) and following inspection of the Eadie–Hofstee plot
obtained in human liver microsomes, two different phases could
clearly be differentiated (Fig. 8A). At low aclidinium concentra-
tions, enzymatic hydrolysis may occur via esterases, and it was
assumed that this process could be well described using the typical
Michaelis–Menten equation. However, non-enzymatic hydrolysis
becomes predominant at high substrate concentrations, leading to
a constant value of the v/[S] ratio, which is represented by the non-
enzymatic hydrolysis rate constant (Kh). The kinetic parameters
were calculated using the mixed model described above (Section
2.10). The formation of M2 (LAS34823) without NADPH exhibited
apparent Km and Vmax values of 0.43 mM and 37.7 pmol/min/
mg protein, respectively. In contrast, higher apparent Km and Vmax

values (1.78 mM and 253.9 pmol/min/mg protein, respectively)
were obtained in the presence of NADPH. The apparent Kh values of
14C-phe-AB in human liver microsomes with and without NADPH
were 0.012 and 0.010 min�1, respectively. The calculated intrinsic
clearance (Vmax/Km) with and without NADPH was 87.7 and
142.8 ml/min/mg protein, respectively, which is consistent with an
additional NADPH-dependent metabolism of AB apart from
enzymatic hydrolysis.

The formation of the minor metabolites M3 and M4 was only
observed in the presence of human liver microsomes and NADPH-
generating system, confirming that their formation was enzymatic
and NADPH-dependent. The kinetics of the formation of metabo-
lites M3 and M4 followed the Michaelis–Menten model (Fig. 8B).
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The formation of M3 exhibited apparent Km and Vmax values of
22.6 mM and 283.4 pmol/min/mg protein, respectively. The for-
mation of M4 exhibited apparent Km and Vmax values of 4.6 mM and
106 pmol/min/mg protein, respectively. The enzymatic intrinsic
clearance values (Clint) for M3 and M4 were 12.5 and 23.0 ml/
mg protein/min, respectively (Table 4).

3.5.3. Kinetics of enzymatic metabolism of 14C-glyc-AB

The formation of 14C-glyc-AB metabolites in human liver
microsomes was conducted in the incubation conditions estab-
lished for 14C-phe-AB. Parallel incubations were also conducted in
the incubation buffer as a control of non-enzymatic hydrolysis. The
principal metabolite was the hydrolysis metabolite m3 (LAS34850)
and was generated non-enzymatically as described above. Thus,
m3 formation was linear in incubation buffer and a similar profile
was also obtained in liver microsomes without NADPH. Interest-
ingly, m3 (LAS34850) formation was lower after incubation in
human liver microsomes with NADPH. This was a general
observation for all concentrations tested (Fig. 9A). As an example,
the rates of formation at a 14C-glyc-AB concentration of 5 mM were
253 and 171 pmol/min/mg protein, without and with NADPH,
respectively.

The formation of m2 in incubations with human liver
microsomes and NADPH followed a clear biphasic kinetic profile,
which is in agreement with the participation of at least two
different processes in its formation (Fig. 9B). Following visual
inspection of the Eadie–Hofstee plot and the standard errors of
Fig. 9. (A) Formation of metabolite m3 (LAS34850) from 14C-glyc-AB in incubation

buffer (filled triangles), human liver microsomes without NADPH, and human liver

microsomes with NADPH. (B) Eadie–Hofstee plot of m2 from 14C-glyc-AB in human

liver microsomes. Symbols represent observed data (mean of duplicate

determinations); solid lines represent rates calculated by non-linear regression.
calculated parameters, the profile was best fitted to a mixed model
assuming non-enzymatic degradation as well as to an enzymatic
process (Michaelis–Menten), as described above. Assuming this
model, the apparent hydrolysis rate constant Kh was very rapid
(0.022 � 0.002 min�1), representing a half-life of 32 min. The
apparent Km and Vmax were 0.40 mM and 328.3 pmol/mg protein/
min, respectively. The intrinsic clearance was calculated to be
812.5 ml/min/mg protein. The formation of m4 was enzymatic and
NADPH-dependent. Its formation followed Michaelis–Menten kinet-
ics with Km and Vmax values of 18.3 mM and 229.2 pmol/min/
mg protein, respectively, which are practically identical to those
found for M3 after incubation of 14C-phe-AB, confirming that M3 and
m4 are actually the same metabolite. The generation of metabolite
m5 was also enzymatic and NADPH-dependent. The apparent
Michaelis–Menten parameters Km and Vmax were 5.8 mM and
100.4 pmol/min/mg protein, respectively, also similar to those found
for M4 (Table 4).

