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ABSTRACT

Mass balance, metabolism, and excretion of ABT-126, an a7
neuronal acetylcholine receptor agonist, were characterized in
healthy male subjects (n = 4) after a single 100-mg (100 mCi) oral
dose. The total recovery of the administered radioactivity was 94.0%
(62.09%), with 81.5% (610.2%) in urine and 12.4% (69.3%) in feces.
Metabolite profiling indicated that ABT-126 had been extensively
metabolized, with 6.6% of the dose remaining as unchanged parent
drug in urine. Parent drug accounted for 12.2% of the administered
radioactivity in feces. The primary metabolic transformations of
ABT-126 involved aza-adamantane N-oxidation (M1, 50.3% in urine)
and aza-adamantane N-glucuronidation (M11, 19.9% in urine). M1
and M11 were also major circulating metabolites, accounting for
32.6% and 36.6%of the drug-relatedmaterial in plasma, respectively.
These results demonstrated that ABT-126 is eliminated primarily by

hepatic metabolism, followed by urinary excretion. Enzymatic studies
suggested that M1 formation is mediated primarily by human liver
flavin-containing monooxygenase (FMO)3 and, to a lesser extent, by
human kidney FMO1; M11 is generated mainly by human uridine
59-diphospho-glucuronosyltransferase (UGT) 1A4,whereasUGT 2B10
also contributes to ABT-126 glucuronidation. Species-dependent
formation of M11 was observed in hepatocytes; M11 was formed in
human and monkey hepatocytes, but not in rat and dog hepatocytes,
suggesting that monkeys constitute an appropriate model for pre-
dicting the fate of compounds undergoing significant N-glucuronida-
tion. M1 and M11 are not expected to have clinically relevant on- or
off-target pharmacologic activities. In summary, this study charac-
terized ABT-126 metabolites in the circulation and excreta and the
primary elimination pathways of ABT-126 in humans.

Introduction

Alzheimer disease (AD) is a chronic neurodegenerative disease and the
most common cause of dementia. As of 2016, an estimated 5.4 million
Americans have AD (Alzheimer’s Association, 2016). The few available
treatments for AD [acetylcholine esterase inhibitors and N-methyl-D-
aspartate receptor antagonists] provide temporary improvement in cognition,
but none of them slows or stops the damage of neurons that cause symptoms
of AD. There is a clear medical need for new therapy to treat this disease.
The a7 neuronal acetylcholine receptors (nAChRs) are acetylcholine-

gated cation channels that are localized on the brain regions critical to the

synaptic plasticity underlying learning and memory. Activation of a7
nAChRs can cause the release of neurotransmitters (GABA, acetylcho-
line [ACh], and glutamate) important for cognition (Lendvai et al., 2013).
Several studies suggest that a7 nAChR plays a significant role in the
development of AD pathology (Gotti and Clementi, 2004; Roncarati et al.,
2009). The a7 nAChR agonist under development by EnVivo (EVP-6124)
has shown the potential in the treatment of AD (Deardorff et al., 2015).
ABT-126 is a potent and selective a7 nAChR agonist with high

binding affinity (Ki = 12–14 nM) to a7 nAChRs (human, rat, or mouse
cortex) (Gault et al., 2016). ABT-126 shows significantly less affinity
(.140-fold) toward other nAChR subtypes and muscarinic receptor and
therefore is expected to eliminate the dose-limiting toxicity associated
with acetylcholine esterase inhibitors. ABT-126 exhibits a preclinical
efficacy profile across multiple cognitive domains of relevance to AD.
ABT-126 was evaluated in single-dose and multiple dose phase
1 studies, and doses up to 150 mg once daily or up to 40 mg twice a
day were generally well tolerated (AbbVie internal data). The results of a

1Current affiliation: Novartis Institutes for BioMedical Research Pharmacoki-
netic Sciences, Cambridge, Massachusetts; 2Seattle Genetics, Bothell, WA.
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phase 2a trial indicated that treatment with ABT-126was associated with
a trend for improvement in cognition in subjects with mild to moderated
AD (Gault et al., 2015); however, the subsequent phase 2b trial
encompassing a broader dose range did not demonstrate statistically
significant improvement versus a placebo control (Florian et al., 2016;
Gault et al., 2016). In another phase 2a trial in subjects with
schizophrenia, ABT-126 demonstrated a precognitive effect in non-
smoking subjects, particularly in verbal learning, working memory, and
attention (Haig et al., 2016b). A follow-up dose-ranging study showed
that ABT-126 did not demonstrate a consistent effect on cognition in
nonsmoking subjects with schizophrenia; however, a trend toward a
therapeutic effect was observed on negative symptoms (Haig et al.,
2016a).
The objectives of the current study were to determine the mass

balance and routes of excretion, characterize the major metabolites of
ABT-126 in healthy human volunteers, and identify the major enzymes
catalyzing the biotransformation of ABT-126.

Materials and Methods

Drugs and Reagents. The chemical names for ABT-126, M1, M11, and
M12 are 2-((1r,3R,4s,5S,7s)-1-azaadamantan-4-yloxy)-5-phenyl-1,3,4-thiadiazole,
((1s,3R,4s, 5S, 7s)-4-((5-phenyl-[1,3,4]thiadiazol-2-yl)oxy)-1-azaadamantane-1-
oxide), (2S,3S,4S,5R,6S)-3,4,5-trihydroxy-6-((1s,3R,4R,5S,7R)-4-((5-phenyl-1,3,4-
thiadiazol-2-yl)oxy)-1-azaadamantan-1-ium-1-yl)tetrahydro-2H-pyran-2-carboxylate,
(1s,3R,4S,5S,7S)-4-((5-phenyl-1,3,4-thiadiazol-2-yl)oxy)-1-((2R,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-1-azaadamantan-1-ium,
respectively. ABT-126, M1, M11, andM12 reference standards were supplied by
Process Chemistry, AbbVie, Inc. (North Chicago, IL) and were used as high-
performance liquid chromatography (HPLC) and mass spectrometric (MS)
standards. The synthesis of M1, M11, and M12 are provided in the supplemental
data. [3H]ABT-126 was synthesized in one step by hydrogenolysis of the
corresponding bromo-precursor (2-((1r,3R,4s,5S,7s)-1-azaadamantan-4-yloxy)-
5-(3-bromophenyl)-1,3,4-thiadiazole). Radiochemical purity after HPLC purifi-
cation of [3H]ABT-126was.99%. [14C]ABT-126was synthesized in three steps
starting from [14C] carbonyl labeled benzoic acid. Purification of the compound
by crystallization provided.98% radiochemical purity by HPLC. More detailed
synthetic procedures were provided in the supplemental data. Chemical structures
of [3H]ABT-126 (T denotes 3H) and [14C]ABT-126 (*denotes 14C) are shown in
Supplemental Fig. S1.

All HPLC-grade solvents used for liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis were purchased from Sigma-Aldrich
(St. Louis, MO). The scintillation fluids used for radioanalysis were purchased
from PerkinElmer (Waltham, MA). Cryopreserved hepatocytes from male
Sprague-Dawley rats (lot TIJ), male beagle dogs (lot BWX), male cynomolgus
monkeys (lot EHH), and humans (lot AOI) were purchased from Bioreclamatio-
nIVT (Chestertown, MD). Corning Supersomes prepared from control
baculovirus-infected insect cells expressing human cytochrome P450 (P450)
isoforms 1A2, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, flavin-
containing monooxygenase ((FMO) isoforms FMO1, FMO3, FMO5, and UGT
isoforms 1A1, 1A3, 1A4, 1A6, 1A7, 1A9, 1A10, 2B4, 2B7, 2B10, 2B15, and
2B17 were obtained from Corning Life Sciences (Woburn, MA). Pooled human
liver (HLMs) and kidney microsomes (HKMs) were obtained from Sekisui
Xenotech (Kansas City, KS).

