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ABSTRACT

Lemborexant is a novel dual orexin receptor antagonist recently
approved for the treatment of insomnia in the United States and
Japan. Here, disposition and metabolic profiles were investigated in
healthy human subjects. After single oral administration of 10 mg
[14C]lemborexant (100 mCi), plasma concentrations of lemborexant
and radioactivity peaked at 1 hour postdose and decreased biphasi-
cally. Cumulative recovery of the administered radioactivity within
480 hours was 86.5% of the dose, with 29.1% in urine and 57.4% in
feces. Unchanged lemborexant was not detected in urine but
accounted for 13.0% of the dose in feces, suggesting that the main
elimination pathway of lemborexant was metabolism. Metabolite
analyses revealed that the major metabolic pathways of lemborex-
ant are oxidation of the dimethylpyrimidine moiety and subsequent
further oxidation and/or glucuronidation. In plasma, lemborexant
was the dominant component, accounting for 26.5% of total drug-
related exposure. M4,M9,M10, andM18were detected as themajor
radioactive components; M10 was the only metabolite exceeding
10% of total drug-related exposure. Although M4, M9, and M10
showed binding affinity for orexin receptors comparable to that of

lemborexant, their contributions to the sleep-promoting effects of
lemborexant are likely low because of the limited brain penetration
by P-glycoprotein. Exposure comparison between humans and
nonclinical toxicology species confirmed that plasma exposure of
M10 was higher in at least one animal species compared with that in
humans, indicating that there is no disproportionate metabolite in
humans, as defined by International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for HumanUseM3(R2)
and U.S. Food and Drug Administration Metabolite in Safety Testing
guidance; therefore, no additional toxicology studies are needed.

SIGNIFICANCE STATEMENT

This study provides detailed data of the disposition and metabolism
of lemborexant, a novel therapeutic drug for insomnia, in humans,
as well as a characterization of the circulating metabolites and
assessment of their contributions to efficacy and safety. The
information presented herein furthers our understanding of the
pharmacokinetic profiles of lemborexant and its metabolites and
will promote the safe and effective use of lemborexant in the clinic.

Introduction

Insomnia is a common sleep disorder characterized by difficulties
with falling asleep and/or maintaining sleep despite an adequate
opportunity to sleep (Buysse, 2013). Patients suffering from insomnia
usually report complaints of inadequate or poor-quality sleep, and the
consequent sleep deprivation causes significant impairment in daytime
performance. The prevalence of insomnia in the general adult population
is estimated to be 12%–20% (Morin et al., 2011; Roth et al., 2011).
Orexin peptides are neuropeptides produced from the precursor

prepro-orexin in orexin neurons located in the hypothalamus (de Lecea
et al., 1998; Sakurai et al., 1998), and they are recognized as upstream
regulators of neurotransmitters related to sleep and wakefulness. Orexin
peptides bind to their receptors, orexin-1 receptor (OX1R) and orexin-2

receptor (OX2R) (Sakurai et al., 1998), and it has been reported that
blockade of orexin receptors can promote sleep in animals and humans
(Brisbare-Roch et al., 2007). Thus, the orexin signaling pathway has
been studied as a promising drug target for insomnia.
Lemborexant (also called E2006 or Dayvigo) is a novel dual orexin

receptor antagonist that shows high and selective binding affinities to
human orexin receptors with rapid association and dissociation kinetics
(Beuckmann et al., 2017). Preclinical in vivo assessments in rodents
have shown that lemborexant exerts a sleep-promoting effect via the
orexin signaling pathway (Beuckmann et al., 2019). In clinical studies,
including two pivotal phase 3 studies, lemborexant improved sleep onset
and sleep maintenance with minimal next-morning residual sleepiness
and no significant impairment of next-morning driving performance in
patients with insomnia (Murphy et al., 2017; Rosenberg et al., 2019;
Vermeeren et al., 2019). Based on these and other data, lemborexant was
approved for the treatment of insomnia by the U.S. Food and Drug
Administration (FDA) in December 2019 and by theMinistry of Health,
Labor and Welfare of Japan in January 2020. Lemborexant is also
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ABBREVIATIONS: AMS, accelerator mass spectrometry; AUC, area under the concentration-time curve; AUC(0–inf), area under the concentration
vs. time curve from time zero to infinity after administration; BCRP, breast cancer resistant protein; CFR, corrected flux ratio; DDI, drug-drug
interaction; FDA, U.S. Food and Drug Administration; HPLC, high-performance liquid chromatography; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; LSC, liquid scintillation counting; m/z, mass-to-charge ratio; OX1R, orexin-1 receptor; OX2R, orexin-2 receptor; Papp, apparent
permeability coefficient; P-gp, P-glycoprotein.
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currently under clinical development for the treatment of irregular sleep-
wake rhythm disorder.
Previously, we demonstrated in absorption, distribution, metabolism,