The formation of ma was only observed at high 14C-glyc-AB
concentrations and required the presence of a NADPH-generating
system, as already described for LAS34850. The formation of
metabolites m1 and m5 was negligible, thus, precluding any
attempt of identification.

3.6. Identification of P450 isoforms responsible for the metabolism of
14C-phe-AB and 14C-glyc-AB

The identification of the P450 enzymes responsible for the
formation of the oxidative metabolites of 14C-LAS34823, 14C-
LAS34850, 14C-phe-AB, and 14C-glyc-AB was conducted using
three different approaches: (a) incubations of test compounds
with commercially available human cDNA-expressed P450 and
FMO isoenzymes, (b) effect of selective chemical inhibitors of
P450 isoenzymes in human liver microsomes, and (c) effect of
selective antibodies against P450 isoenzymes in human liver
microsomes.

3.6.1. Identification of P450 isoforms responsible for the 14C-

LAS34823 metabolism

The incubations of 14C-LAS34823 with human recombinant
P450 (25 pmol/ml) and FMO (0.2 mg/ml) isoforms were carried
out at a LAS34823 concentration of 5 mM. The formation of M1
was catalyzed only by human recombinant CYP2D6 with
practically complete conversion of LAS34823 into M1. Additional
metabolites were not observed in the presence of other P450
isoforms or flavin-containing monooxygenases (FMO1, FMO3,
and FMO5). The kinetic parameters of M1 formation in the
presence of recombinant human CYP2D6 were determined,
corrected by P450 content (2 pmol/ml) and incubation time
(20 min), in order to ensure linear conditions and low substrate
depletion. An important inhibitory effect on M1 formation was
observed at substrate concentrations above 5 mM and complete
inhibition was obtained at the highest LAS34823 concentrations
assayed (100–200 mM). Within the LAS34823 concentration
range 0.5–5 mM, the formation of M1 by CYP2D6 followed
Michaelis–Menten kinetics with apparent Km and Vmax values
of 4.9 mM and 22.1 pmol/min/pmol P450, respectively. These
results are in agreement with the high-affinity enzyme observed
in human liver microsomes (Section 3.5.1). Incubations at higher
LAS34823 concentrations to identify the possible low-affinity
component observed in human liver microsomes were not
conducted, as it was not considered relevant due to the low
systemic LAS34823 concentrations (<0.5 nM) observed in clinical
trials [12]. Following incubation in the presence of different
chemical and antibody inhibitors, the formation of M1 was
strongly inhibited by quinidine (CYP2D6 inhibitor) and by the
antibody against CYP2D6 (Table 5).



Table 5
Summary of in vitro human P450 reaction phenotyping of aclidinium bromide metabolism obtained in recombinant human P450 isoforms and human liver microsomes.

Metabolite Substrate Recombinant human P450 isoforms

(n-fold basal activity)

Inhibition (%)

Chemical Antibody

m1 14C-glyc-AB – No effect No effect

m2 14C-glyc-AB " 2D6 (�2.6-fold at 5 and 25 mM)

" 3A4 (�1.4-fold at 5 and 25 mM)

Ketoconazole: 58%

Quercetin: 25%

CYP3A4: 52%

M1 14C-LAS34823 " 2D6 (>40-fold) Quinidine: >80% CYP2D6: >80%
14C-phe-AB " 2D6 (>4.3-fold) – –

M2 14C-phe-AB " 2D6 (2.2-fold at 5 mM) Ketoconazole: 28% CYP3A4: 23%

m3 14C-glyc-AB # 2D6 (0.7-fold at 5 mM) No effect No effect

ma
14C-glyc-AB No effect – –

M3/m4 14C-phe-AB – Ketoconazole: >77%

Quercetin: 44%

Quinidine: 20%

CYP3A4: >70%

CYP2D6: 31%

14C-glyc-AB – Ketoconazole: >35% CYP2D6: 34%

CYP3A4: 32%

M4/m5 14C-phe-AB " 2D6 (>6.5-fold) Quinidine: >77% CYP2D6: 62%
14C-glyc-AB " 2D6 (>1.6-fold at 5 mM, >3.2-fold at 25 mM)

" 1A1 (>1.8-fold at 25 mM)

Quinidine: >48% CYP2D6: 40%

See Sections 2.5 and 2.6 for incubation details.

–: Metabolite not detected at any of the concentrations assayed.

M5/m6 and M6/m7 were not detected in the experiments.

"/#: increased/decreased activity with human recombinant CYP compared to control incubation (insect control). The remaining human rCYPs did not have any influence on

metabolite formation.