Clinical Study. The clinical study was conducted at Covance Laboratories
Inc., in conjunction with the Covance Clinical Research Unit (Madison,WI). This
was a phase 1, single radiolabeled dose, open-label, single-center, mass balance
study. The study was conducted in accordance with Good Clinical Practice
guidelines and ethical principles that have their origin in the Declaration of
Helsinki. The study protocol was approved by the institutional review board and
all subjects provided written informed consent before any study-related
procedures were performed. The radioactive dose of 100 mCi was chosen so
that the radiation burden for healthy volunteers remained below the allowable
United States Food and Drug Administration whole-body exposure limits of
3000 mRem for a single dose of radioactivity. The single dose of 100 mg
ABT-126 for this open-label study was selected based on the available
pharmacokinetic (PK)/pharmacodynamics (PD) and safety information. In a

phase 1 study of ABT-126 in healthy adult subjects, doses up to 150 mg daily for
up to 10 days had been safe and well tolerated with no clinically significant
adverse effects reported (AbbVie internal data).

A total of four male subjects, in general good health, were selected to
participate in the study according to predetermined criteria. On the morning of
study day 1, subjects received a single oral dose of [14C]ABT-126 with
approximately 240 ml of water approximately 30 minutes after completion of a
standardized breakfast. Subjects were confined to the study site and supervised
beginning on study day 1 and continuing through 192 hours after dosing and
completion of study activities. Subjects were released from the study site at any
time after 192 hours post dose, once either of the following conditions was met:
1) .90% of the total radioactivity was recovered, or 2) ,1% of the radioactive
dose was recovered in two consecutive 24-hour collection periods.

Blood samples were collected by venipuncture into vacutainer collection tubes
containing di-potassium ethylenediaminetetraacetate at the following time points:
0 (predose), 0.5, 1, 2, 3, 4, 6, 9, 12, 16, 24, 48, 72, 96, 120, 144, 168, 192, and
216 hours after [14C]ABT-126 dosing. Plasma was separated via centrifugation
and stored at –70�C.

Urine samples were collected predose and over the following intervals: 0–8,
8–24, 24–48, 48–72, 72–96, 96–120, 120–144, 144–168, 168–192, and 192–216
hours after [14C]ABT-126 dosing. Aliquots of the urine were frozen and
maintained at –70�C before total radioactivity determination and metabolite
profile and identification.

Fecal samples were collected predose (upon check-in before dosing) and
over the following intervals after dosing: 0–24, 24–48, 48–72, 72–96, 96–120,
120–144, 144–168, 168–192, and 192–216 hours after dosing of [14C]ABT-126
on study day 1. All feces collected during a collection interval were kept frozen
at 270�C before total radioactivity analysis and metabolite profile and
identification.

Total Radioactivity Measurement by Liquid Scintillation Counting. All
sample combustions were conducted in a model 307 Sample Oxidizer (Packard
Instrument Company, Meriden, CT), and the resulting 14CO2 was trapped in
Carbo-Sorb and mixed with aqueous mounting medium (PermaFluor; PerkinElmer).
Oxidation efficiency was evaluated on each day of sample combustion by
analyzing a commercial radiolabeled standard both directly in scintillation
cocktail and by oxidation. Acceptance criteria were combustion recoveries of
95%–105%. EcoLite(+) scintillation cocktail was used for samples analyzed
directly. All samples were analyzed for radioactivity in model 2900TR liquid
scintillation counters (Packard Instrument Company) for at least 5 minutes or
100,000 counts. Each sample was homogenized or mixed before radioanalysis
(unless the entire sample was used for analysis). All samples were analyzed in
duplicate if sample size allowed. If results from sample replicates (calculated as
14C dpm/g sample) differed by.10% from the mean value, and sample aliquots
had radioactivity .200 dpm, the sample was rehomogenized or remixed and
reanalyzed (if the sample size permitted). Scintillation counting data (cpm) were
automatically corrected for counting efficiency using the external standardization
technique and an instrument-stored quench curve generated from a series of sealed
quenched standards.

Blood samples were mixed, and duplicate weighed aliquots (approximately
0.1–0.2 g) were combusted and analyzed by liquid scintillation counting (LSC).
The representative lower limit of quantitation (LLOQ) for blood was 49.6 ng
equivalents/g. Plasma samples were mixed, and duplicate weighed aliquots
(approximately 0.2 g) were analyzed directly by LSC. The representative LLOQ
for plasma was 40.1 ng equivalents/g. The urine samples were mixed, and
duplicate weighed aliquots (approximately 0.2 g) were analyzed directly by LSC.
The representative LLOQ for urine was 35.9 ng equivalents/g. Fecal samples were
combined by subject at 24-hour intervals, and the weight of each combined
sample was recorded. A weighed amount of water was added, and the sample was
mixed. The sample was either immediately homogenized or removed from the
freezer and homogenized using a probe-type homogenizer. Duplicate weighed
aliquots (approximately 0.2 g) were combusted and analyzed by LSC. The
representative LLOQ for feces was 253 ng equivalents/g.

Sample Preparation for Metabolite Profiling. Plasma samples were thawed
at room temperature and pooled across subjects at selected time points or area
under the curve (AUC) pooled per subject using the method of Hamilton et al.
(1981). Plasma samples were processed using a solvent extraction method. In
brief, the pooled plasma sample (4 ml) was extracted with a 4-fold volume
of acetonitrile/methanol (3/1, v/v), followed by sonication and vortex mixing.
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The sample was centrifuged at 1875g for 30 minutes at 4�C. The protein pellets
were extracted using 8 ml of acetonitrile/methanol (3/1, v/v), followed by
centrifugation at 1875g. The supernatants were combined and concentrated to
about 200 ml under a stream of nitrogen; the residue was diluted with 200 ml of
methanol/0.1% formic acid in water (1/1, v/v) before HPLC-MS-radioflow
detection. An aliquot of the reconstituted sample was subjected to LSC counting
to determine the total radioactivity recovery. Aliquot of the reconstituted sample
was transferred to HPLC autosampler vials for LC-MS analysis. The radioactivity
recovery in the processed plasma samples ranged from 80% to 100%.

An equal volume of fecal homogenate was pooled across subjects at each time
point before processing. The pooled fecal samples (30–40 ml) were processed
using solvent extraction with 20 ml of acetonitrile/methanol (3/1, v/v), followed
by centrifugation at 1875g for 30 minutes at 4�C. The extraction was repeated
with 10ml of acetonitrile/methanol (3/1, v/v), followed by centrifugation at 1875g
for 30 minutes at 4�C. Aliquots of extracted sample were subjected to LSC
counting for total radioactivity. All the supernatants were combined and
concentrated under nitrogen flow at room temperature. The concentrated samples
(;10 ml) were combined with 5 ml of acetonitrile/methanol (3/1, v/v). The
resulting solution was vortexed, sonicated, and centrifuged at 1875g for
30 minutes at 4�C. An aliquot was subjected to HPLC-MS radioflow detection
analysis for metabolite characterization. An aliquot of solution was subjected to
LSC radiocounting for extraction recovery calculation. The overall radioactivity
recovery for fecal samples ranged from 61% to 100%.

An equal volume of urine sample was pooled across subjects at each time point
and processed by centrifugation at 1875g for 30 minutes at 4�C. Aliquots of
supernatant at 0–8, 8–24, 24–48, 48–72, and 72–96 hours were used directly
for HPLC-MS radioflow detection. Pooled urine samples at 96–120, 120–144,
144–168, 168–192, and 192–216 hours were concentrated under nitrogen flow at
room temperature to ;1.7 ml for analysis. The overall radioactivity recovery for
urine samples ranged from 84% to 100%.

Method for Metabolite Profiling and Identification. HPLC separation of
ABT-126 andmetabolites in human plasma, urine, and feces was achieved using a
Thermo Accela ultra-HPLC system (ThermoFisher Scientific, Waltham, MA),
which consisted of an Accela autosampler and 1250 series binary pump. For
in vitro samples from hepatocytes and enzyme phenotyping studies, HPLC
separation was achieved using an Agilent 1100 Series (Thermo Fisher Scientific),
which consisted of an autosampler and quaternary pump. Separation for all
samples was achieved at room temperature on a Phenomenex Luna C8 (2), 5 mm,
4.6 � 250 mm HPLC column. The HPLC mobile phases consisted of 25 mM
ammonium formate (adjusted to pH 3.5 with formic acid) containing 2.5%
methanol (solvent A) and 100% acetonitrile (solvent B); the flow rate was
maintained at 1.0 ml/min. The gradient for human plasma, urine, and feces was as
follows: 0–30 minutes, 10%–18% solvent B; 30–60 minutes, 18%–22% solvent
B; 60 to 61 minutes, 22%–90% solvent B; 61–65 minutes, 90% solvent B;
65–66 minutes, 90%–10% solvent B; 66–76 minutes, and 10% solvent B. The
gradient for in vitro samples was as follows: 0–35 minutes, 5%–30% solvent B;
35–36 minutes, 30%–80% solvent B; 36–40 minutes, 80% solvent B;
40–41 minutes, 80%–5% solvent B; and 41–51 minutes, 5% solvent B. For
samples from human plasma, urine, and feces, the HPLC system was interfaced
with a Thermo Fisher LTQ Orbitrap mass spectrometer (Thermo Fisher
Scientific). The mass spectrometer used for in vitro samples analysis from
hepatocytes and enzyme phenotyping studies was a LCQDecaXPMAX (Thermo
Fisher Scientific). The MS analyses were conducted using electrospray ionization
operated in positive ionization mode. The MS settings were as follows:
electrospray ionization voltage, 4.5 kV; capillary temperature, 350�C; capillary
voltage, 14 V; tube lens, 105 V. The sheath gas was set to 45.0 arbitrary units and
auxiliary gas to 0 arbitrary unit. The unchanged parent drug and its metabolites
were detected using data-dependent, multiple-stage mass analysis, and normal-
ized collision energy of 35% for both tandem MS (MS2) and multiple-stage MS
(MS3). For sample analysis from human plasma, urine, and feces, the mass
resolutionwas set at 30,000 for full scan and 15,000 forMSn scan. The instrumentwas
calibrated daily using external calibration reference compounds. Typical mass errors
of analytes relative to theoretical masses were less than 65 ppm in daily operations.
Data acquisition and processing were carried out using Thermo Xcalibur 2.10.

Radiolabeled components in plasma, urine, or fecal samples were detected by
Perkin Elmer TopCount 96-well LUMA plates (Perkin Elmer). The HPLC eluent
was split in a ratio of 1:4; about 200 ml/min of flow was diverted to mass
spectrometer, and ;800 ml/min flow was collected using Agilent 1100 fraction

collection system set at 0.27-minute interval per well collection. Radiolabeled
components from in vitro samples were detected by a Packard 500 TR flow
scintillation detector equipped with a 250 ml cell. Data were processed using the
Radiomatic Flo-one software v3.65. The scintillant (Perkin Elmer FLO-SINT III)
flow was maintained at 3 ml/min.

LC-MS/MS Analysis for In Vitro Samples. Samples from M1 and M11
formation kinetics were analyzed by multiple reaction monitoring on an
LC-MS/MS system consisting of Agilent 1290 HPLC pump (Agilent, Santa
Clara, CA), CTC PAL autosampler (Leap Technologies, Carrboro, NC), and an
API 5500 MS system equipped with an electrospray ion source and operated by
the Analyst software package (Applied Biosystems, Foster City, CA). The source
temperature was set to 600�C. Chromatography was conducted on a Fortis Pace
C18 (30 � 2.1 mm) analytical column. The HPLC mobile phases consisted of
0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B);
the flow ratewasmaintained at 0.8ml/minThegradientwas as follows: 0–0.05minutes,
5% solvent B; 0.05–0.3minutes, 5%–98% solvent B; 0.3–0.7minutes, 98% solvent B;
0.7–0.8 minutes, 98%–5% solvent B; and 0.8–0.9 minutes, 5% solvent B. M1
(m/z 329.8→135.9), M11 (m/z 490.2→314.1), and internal standard carbutamide
(m/z 272.2→108.1) were detected in positive ion mode.

Pharmacokinetic Calculations. Values for the PK parameters of total
radioactivity, ABT-126, M1, andM11 were determined using noncompartmental
methods. Parameters that were estimated included the maximum plasma
concentration (Cmax), the time to Cmax (Tmax), and the area under the
concentration-time curve from time 0 to the last measurable time point (AUCt)
and to infinite time (AUC‘).

In Vitro Hepatocytes Incubations. Incubations were performed in duplicate
at 37�C in 5%CO2/95% air, with gentle shaking. Each incubation contained 1mM
[3H]ABT-126 and thawed cryopreserved hepatocytes (500,000 viable cells/ml,
0.5 ml). The reaction was quenched by the addition of 1 ml of acetonitrile/me-
thanol (1/1, v/v) at 0, 0.5, 1, 2, and 4 hours after the addition of [3H]ABT-126.
Sampleswere centrifuged for 30minutes at 1279g (Eppendorf 5810R centrifuge),
and resulting supernatants were analyzed by HPLC-MS/MS with radioflow
detection. Detailed analytical conditions are described in the Method for
Metabolite Profiling and Identification section.

CYP/FMO Phenotyping and Kinetics. The in vitro oxidative metabolism of
[3H]ABT-126 was investigated using a panel of recombinant human P450
enzymes (CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4) and FMO
enzymes (FMO1, FMO3, and FMO5). An incubation mixture (200 ml) contained
individual P450 isoforms at 100 pmol/ml (200 pmol/ml for CYP2C8) or FMO1,
FMO3, FMO5 at 0.5 mg protein/ml, respectively, and [3H]ABT-126 (1 mM) in
50 mM potassium phosphate buffer at pH 7.4. The reaction was initiated by the
addition of 1 mM of NADPH and incubated at 37�C for 60 minutes. The reaction
was terminated by the addition of 200 ml of acetonitrile/methanol (1/1, v/v). After
vortexing and centrifugation, the supernatants were analyzed by HPLC analysis
with radioactivity detection. Detailed analytical conditions are described in the
Method for Metabolite Profiling and Identification section.

To determine enzyme kinetic parameters for the formation of M1, incubations
containing ABT-126 at varying concentrations (0.3–150 mM) were conducted in
triplicate with recombinant FMO1 (0.05 mg/ml, 10 minutes) and FMO3
(0.1 mg/ml, 10 minutes) at 37�C in 50 mM phosphate buffer in a volume of
200 ml. The incubation conditions were optimized to ensure that M1 formation
was linear with incubation time and protein concentration. The incubations were
initiated with the addition of NADPH cofactor (final concentration of 1 mM). At
the end of the incubation, the reactionmixtureswere quenchedwith 2-fold volume
of acetonitrile containing 50 nM of carbutamide (internal standard) and
centrifuged at 1811g for 10 minutes. The supernatants and standards were
analyzed by LC-MS/MS. Detailed analytical conditions are described in the
LC-MS/MS Analysis for In Vitro Samples section.

Incubation in HLMs and HKMs and Thermal Inactivation Studies. To
investigate more fully FMO contributions to the oxidative metabolism of
ABT-126, incubations were conducted with HLMs or HKMs. An incubation
mixture (360 ml) contained 0.5 mg/ml HLMs or HKMs (untreated and thermally
treated) and ABT-126 (150 mM) in 50 mM potassium phosphate buffer at pH 7.4
and were conducted in triplicate. The reaction was initiated by the addition of
10 mM of NADPH (40 ml, final concentration of 1 mM) and incubated at 37�C.
After 0, 15, 30, and 60 minutes, the reaction was terminated by transferring a
25-ml aliquot of the incubation mixture into 125 ml of acetonitrile containing
50 nM carbutamide as internal standard. After vortexing and centrifugation, the
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supernatants were analyzed by HPLC. A standard curve of M1 was prepared
under same conditions. Detailed analytical conditions are described in theMethod
for Metabolite Profiling and Identification section.

Thermal Inactivation of Microsomal FMO. The FMO enzyme(s) in HLMs
or HKMs reagents was thermally inactivated according to the method of
Grothusen et al. (1996). Suspensions of HLMs and HKMs (diluted to 0.56 mg/ml
in 50 mM phosphate buffer) were placed in a 50�C water bath. After 90 seconds,
the tubes were immediately chilled in ice-cold water.