No effect: enzyme activity was not significantly inhibited (<20% inhibition) against control incubations.

J.J. Albertı́ et al. / Biochemical Pharmacology 81 (2011) 761–776774
3.6.2. Identification of P450 isoforms responsible for the 14C-phe-AB

metabolism

The incubation of 14C-phe-AB (5 mM) with human P450
(25 pmol/ml) and FMO (0.2 mg/ml) isoforms revealed that the
formation of M1 (hydroxylated LAS34823) and M4 was only
catalyzed by CYP2D6. Remarkably, the rate of formation of
M2 (LAS34823) was also higher with human rCYP2D6
(2.92 pmol/min/pmol CYP) compared to the other rCYP isoforms
(1.3–1.5 pmol/min/pmol CYP). Unfortunately, metabolite M3
was not observed in the incubation samples at the assay
concentrations. Therefore, further inhibition experiments with
chemical P450 inhibitors and antibodies in liver microsomes
were studied at a 14C-phe-AB concentration of 25 mM. At this
concentration, the formation of M2 was slightly inhibited (28%)
by the presence of ketoconazole (CYP3A4 inhibitor) and the
formation of M3 was decreased by ketoconazole and slightly by
quinidine. The formation of M4 was catalyzed by human
rCYP2D6 and totally blocked by quinidine in human liver
microsomes. Interestingly, human CYP1A1, which appears to be
expressed in human liver at low levels [13,14], could be also
involved in the formation of M4. This means that the oxidative
metabolism in the human lungs from smokers could be
increased, since smoking-induced elevated levels of CYP1A1
have been observed [15].

The remaining chemical inhibitors had no particular influence
on 14C-phe-AB metabolism. These results were also confirmed in
the studies conducted with selective P450 antibodies. M2
formation was slightly affected by the presence of anti-CYP3A4,
whilst M3 and M4 formation were inhibited by CYP3A4 and
CYP2D6 inhibitory antibodies, respectively (Table 5).

3.6.3. Identification of P450 isoforms responsible for the 14C-glyc-AB

metabolism

Incubations of 14C-glyc-AB with recombinant human P450
isoforms (rP450) were conducted at two different substrate
concentrations (5 and 25 mM), in order to monitor the metabolite
formation adequately. Further studies on the effect of different
P450 chemical inhibitors and antibodies were studied at a single
14C-glyc-AB concentration of 25 mM. The results of these studies
are summarized in Table 5.
The formation of the hydrolysis metabolite m3 (LAS34850) was
similar for all rCYPs assayed and control incubations (approxi-
mately 12 pmol/min/pmol CYP), except in the case of CYP2D6,
where a slight reduction was observed (9.5 pmol/min/pmol CYP).
Metabolite m3 formation was not significantly affected by any of
the human P450 inhibitors and inhibitory antibodies, indicating
that its formation was not P450-dependent.

Metabolite m1 was not observed in the presence of any of the
rCYP isoforms assayed, most probably because the formation of
this metabolite is dependent on m2 and/or m4 concentrations,
which were always low. Metabolite m2 was formed to a similar
extent in insect control incubations and with most human rCYPs
(approx. 0.38 and 1.00 pmol/min/pmol CYP at 5 and 25 mM,
respectively), with the exception of human CYP2D6 (1.02 pmol/
min/pmol CYP at 5 mM and 2.5 pmol/min/pmol CYP at 25 mM) and
CYP3A4 (0.49 pmol/min/pmol CYP at 5 mM and 1.40 pmol/min/
pmol CYP at 25 mM), suggesting that these enzymes may be
involved in its formation. The formation of m2 was inhibited
substantially by ketoconazole (CYP3A4 inhibitor) and slightly by
quercetin (CYP2C8 inhibitor). Moreover, the formation of m2 in
human liver microsomes was slightly affected by the presence of
CYP3A4 antibodies. Metabolite ma was observed to a similar extent
in incubations with insect control and human rP450 isoforms
(from 0.8 to 1.3 pmol/min/pmol CYP), which is in accordance with
the formation of LAS34850 and further chemical reduction by
NADPH, because this co-factor was always present in the
incubations. The formation of metabolite m4 was not catalyzed
by any human CYP isoform at the two different substrate
concentrations, although these results should be taken with
caution due to the similar retention times of metabolites m4 and
ma. Curiously, metabolite m4 was not observed in incubations with
recombinant CYP isoforms at any of the concentrations of 14C-glyc-
AB assayed. In contrast, m4 was detected in inhibition studies with
human liver microsomes. In these studies, some degree of
inhibition was observed in the presence of human CYP3A4 and
2D6 antibodies, although conclusive results could not be obtained
due to the low activity observed.