UGT Phenotyping and Kinetics. The in vitro glucuronidation of ABT-126
was investigated using a panel of recombinant human UGT enzymes (UGT1A1,
1A3, 1A4, 1A6, 1A7, 1A9, 1A10, 2B4, 2B7, 2B10, 2B15, and 2B17). An incubation
mixture contained individual UGT at 1 mg/ml, ABT-126 (0.5–1 mM), MgCl2 [1 or
10 mM (UGT2B10 only)], and 50 or 5 mg/ml (UGT2B10 only) of alamethicin in
50 mMTris buffer at pH 7.4. The mixtures were kept at 0�C for 15 minutes to allow
alamethicin to form membrane pores. The reaction was initiated by the addition of
5 mM UDPGA and incubated at 37�C for 60 minutes. The reaction was terminated
by addition of 2� volume of acetonitrile/methanol (1/1, v/v). After centrifugation,
supernatants were analyzed by HPLC analysis with radiometric detection or
LC-MS/MS detection (UGT2B10 only) as described earlier.

To determine enzyme kinetic parameters for the formation ofM11, incubations
containing ABT-126 at varying concentrations (0.2–150 mM for UGT1A4 and
0.5–50 mM for UGT2B10) were conducted in triplicate with recombinant
UGT1A4 (0.1 mg/ml, 20 minutes) and UGT2B10 (0.15 mg/ml, 20 minutes) at
37�C in 50 mM Tris buffer containing 5 mM of UDPGA, 10 mM MgCl2, and
5 mg/ml of alamethicin. The total reaction volume was 80 ml. The incubation
conditions were optimized to ensure that the formation of M11 was linear with
incubation time and protein concentration. At the end of the incubations, the
reaction mixtures were quenched with 160 ml of acetonitrile containing 50 nM of
carbutamide (internal standard) and centrifuged at 1811g for 15 minutes. The
supernatants were analyzed by LC-MS/MS. Detailed analytical conditions are
described in the LC-MS/MS Analysis for In Vitro Samples section.

Enzyme Kinetic Analysis. Enzyme kinetic analysis was performed using
GraphPad Prism software. Data were fit to a one- or two-binding-site model based on
visual inspection of Eadie-Hofstee plots indicating monophasic or biphasic kinetics,
respectively. Goodness of fit was determined by Akaike information criterion and/or
ensuring an even distribution of data points around the fitted line. Individual kinetic
parameters were determined using eq. 1 (UGT2B10) or eq. 2 (UGT1A4):

v ¼ Vmax½S�
Km þ ½S� ð1Þ

v ¼ Vmax1½S�
Km1 þ ½S� þ

Vmax2½S�
Km2 þ ½S� ð2Þ

Kinetic parameters were used to obtain overall intrinsic clearance (CLint;
microliters per minute per milligram).

Results

Pharmacokinetics

The PK parameters for ABT-126 and its metabolites and for total
radioactivity are summarized in Table 1; the PK profiles are shown in

Fig. 1. The concentration of total radioactivity was measured by LSC,
expressed in nanogram-equivalent per gram. The concentrations of
ABT-126 were determined using a validated LC-MS/MS bioanalytical
method (expressed in units of nanogram per milliliter) and a radio-
profiling method (expressed in units of nanogram-equivalent per gram).
The concentrations of M1 and M11 were determined using radio-
profiling and expressed in units of nanogram-equivalent per gram. The
concentrations of ABT-126 determined using a validated LC-MS/MS
method were similar to those determined using radioprofiling. ABT-126
reached maximum plasma concentrations (Tmax) at a median of 4 hours
and had a mean Cmax and t1/2 (terminal phase elimination half-life)
of 89.7 ng/ml and 33.9 hours, respectively. The maximal plasma
concentrations of total radioactivity,M1, andM11were achieved at 4, 3,
and 16 hours postdose, respectively. The estimation of t1/2 values for
total radioactivity, ABT-126 (radioprofiling), M1, and M11 was not
conducted owing to the absence of measurable radioactivity after
48 hours. M1 and M11 represented about 115% and 128% of parent
drug exposure (AUC‘) and accounted for approximately 32.6% and
36.6% of plasma radioactivity (based on AUC‘), respectively.

Excretion of Radioactivity

The mean cumulative percentage of the radioactive dose recovered in
urine and feces is illustrated in Fig. 2. ABT-126 and related materials
were excreted primarily in urine with a mean (6S.D.) recovery of 81.5%
(610.2%) of the administered dose. Mean (6S.D.) fecal excretion
accounted for 12.4% (69.3%) of the administered dose. Total recovery
of radioactivity in urine and feces was 94.0% (62.09%), with recovery
in individual subjects ranging from 91.0% to 95.9%. Most of the
administered radioactivity was recovered in the first 120 hours postdose
(89.3%).

Metabolite Profiles of [14C]ABT-126 in Circulation and Excreta

Plasma. A representative HPLC radiochromatogram of [14C]ABT-
126 and its metabolites in pooled human plasma is shown in Fig. 3.
ABT-126, M1 (N-oxide), and M11 (N-glucuronide) are predominant
components in human plasma, and metabolite M12 (N-glucose conju-
gate) is present as a minor metabolite. In addition, trace levels of
metabolites M3 (dioxidation), M7 (dioxidation plus sulfation), M8
(mono-oxidation plus glucuronidation), M10 (mono-oxidation plus
cysteine conjugation), and M16 (N-oxidation plus glucuronidation)
were detected only by LC-MS analysis.
Urine. The representative HPLC radiochromatogram of pooled human

urine is shown in Fig. 4. The amount of ABT-126 and metabolites in urine,
expressed as the mean percentage of the administered dose, is tabulated
in Table 2. The administered [14C]ABT-126 was recovered primarily in
urine as metabolites (74.6% of the administered dose), whereas 6.6% of

TABLE 1

Mean (%CV) PK parameters of total radioactivity, ABT-126, and its metabolites in plasma after a single oral dose of [14C]ABT-126

Pharmacokinetic Parametersa
Tmax

h
Cmax

ng/ml or ng-eq/g
AUC(0-t)

h•ng/ml or h•ng-eq/g
AUC0-‘

h•ng/ml or h•ng-eq/g)
t1/2

c

h
% Total Radioactivity

AUC0–‘

% of ABT-126
AUC0–‘

ABT-126a (LC-MS/MS) 4.0 (1.6) 89.7 (15.2) 2400 (525) 2440 (532) 33.9 (5.1) 26.2 —

ABT-126b (radioprofiling) 4 101 2190 2620 — 28.5 —

M1b (radioprofiling) 3 159 2260 3000 — 32.6 115
M11b (radioprofiling) 16 72.9 2320 3360 — 36.6 128
Total radioactivity (LSC) (S.D.)a 4 (1.4) 318 (19) 7400 (1406) 9190 (1746) — — —

an = 4.
bPharmacokinetic parameters for ABT-126 and its metabolites were calculated from pooled samples (pooled per each time point across subjects so that one concentration per time point was obtained

for parent and each metabolite).
cTerminal phase elimination half-life t1/2 was not determined for total radioactivity, ABT-126 (radioprofiling), M1,and M11 because radioactivity levels were below LOQ (40.1 ng equivalents/g) in

the samples from 72 to 192 h.
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the administered dose was recovered as the unchanged parent drug.
Similarly, with the metabolite profile in plasma, the most significant
metabolites in urine were M1 and M11, representing 50.3% and 19.9%
of the administered dose, respectively. Several minor metabolites were
also identified in urine, including M3, M10, M12, and M16, each
representing ,2% of the administered dose. Trace amounts of
metabolites, including M7 and M8, were detected only by LC/MS.
Feces. The representativeHPLC radiochromatogram of pooled human

feces is shown in Fig. 5. The amount of ABT-126 and metabolites in
feces, expressed as the mean percentage of the administered dose, is
tabulated in Table 2. The administered [14C]ABT-126 was recovered in
feces, primarily as intact parent drug (12.2% of the administered dose);
0.2% of the administered dose was recovered M11. Minor metabolites
including M1, M3, and M12 were only detected by LC-MS analysis.