The formation of the hydroxylated metabolite m5 (M4) was
mainly catalyzed by CYP2D6 (1.08 pmol/min/pmol CYP at 25 mM), as
observed in 14C-phe-AB incubations. This metabolite was also
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formed to a lesser extent in the presence of enzyme CYP1A1
(0.60 pmol/min/pmol CYP at 25 mM). CYP1A1 involvement in the
formation of M4 was not observed after 14C-phe-AB incubation, most
probably due to the low concentration assayed (5 mM). Metabolite
m5 formation in human liver microsomes was inhibited only by
quinidine (CYP2D6 inhibitor) and human CYP2D6 antibodies, which
is in agreement with the results obtained above (Table 5).

4. Discussion

The non-enzymatic hydrolysis of aclidinium bromide (AB)
observed in the incubation buffer (pH 7.4) was high and accounted
for approximately 45% of overall metabolism in incubations
conducted with liver microsomes. The rate of enzymatic hydrolysis
of both radiolabeled forms, measured in the absence of NADPH,
was higher in of rabbits and dogs, followed by mice. Remarkably,
the formation rate of the hydrolysis metabolites in rat and human
liver microsomes was similar to that obtained in buffer incubation,
suggesting a low esterase activity in these liver subcellular
fractions. This observation has already been done in a previous
study using human liver microsomes [4].

The net oxidative metabolism obtained by subtraction of non-
NADPH and NADPH-dependent metabolism was similar across all
species examined, but its extent was far lower compared to the
hydrolysis process. In hepatocytes, the overall rate of aclidinium
metabolism followed the rank order: rabbit > mouse > dog >
rat � human. Although the enzymatic hydrolysis of aclidinium
in hepatocytes cannot be differentiated from its overall metabo-
lism, the metabolism pattern was similar to the obtained in liver
microsomes.

The major radioactive metabolites of 14C-phe-AB and 14C-glyc-
AB detected in liver microsomes and hepatocytes of all species
were the alcohol and acid metabolites, M2 (LAS34823) and m3
(LAS34850), respectively. These two hydrolysis metabolites are
devoid of in vitro antimuscarinic activity and show no relevant
bronchodilatory activity in preclinical models [3].

The formation of M2 (LAS34823) was slightly higher in human
liver microsomes with NADPH at low 14C-phe-AB concentrations.
Inspection of Eadie–Hofstee plots confirmed the differentiation
between enzymatic and non-enzymatic hydrolysis, as previously
observed in human plasma [4]. The slight inhibition of LAS34823
formation produced by ketoconazole and CYP3A4 antibody may be
explained by the inhibition of the precursor metabolite M3/m4, the
formation of which was also mediated by CYP3A4. In contrast, m3
formation (LAS34850) was lower after incubation in human liver
microsomes with NADPH, which could be related to the increased
oxidative pathway of primary metabolites such as M3/m4, whose
hydrolysis leads to the formation of metabolites other than m3. On
the other hand, m3 formation was similar with all recombinant
CYPs assayed with the exception of CYP2D6, where small amounts
were formed. This fact confirms that other metabolic routes
involving the thiopheneglyoxylic moiety of aclidinium are in
competition with the hydrolysis process.

Other major metabolites obtained in incubations of 14C-phe-AB
and 14C-glyc-AB were identified as hydroxylated LAS34823 (M1)
and 2-thiopheneglyoxylic acid (m2), respectively.

In humans, the formation of M1 from LAS34823 was catalyzed
by CYP2D6 and a substrate inhibition profile was apparent at
higher concentrations, which is in agreement with a previous in
vitro study where this compound was shown to be a moderate
inhibitor of the catalytic activity of human CYP2D6 with an
apparent Ki of 15 mM [11]. Following incubation of AB, the
formation of M1 could be explained by two different routes: (a)
direct hydroxylation of the hydrolysis product LAS34823 (M2) and
(b) hydrolysis of metabolite M4/m5.
The rapid generation of m2 in liver microsomes and hepato-
cytes is difficult to interpret. According to its chemical structure,
the most plausible explanation for its formation is related to the
primary oxidation of m4/M3 and further hydrolysis, as represented
in Fig. 1. Indeed, the formation of m2 followed a biphasic kinetic
profile in incubations with human liver microsomes and NADPH,
consistent with the participation of two different processes
(Fig. 9B).

The apparent Kh obtained for m2 was higher than that observed
for the hydrolysis metabolite M2, suggesting a faster hydrolysis of
its tentative primary metabolite Mf into m2 and M2 (LAS34823).
Furthermore, the enzymatic origin of m2 was demonstrated by its
formation in the presence of rCYP2D6 and in lower amounts by
rCYP3A4. The involvement of CYP2D6 and CYP3A4 was further
confirmed by inhibition studies. The fact that m2 formation was
more affected by CYP3A4 inhibitors could be explained by the
relative content of these enzymes in the human liver, with average
values of 30% (CYP3A4) and 2.5% (CYP2D6) of the total P450
content [16]. The slight inhibition caused by quercetin could be
explained by its lack of selectivity as a CYP2C8 inhibitor, as
described by Obach [17]. The low apparent Km and the high
intrinsic clearance suggest that this metabolic pathway would be
relevant in vivo.

The minor aclidinium metabolites M3/m4, M4/m5, M5/m6, M6/
m7, and m1 accounted for less than 5% of total metabolism in liver
microsomes and were not detected in hepatocytes, suggesting that
these metabolites are actually intermediate metabolites that are
likely to be further metabolized. As it was expected, the formation
of these intermediate metabolites was similar following incuba-
tions of 14C-phe-AB and 14C-glyc-AB with liver microsomes. The
origin of metabolite M3/m4 is an intriguing issue that cannot be
completely addressed for the moment. However, the loss of a
thiophene ring from aclidinium could be explained by thiophene
oxidation (hydroxylation or S-oxidation) and further ring opening
in a similar manner that has been described for compounds such as
suprofen and tienilic acid [18]. This complex process would mean
that the minor metabolites M5/m6 and M6/m7 could actually be
precursors for the formation of M3/m4. An interesting observation
was that the primary metabolite M3/m4 was generated to a greater
extent than its oxidized metabolite Mf, which was only detected by
MS. In contrast, the metabolite m2 (hydrolytic metabolite of Mf)
was always formed to a greater extent than m1 (hydrolytic
metabolite of M3/m4), strongly supporting faster hydrolysis of the
primary metabolite Mf compared to M3/m4. The formation of the
p-hydroxylated metabolite of aclidinium (M4/m5) was catalyzed
by human CYP2D6, in analogy to the formation of M1. Metabolite
m1 (hydroxyl-2-thienylacetic acid) was observed at very low
levels in liver microsomes of mouse, rabbit, and human, which
could be associated with the hydrolysis of its primary metabolite
M3/m4. In this study, one of the minor metabolic routes identified
involved the oxidation of the thiophene rings of aclidinium (M5/
m6 and M6/m7). The formation of these metabolites could be
related to the formation of potential reactive metabolites.
However, the recovery of total radioactivity in the supernatans
of incubations of 14C-phe-AB, 14C-glyc-AB, 14C-LAS34823, and 14C-
LAS34850 in human liver microsomes was greater than 85%, which
suggests that this metabolic route would be a minor process.
Additional investigations were also performed although the results
of these studies are outside the scope of the current study.

The incubation of 14C-LAS34850 in human liver microsomes
revealed some interesting features. An artifact was generated in
the incubation buffer that was identified as the compound di-2-
thienyl ketone. The biomimetic oxidative formation of a similar
compound has been also described for denaverine hydrochloride
[19]. The formation of metabolite ma was only observed in
incubations where the NADPH (reduced form) was present with or
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without liver microsomes, which would be compatible with a non-
enzymatic reduction process of the hydroxyl moiety by NADPH.
Furthermore, the formation of ma was linear with increasing
LAS34850 concentrations, confirming that its formation was non-
enzymatic. On the other hand, it is important to note that the polar
metabolites m1 and m2 were not generated during the incubation
of 14C-LAS34850 with human liver microsomes and hepatocytes.
These observations confirm that these metabolites can be formed
only from the parent compound but not from m3 (LAS34850),
which is the main circulating metabolite in humans [12].

In summary, the present study indicates that aclidinium
hydrolysis is the main biotransformation route in liver microsomes
and hepatocytes of mouse, rat, rabbit, dog, and human, with rabbit
and dog exhibiting the highest rates of enzymatic hydrolysis.
Oxidative metabolism in liver microsomes and hepatocytes was
substantially lower when compared to ester hydrolysis. The
metabolite profiles were similar across all five species examined
and up to five primary metabolites and eight secondary
metabolites were characterized. The alcohol metabolite
(LAS34823) is transformed to a single hydroxylated metabolite
that is subsequently glucuronidated. In contrast, the acid
metabolite (LAS34850) was not metabolized enzymatically in
vitro. The oxidative conversion of AB and its alcohol metabolite
was primarily catalyzed by human CYP3A4 and CYP2D6, respec-
tively.
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