Structural Characterization of ABT-126 and Main Metabolites

The proposed metabolic pathways for ABT-126 in humans are shown
in Fig. 6. Metabolites of ABT-126 were characterized using a

combination of positive-ionization high-resolution full-scan MS and
product ion scan (MS/MS) analyses (Figure S2). The chemical structures
of metabolites M1, M11, and M12 were confirmed by comparing the
chromatographic retention times and mass spectral fragmentations with
those of the reference standards. Chemical structures of other minor
metabolites (each,2% of the dose), including M3, M7, M8, M10, and
M16, were proposed based on high-resolution MS/MS fragmentation
pattern analysis. The high-resolution product ion mass spectra and
proposed structures for these minor metabolites are presented in
Supplemental Fig. S2. The measured accurate masses and characteristic
fragment ions are listed in Table 3.
ABT-126. ABT-126 yielded a protonated molecular ion at m/z

314.1325 (calculated mass m/z 314.1322; C17H20N3OS
+). Collision-

induced dissociation of ABT-126 (m/z 314) produced the fragment ions
at m/z 136.1122 (loss of phenylthiadiazole moiety; C9H14N

+), m/z
137.1199 (loss of phenylthiadiazole moiety; C9H15N

·+), m/z 211.0897
(loss of the phenylmethanimine moiety; C10H15N2OS

+), and m/z
254.1649 (1, 3 rearrangement of ABT-126, followed by loss of SCH2O;

Fig. 1. Mean plasma concentration-time profiles of total
radioactivity, ABT-126, M1, and M11 in healthy male subjects
after a single oral dose of 100 mg of [14C]ABT-126 containing
100 mCi radioactivity.

Fig. 2. Mean (6S.D.) cumulative percentage of radioactive dose
recovered in urine and feces at specified intervals after a single
oral dose of 100 mg (100 mCi) of [14C]ABT-126 to healthy male
subjects.
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C16H20N3
+). Proposed fragmentation pathways of ABT-126 are provided

in Supplemental Fig. 1.
M1. The metabolite M1 produced a protonated molecular ion at m/z

330.1274, indicating the addition of one oxygen atom to the parent drug
(calculated mass m/z 330.1271; C17H20N3O2S

+). The collision-induced
dissociation of M1 (m/z 330) produced the key fragment ions at m/z
152.1071 (loss of phenylthiadiazole moiety) and m/z 136.1122 (further
loss of oxygen fromm/z 152), suggesting that oxidation occurred at aza-
adamantane nitrogen. M1 was assigned as an N-oxide metabolite of
ABT-126. The structure of M1 was further confirmed by comparing
MS/MS fragmentation pattern and chromatographic retention time with
the reference standard. Proposed fragmentation pathways of M1 are
provided in Supplemental Fig. 1.
M11. The metabolite M11 produced a protonated molecular ion at

m/z 490.1642, suggesting the addition of a glucuronide to the parent drug
(calculated massm/z 490.1643; C23H28N3O7S

+). The major fragment of
M11 was m/z 314.1318 (loss of glucuronide). M11 was assigned as a
quaternary N-glucuronide of ABT-126. The structure of M1 was further
confirmed by comparing MS/MS fragmentation pattern and chromato-
graphic retention time with the reference standard.
M12. The metabolite M12 produced a protonated molecular ion of

m/z 476.1848, indicating the addition of a glucose to the parent drug

(calculated massm/z 476.1850; C23H30N3O6S
+). The major fragment of

M12 was m/z 314.1317 (loss of glucose). M12 was assigned as
quaternary N-glucose conjugate of ABT-126. The structure of M12
was further confirmed by comparing MS/MS fragmentation pattern and
chromatographic retention time with the reference standard.

Metabolite Profile from Hepatocyte Incubations

After incubations of [3H]ABT-126 in rat, dog, monkey, and human
hepatocytes (1 mM, 0–4 hours), ABT-126 showed highest intrinsic
clearance in dog hepatocytes (4.8 L/h/kg). The intrinsic clearance was
lower in human, monkey, and rat (;1.0 L/h/kg) hepatocytes.M1was the
primary metabolite in the test species, representing 25.4% (human),
47.4% (monkey), 92.1%, (dog), and 42.8% (rat) of total drug related
material after 4-hour incubations, respectively. M11 was observed in
human (18.4%) and monkey (9.4%) hepatocytes but not in dog and rat
hepatocytes. In addition, a trace amount of M12 was detected only in
human hepatocyte incubations by LC-MS.

Metabolism of ABT-126 with cDNA-Expressed Cytochrome
450 and FMO Enzymes

Incubations of [3H]ABT-126 with human cDNA-expressed P450
(CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4) or FMO
enzymes (FMO1, FMO3, and FMO5) at 37�C for 60 minutes indicated
that several enzymes were capable of metabolizing ABT-126 to form

Fig. 3. Representative HPLC radiochromatogram of ABT-126 and its metabolites in
human plasma at 6 hours after a single oral dose of [14C]ABT-126 to healthy male
subjects.

Fig. 4. Representative HPLC radiochromatogram of ABT-126
and its metabolites in human urine after a single oral dose of
[14C]126 (24–48 hours postdose).

TABLE 2

Percentages of ABT-126 and metabolites in human urine and feces after a single oral
dose of 100 mg (100 mCi) of [14C]ABT-126 (n = 4)

Compounds
Urine

(0–192 h)
Feces

(0–192 h)
Total

ABT-126 6.6 12.2 18.8
M1 50.3 MS 50.3
M3 0.9 MS 0.9
M7 MS N.D. N.A.
M8 MS N.D. N.A.
M10 0.9 N.D. 0.9
M11 19.9 0.2 20.1
M12 1.5 MS 1.5
M16 0.2 N.D. 0.2
UNK1 0.9 N.D. 0.9

MS, Detected in mass spectrometry only; N.A., not applicable; N.D., not detected.
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M1. These enzymes included CYP3A4 (10% conversion to M1), 2D6
(2.1% conversion to M1), 2B6 (3.2% conversion to M1), FMO1(100%
conversion to M1), and FMO3 (100% conversion to M1). Kinetic
studies (Fig. 7) were conducted to determine the Km and Vmax values for

M1 formation with cDNA-expressed FMO1 and FMO3. M1 formation
catalyzed by FMO1 and FMO3 exhibited Michaelis-Menten kinetics
with apparent Km values of 12.5 and 89.4 mM, Vmax values of
2610 pmol/min per milligram protein and 2870 pmol/min per milligram

Fig. 5. Representative HPLC radiochromatogram of ABT-126
and its metabolites in human feces after a single oral dose of
[14C]ABT-126 (8–24 hours postdose).

Fig. 6. Proposed metabolic pathways of ABT-126 in humans.
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protein, and CLint values of 0.21 and 0.032 ml/min per milligram,
respectively (Table 4).

Metabolism of ABT-126 with cDNA-Expressed UGT Enzymes

A panel of recombinant UGT enzymes (UGT1A1, 1A3, 1A4, 1A6,
1A7, 1A9, 1A10, 2B4, 2B7, 2B10, 2B15, and 2B17) was incubated with
[3H]ABT-126 (37�C for 60 minutes). Parent turnover was observed only
with UGT1A4 and UGT2B10 only. Follow-on kinetic studies were
conducted to determine the Km and Vmax values for M11 formation with
these two enzymes. Biphasic kinetics was observed for M11 formation
by UGT1A4 (Fig. 8). The high-affinity component exhibited apparent
Km, Vmax, and CLint values of 0.232 mM, 0.613 pmol/min per milligram,
and 0.0026 ml/min per milligram, respectively, whereas the low-affinity
component showed apparent Km, Vmax, and CLint values of 115 mM,
123 pmol/min per milligram, and 0.0011 ml/min per milligram,
respectively (Table 4). M11 formation by UGT2B10 best fit to
one-enzyme Michaelis-Menten kinetics, with an apparent Km, Vmax,
and CLint values of 0.504 mM, 0.17 pmol/min per milligram, and
0.00034 ml/min per milligram protein, respectively (Table 4).

Metabolism of ABT-126 After Thermal Treatment of HKMs and
HLMs

Expression of FMO3 and FMO5 is dominant in HLMs, whereas
FMO1 is absent. In contrast, HKMs are rich in FMO1, but not other
FMO isoforms (Phillips and Shephard, 2017). Therefore, it was of
interest to 1) confirm metabolism to M1 N-oxide metabolite in these
tissue preparations and 2) inhibit M1 formation by mild heat treatment, a
process known to inactivate FMO, but not P450 (Grothusen et al., 1996).
As anticipated, we observed robust formation of M1 N-oxide formation
in both HLMs and HKMs and that the rate of M1 N-oxide formation
declined substantially (;80%, Table 5) upon heat treatment. Benzyd-
amine, a known substrate of FMO1 and FMO3, was used as a positive
control and gave the expected response with and without heat treatment
(Supplemental Table 1) (Taniguchi-Takizawa et al, 2015). The presence
of small but detectable M1 in 0-minute incubations is probably
indicative of a small amount of M1 impurity in the starting substrate.

Discussion

After oral administration of [14C] ABT-126 in healthy subjects, mean
total recovery was 94.0% (62.09%) over the 216 hours postdose. A
mean of 81.5% (610.2%) of administered radioactivity was excreted in
urine, indicating good oral absorption of ABT-126. ABT-126 was
cleared by metabolism and renal excretion (90% and 10%, respectively),
with an oral clearance of 42.8 (L/h). Oral bioavailability for ABT-126 in
humans was 50%, estimated based on the observed oral bioavailability
in rats, dogs, and monkeys. Thus, the total plasma, renal, and metabolic

clearance values were estimated to be 21, 2, and 19 L/h, respectively.
The renal clearance of 2 L/h indicates that renal elimination of ABT-126
is mainly via glomerular filtration (fraction unbound fu* glomerular
filtration rate = 2.3 L/h, where fu = 0.3 and glomerular filtration rate =
125 ml/min). The primary metabolic transformations of ABT-126
include aza-adamantane N-oxidation (M1, 50.3% in urine) and aza-
adamantane N-glucuronidation (M11, 19.9% in urine). M1 and M11
were major circulating components, representing 32.6% and 36.6% of

TABLE 3

Molecular ions and characteristic fragment ions of ABT-126 and metabolites in human plasma, feces, and/or urine

Compound [M+H]+ (Theoretical) [M+H]+ (Measured) D ppm Molecular Formula Key Fragment Ions (m/z)

ABT-126 314.1322 314.1325 0.9 C17H20N3OS
+ 254, 211, 137, 136, 108

M1 330.1271 330.1274 0.9 C17H20N3O2S
+ 313, 270, 227, 152, 136

M3 346.1220 346.1220 20.1 C17H20N3O3S
+ 329, 152, 136

M7 426.0788 426.0786 20.5 C17H20N3O6S2
+ 346

M8 506.1592 506.1591 20.2 C23H28N3O8S
+ 330

M10 451.1468 451.1467 20.2 C20H27N4O4S2
+ 433, 364, 330, 314, 136

M11 490.1643 490.1642 20.2 C23H28N3O7S
+ 314

M12 476.1850 476.1848 20.4 C23H30N3O6S
+ 314

M16 506.1592 506.1592 0 C23H28N3O8S
+ 330, 314

Fig. 7. Kinetic analysis of M1 formation by recombinant FMO1 (A) and FMO3 (B).
The rates represent the mean (6S.D.) of triplicate incubations. An Eadie-Hofstee
plot is also presented as an inset for each enzyme.
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total plasma radioactivity (0–48 hours), which was consistent with the
;3-fold higher plasma concentrations of total radioactivity compared
with those of ABT-126 (measured by LC-MS/MS). The scaled in vitro
intrinsic clearance from human hepatocytes (22 L/h) was similar to the
estimated in vivo metabolic clearance (19 l/h) noted earlier. These data
suggest that metabolic clearance of ABT-126 is primarily mediated by
hepatic enzymes.
N-oxidation is a commonly observed metabolic pathway catalyzed by

FMO, but also by P450 enzymes. Example tertiary amines undergoing
N-oxidation by FMO include tamoxifen, cimetidine, clozapine, itopride,
and imipramine (Phillips and Shephard, 2017). Compared with P450s,
FMOs exhibit a preference for substrates exhibiting greater nucleophi-
licity or basicity (Phillips and Shephard, 2017). ABT-126 contains a
nucleophilic and basic nitrogen with a pKa value of 9, consistent with
our findings that M1 is formed primarily by cDNA-expressed FMO1
and FMO3, with only a minor contribution from CYP3A4 and 2D6. Our
studies demonstrating N-oxidation in HLMs and HKMs, and that these
catalytic activities could be suppressed by mild heat inactivation further
confirm roles for FMO3 and FMO1 in ABT-126 metabolism. Addi-
tionally, the absence of significant CYP3A4 involvement was confirmed
by a clinical drug-drug interactions study with ketoconazole showing
that ABT-126 exposures (75 mg) were not affected by ketoconazole
(200 mg BID) (AbbVie internal data). Kinetic studies showed Vmax

values for M1 formation by cDNA-expressed FMO1 and FMO3 were
comparable, but FMO1 exhibited approximately 7-fold higher affinity
and intrinsic clearance as compared with FMO3. FMO1 is the most
prevalent FMO in human kidney but absent in adult human liver,
whereas FMO3 is the predominant FMO isoform in human liver
(Cashman and Zhang, 2006). Despite FMO1 exhibiting high abundance
of in kidney, after estimating expression and controlling for tissue
weight, it has been estimated that the overall abundance of FMO1 is
approximately 33-fold less than FMO3 (Overby et al., 1997; Yeung
et al., 2000; Zhang and Cashman, 2006). Despite the observation of
higher catalytic efficiency of FMO1 toward ABT-126, the significantly
lower abundance of this enzyme comparedwith FMO3 suggests that M1
is generated primarily by human FMO3 after oral administration.
Unfortunately, quantitative contribution of FMO1 and FMO3 to M1
formation and overall ABT-126 clearance is uncertain because of the
lack of scaling factors or well established methods to extrapolate in vitro
data to clinical observations. Recent progress using hepatocytes and heat
deactivated or chemically inhibited HLMs is encouraging (Jones et al.,
2017). Further studies are warranted to determine the inter-system
extrapolation factor values for cDNA-expressed FMO1 and FMO3 to
extrapolate activity from these recombinant systems to the activity
present in HLMs or HKMs.
From the perspective of mitigating the potential for drug-drug

interactions, significant contribution of FMO enzymes to themetabolism
of ABT-126 is considered attractive. This is because FMO is not readily
induced or inhibited by environmental chemicals or drugs (Cashman and

Zhang, 2006); therefore, ABT-126 clearance is unlikely to be affected by
comedications. Similarly, significant drug-drug interactions arising with
substrates of UGT enzymes are unlikely (Williams et al., 2004);
therefore, the role of UGTs in ABT-126 metabolism is likely to reduce
potential drug-drug interaction liabilities further.
The formation of the other major human metabolite aza-adamantane

N-glucuronide (M11) was mediated by UGT1A4 and UGT2B10.
UGT1A4 has been known to catalyze quaternary N-glucuronidation of
substrates incorporating aliphatic tertiary amine or aromatic N-hetero-
cyclic group, including tricyclic antidepressants (TCAs), nico-
tine, nitrosamines (Green et al., 1995; Green and Tephly, 1998;

TABLE 4

Apparent kinetic parameters for N-oxidation of ABT-126 by recombinant FMO1 and FMO3 and N-glucuronidation of
ABT-126 by recombinant UGT1A4 and UGT2B10a

Km Vmax CLint Km2 Vmax2 CLint2

FMO1 mM
12.5 (1.8)

pmol/min per mg
2610 (94)

ml/min per mg
0.21

mM
N.A.

pmol/min per mg
N.A.

ml/min per mg
N.A.

FMO3 89.4 (15) 2870 (239) 0.032 N.A. N.A. N.A.
UGT1A4 0.232 (0.044) 0.613 (0.068) 0.0026 115 (13) 123 (12) 0.0011
UGT2B10 0.504 (0.041) 0.17 (0.003) 0.00034 N.A. N.A. N.A.

N.A., not applicable.
aParameter estimates were obtained from data fitted on the mean of triplicate incubations; the S.E. of the estimate is shown in parenthesis

for Km and Vmax parameters.

Fig. 8. Kinetic analysis of M11 formation of recombinant UGT1A4 (A) and
UGT2B10 (B). The rates represent the mean (6S.D.) of triplicate incubations. An
Eadie-Hofstee plot is also presented as an inset for each enzyme.
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Kubota et al., 2007). Recent studies have indicated that UGT2B10 may
also play an important role in catalyzing quaternary N-glucuronida-
tion reactions (Zhou et al., 2010; Fowler et al., 2015; Pattanawongsa
et al., 2016) and often displays a lower Km than UGT1A4. In the
present study, UGT1A4 exhibited approximately 11-fold higher
intrinsic clearance than UGT2B10 for M11 formation. Because
hepatic abundance of UGT1A4 and UGT2B10 in human liver is
similar (Sato et al., 2014), the higher intrinsic clearance exhibited by
UGT1A4 suggests that M11 is generated mainly by human UGT1A4
with a lesser role for UGT2B10.
Notable species-dependent formation of M11 was observed in

hepatocytes. After a 4-hour incubation, M11 was formed in humans
(18.4%) and monkeys (9.4%) but not in dog or rat hepatocytes.
Quaternary N-glucuronidation is commonly observed in human and
nonhuman primates, but it is usually absent or minimal in rodents and
dogs, which is consistent with our observations (Chiu and Huskey,
1998). Indeed, UGT1A4 is a nonfunctional pseudogene in rats and mice
that may explain the low activities in rodents (Mackenzie et al., 2005).
An ortholog of UGT2B10 has not yet been characterized in preclinical
species, suggesting that UGT2B10 plays an important role in the N-
glucuronidation reactions in human and nonhuman primates only
(Kaivosaari et al., 2011).
It is interesting to note that N-oxidation and/or N-glucuronidation

reactions observed with ABT-126 were similar to those observed for
other a7 nAChR agonists that contain a quinuclidine ring (similar
to aza-adamantane ring), including PHA-568487 (Shilliday et al.,
2010), AZD0328, and N-(3R)-1-azabiocycl[2.2.2]ot-3-ylfuro[2,3-c]-
pyridine-5-carboxamide (1) (Shaffer et al., 2007) and ABT-107
(Liu et al., 2013).
M1 and M11 are not expected to be pharmacologically active

in vivo in human as both metabolites exhibited essentially no in vitro
activation of human a7 nAChR (.50-fold less potent than ABT-126)
at concentrations up to 100 mM and no activation or inhibition of
human a4b2 or activation of a3b4. Furthermore, M1 and M11 were
evaluated in an extensive receptor binding panel that included
G-protein–coupled receptors, ion channels, transporters, and are not
expected to have clinically relevant off-target pharmacologic activity.
In addition, the plasma quantification of M1 at steady state in human
(100 mg, daily) and in rats, dogs, and monkeys at no-observed-
adverse-effects-level doses showed adequate coverage of M1 in these
preclinical safety species.
In summary, this study with [14C]ABT-126 in healthy adult subjects

showed that ABT-126 exhibits high absorption (.81.5% of the
administered dose), extensive metabolism, and was excreted renally
(94% of the administered dose). ABT-126was cleared predominantly by
metabolism through aza-adamantane N-oxidation (M1) and aza-
adamantane N-glucuronidation (M11). M1 formation is catalyzed by
human liver FMO3 and, to a lesser extent, by human kidney FMO1,
whereas M11 formation is attributed to UGT1A4 with a minor role for
UGT2B10.
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Supplemental Figures 

Figure S1. Chemical structures of [
3
H]ABT-126 (T denotes 

3
H) and [

14
C]ABT-126 (* denotes 

14
C).  

Figure S2. Product ion mass spectra of ABT-126 and its metabolites 
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Preparation of [
3
H]ABT-126 

 

A solution of (1R,4R,5S)-4-[5-(3-Bromo-phenyl)-[1,3,4]thiadiazol-2-yloxy]-1-aza-

tricyclo[3.3.1.1%3,7&]decane (3 mg, 0.0075 mmol) in methanol (2 mL) was charged to a 

5 mL round bottom flask equipped with magnetic stir bar. To this solution, palladium on 

carbon (1 mg, 10%) was added and this mixture was exposed to tritium gas (1.25 Ci, 

0.021 mmol) in a Tri-Sorber® tritiation manifold for 4.5 hours. The excess tritium was 

pushed back into a recovery bed and the reaction flask was purged with helium. The 

reaction mixture was diluted with methanol (1 mL) and the catalyst was filtered. The 

labile tritium was removed by treating with methanol evaporations (3 x 5 mL). The 

residue was dissolved in methanol (10 mL) and radioactivity was measured as 350 mCi.  

 

A portion (31.5 mCi, 900 μL) of [
3
H] ABT-126 was evaporated to dryness and the residue was 

dissolved in acetonitrile (0.3 mL) and water (0.65 mL) with 0.1% TFA. Approximately 900 μL of 

this sample was injected onto a Phenomenex Luna C18 (2) column (5 micron, 250 mm x 10 mm 

ID) using an Agilent HPLC system.  [
3
H]ABT-126 was eluted at a flow rate of approximately 

4mL/min by a gradient mobile phase of 2% to 95% B for 20 minutes where Mobile Phase A= 

0.1% TFA/water and Mobile Phase B = 0.1 % TFA/acetonitrile. The fractions containing 

[
3
H]ABT-126 were collected at approximately 11 min.  Fractions were combined and the solvents 

were evaporated under vacuum. The residue was dissolved in ethanol (4 mL) to give 14.5 mCi. 
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Preparation of [
14

C]ABT-126 

 

Preparation of [
14

C]5-phenyl-1,3,4-thiadiazol-2-amine (1) 

A solution [
14

C]-benzoic acid (188 mg, 1.54 mmol) in toluene (0.5 mL) was charged to a 

20 mL vial equipped with magnetic stir bar. To this solution, thiosemicarbazide (168 mg, 1.85 

mmol) was added followed by phosphorus oxychloride (472 mg, 3.08 mmol) and the mixture was 

stirred at 80°C for 5 h. The reaction mixture was cooled to 0
o
C and quenched with water (1 mL). 

The mixture was basified to pH >9 by using 50% aqueous sodium hydroxide. The mixture was 

then filtered washing with water (2 mL).  The solids were collected.  Ethanol (1.5 mL) was added 

and the mixture was stirred for 18 h.  The ethanol mixture was filtered and the solids were 

collected.  The solids were dried under vacuum for 2 h.  The final product (303 mg) was used 

without further purification in the next reaction. 

 

[
14

C] 2 − Bromo−5−phenyl−1,3,4 − thiadiazole (2) 

Into a 20 mL vial equipped with magnetic stir bar, was placed a 

suspension of 1 (1.54 mmol) in acetonitrile (7 mL). To this reaction mixture, copper (II) bromide 

(0.869g, 3.08 mmol) was added followed by tert-butylnitrite (0.41 mL, 3.08 mmol) and the 

mixture was stirred and heated at 50°C for 2 h under a nitrogen atmosphere. The 
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reaction mixture was cooled to ambient temperature.  The reaction was quenched with saturated 

ammonium chloride (3 mL) and the acetonitrile was removed.  The aqueous residue was extracted 

with ethyl acetate (3 x 5 mL). The organic layers were combined and dried over sodium sulfate.  

After filtration, the solvent was removed.  The residue was purified using a 12 g silica cartridge 

and eluting with a 5:1 mixture of heptanes and ethyl acetate.  The pure fractions were combined 

and the solvents removed to give 2 (181 mg, 49% for the two steps). 

 

Preparation of [
14

C] ABT-126  

The salt 2 (185 mg, 0.79 mmol) was charged to a 10 mL round bottom flask equipped with a stir 

bar.  THF (2 mL) was added to the flask under an atmosphere of argon.  The reaction was cooled 

to 0 
o
C and a solution of bis(trimethylsilyl)amide in THF (1M, 1.58 mL) was slowly dripped into 

the reaction via syringe.  The reaction was then allowed to warm to ambient temperature and was 

stirred for 1 h.  The reaction was then cooled to 0 
o
C.  Product 2  (181 mg, 0.753 mmol) as a 

solution in 1 mL THF was slowly added to the reaction dropwise via syringe.  The reaction was 

allowed to warm to ambient temperature and was stirred 18 h.  The reaction was again cooled to 0 
o
C and quenched with 10% potassium carbonate (1 mL).  The reaction was then extracted with 

ethyl acetate (3 X 5 mL).  The organics were combined and dried over sodium sulfate.  After 

filtration, the solvents were removed.  The residue was dissolved in ethanol (0.5 mL) and 1 M 

citric acid in ethanol (0.7 mL).  The mixture was heated to 60 
0
C for 1 h.  The now solution was 

allowed to slowly cool to ambient temperature and stirred for 16 h.  The solids were filtered 

washing with ethanol (1 mL) and collected.  After drying the solid under vacuum for 2 h, 186 mg 

(0.37 mmol, 20.6 mCi) of [
14

C] ABT-126 was collected for a 50% yield. 

 

Preparation of M1 [(4s)-(5-Phenyl-1,3,4-thiadiazol-2-yloxy)-1-azatricyclo[3.3.1.1
3,7

]decane-1-

oxide] 

 

 
A solution of ABT-126 (50 mg, 0.16 mmol) in methanol (3 mL) was chilled to 0 °C and treated 

with 3-chloroperbenzoic acid (70-75%; 39 mg, 0.16 mmol; Aldrich).  After 30 min, the ice bath 

was removed and stirring was continued overnight.  The reaction mixture was concentrated, and 

the residue was purified by flash chromatography (15 g silica gel column, 5-50% gradient of 

ammonium hydroxide-methanol-chloroform (2:20:78) in chloroform) to afford M1 (52 mg, 0.16 

mmol; 99% yield): 
1
H NMR (300 MHz, methanol-D4) δ ppm 1.85 (d, J=13.2 Hz, 2 H), 2.20 (d, 

J=12.9 Hz, 2 H), 2.37 (s, 1 H), 2.77 (s, 2 H), 3.50 - 3.59 (m, 4 H), 3.63 - 3.72 (m, 2 H), 5.49 (t, 

J=3.6 Hz, 1 H), 7.48 - 7.55 (m, 3 H), 7.82 - 7.88 (m, 2 H).  MS (+ESI) m/z= 330 (M+H)
+
. 
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Preparation of M11 [(2S,3S,4S,5R)-3,4,5-trihydroxy-6-((1s,3R,4S,5S,7S)-4-((5-phenyl-1,3,4-

thiadiazol-2-yl)oxy)-1-azaadamantan-1-ium-1-yl)tetrahydro-2H-pyran-2-carboxylate] 

 

 
The reaction of ABT-126 with acetobromo-alpha-D-glucuronic acid methyl ester (Acros) and 

subsequent hydrolysis were performed as described in J. Pharmaceut. Sci. 1992, 81(11), 1079-

1083. The final product was purified by carbon treatment and serial crystallizations from aqueous 

phosphoric acid/ethanol mixtures upon adjustment to pH ~4 with sodium hydroxide: 
1
H NMR 

(400 MHz, DMSO-d6) δ 7.80 – 7.65 (m, 2H), 7.54 – 7.39 (m, 3H), 4.70 – 4.11 (m, 6H), 3.89 – 

3.59 (m, 3H), 3.35 (tt, J = 19.0, 9.3 Hz, 2H), 2.67 (s, 2H), 2.23 (s, 1H), 2.11 (d, J = 13.5 Hz, 2H), 

1.80 (d, J = 13.2 Hz, 2H). 
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Preparation of M12 [(1s,3R,4S,5S,7S)-4-((5-phenyl-1,3,4-thiadiazol-2-yl)oxy)-1-

((3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-1-

azaadamantan-1-ium bromide] 

 

   
A mixture of ABT-126 (2.01 g, 6.41 mmol), 2,3,4,6-tetra-O-acetyl-alpha-D-glucopyranosyl 

bromide (2.80 g, 6.81 mmol; Aldrich) and potassium carbonate (2.21 g, 16 mmol) in EtOH-water 

(1:2, 60 mL) was stirred at room temperature overnight. Additional 2,3,4,6-tetra-O-acetyl-alpha-D-

glucopyranosyl bromide (2.8 g), potassium carbonate (2.3 g) and ethanol (20 mL) were added and 

stirring was continued overnight. The mixture was filtered to collect the precipitated solid, which 

was washed with 3 × 10 mL ethanol and dried in a vacuum oven. The liquors were extracted with 

2-METHF (86.9 g), aqueous layer acidified with 10% phosphoric acid and solids filtered. The 

remaining liquors were purified by reverse-phase flash chromatography (100 g Redipak C18 

column, 5-100% MeCN-H2O). All solids and chromatography product fractions were combined, 

dissolved, concentrated and dried to afford the final product (540 mg, 15% yield): 
1
H NMR (700 

MHz, DMSO-d6) δ 7.99 – 7.79 (m, 2H), 7.68 – 7.46 (m, 3H), 6.02 (s, 1H), 5.63 – 5.41 (m, 2H), 

5.32 (d, J = 5.5 Hz, 1H), 4.81 (t, J = 6.7 Hz, 1H), 4.53 (d, J = 8.9 Hz, 1H), 4.04 – 3.91 (m, 4H), 

3.90 – 3.83 (m, 1H), 3.83 – 3.72 (m, 2H), 3.67 (t, J = 8.8 Hz, 1H), 3.54 (dt, J = 11.6, 5.2 Hz, 1H), 

3.42 – 3.31 (m, 2H), 3.18 (ddd, J = 10.9, 6.5, 2.2 Hz, 1H), 2.82 – 2.74 (m, 2H), 2.31 (d, J = 4.5 Hz, 

1H), 2.17 – 2.06 (m, 2H), 1.91 – 1.80 (m, 2H). 
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Figure S11 
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Figure S2 

ABT-126 

 

 

Note that sites of protonation were arbitrarily assigned.  
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M1 

 

 

  Note that sites of protonation were arbitrarily assigned.  
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M3 

 

 

 

Note that sites of protonation were arbitrarily assigned.  

 

 

 

 

 

 

 

 

 

ABT126_MetID_humanADME_8hurine_M11686 #2175 RT: 28.18 AV: 1 NL: 7.02E4
T: FTMS + c ESI d Full ms2 346.10@cid25.00 [85.00-360.00]
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M7 

 
 

 

 
 

Note that sites of protonation were arbitrarily assigned.  
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M8 

 

 
 

 
 

Note that sites of protonation were arbitrarily assigned.  
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M10 

 

 
 

 
 

 

 

 

Note that sites of protonation were arbitrarily assigned.  
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M11 
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M12 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABT126_MetID_humanADME_8hurine_M11686 #3459 RT: 44.66 AV: 1 NL: 1.19E6
T: FTMS + c ESI d Full ms2 476.10@cid25.00 [120.00-490.00]
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M16 

 

 

  

ABT126_MetID_humanADME_8hurine_M11686 #2831 RT: 36.61 AV: 1 NL: 3.28E4
T: FTMS + c ESI d Full ms2 506.10@cid25.00 [125.00-520.00]
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Table S1.  Inactivation of benzydamine metabolism by thermal treatment of human liver and 

kidney microsomes 
 

 Percent of starting concentration 

 Substrate 0 minute 15 minute 30 minute 60 minute 

HLM Benzydamine
 a
 100

 
 89 72 60 

HLM + heat
b 

Benzydamine 100 92 81 81 

HKM Benzydamine 100 86 78 58 

HKM + heat Benzydamine 100 97 98 104 

a – HLM and HKM were incubated in triplicate with 1 µM benzydamine under same experimental 

conditions described for ABT-126 

b - Thermal treatment consisted of heating microsomal suspension for 90 seconds at 50 °C prior to 

inclusion in the assay.  Because CYP2D6-catalyzed N-demethylation is resistant to the heat 

inactivation treatment, only partial inactivation of benzydamine metabolism is observed, consistent 

with observations of Taniguchi-Takizawa et al (2015). 

 