and excretion studies with [14C]lemborexant in rats and monkeys that
lemborexant was rapidly and completely absorbed after oral dosing and
that the drug-derived radioactivity was excreted mainly into feces (Ueno
et al., 2019). Furthermore, we found that lemborexant underwent
extensive metabolism via diverse pathways in rats and monkeys, and
various metabolites were detected in plasma and excreta (Ueno et al.,
2019). Drug metabolites may be pharmacologically active, cause
substantial drug-drug interactions (DDIs), or contribute to safety
concerns; consequently, careful characterization of metabolites, in-
cluding profiling of the major metabolites in plasma, is essential to
ensure the safe use of therapeutics. The FDA Metabolite in Safety
Testing and the International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use M3(R2) guidance
recommends confirming the relative exposure of circulating metabolites
to total drug-related exposure in humans and the exposure coverage of
circulating metabolites in nonclinical toxicology studies to evaluate the
need for additional safety assessments of metabolites (ICH, 2010; FDA,
2020b). DDI guidance and guidelines issued by the FDA, European
Medicine Agency, and Ministry of Health, Labor and Welfare of Japan
use a metabolite-to-parent area under the concentration-time curve
(AUC) ratio as the cutoff value for assessments of DDI potentials of
metabolites (EMA, 2012; MHLW, 2019; FDA, 2020a). Thus, absorp-
tion, distribution, metabolism, and excretion studies are a crucial step
during drug development to investigate the metabolic profiles of new
chemical entities in humans and nonclinical toxicology species and
provide detailed pharmacokinetic information not only of the parent
drug but also of its metabolites, which is necessary to maximize the
efficacy and safety of the drug.
The objectives of the present study were to investigate the disposition,

mass balance, and metabolic profiles of [14C]lemborexant after oral
administration in healthy human subjects. In vitro assessments were also
conducted to evaluate possible contributions of circulating metabolites
detected in human plasma to the sleep-promoting effect of lemborexant.
In addition, exposure of the circulating metabolites were compared
between humans and nonclinical toxicology species to ensure that safety
assessments of the metabolites in nonclinical toxicology species would
adequately evaluate safety in humans.

Materials and Methods

Chemicals and Reagents. Lemborexant and authentic metabolite standards
were synthesized at Eisai Co., Ltd. (Ibaraki, Japan) or Eisai Inc. (Andover, MA).
[14C]Lemborexant was synthesized at Ricerca Biosciences, LLC (Concord, OH),
and its radiochemical purity and specific radioactivity were 97.5% and 4.02 mCi/
mmol, respectively. The chemical structure of [14C]lemborexant is shown in
Supplemental Fig. 1. Deuterium-labeled compounds used as internal standards
were synthesized at Eisai Co., Ltd., or Shanghai ChemPartner Co., Ltd.
(Shanghai, China). All other chemicals and reagents used were obtained from
commercial suppliers.

Clinical Study. The clinical study was conducted at Covance Clinical
Research Unit, Inc. (Madison, WI), in accordance with the Declaration of
Helsinki. The study (E2006-A001-007; NCT02046213) was a single-radio-
labeled-dose, open-label, single-center study and an absorption, metabolism, and
excretion study. The study protocol, informed consent form, and appropriate
related documents were approved by the institutional review board, and all
subjects provided written informed consent prior to participation in the study. In
the morning, after at least 10 hours of fasting overnight, eight healthy adult male
subjects, aged 18–55 years old, received 10 mg of [14C]lemborexant containing
100 mCi as a single oral dose in capsule formulation. The subjects were confined
to the study site for a minimum of 21 days and a maximum of 35 days. Urine,
fecal, and toilet tissue samples were collected at 24-hour intervals, and collection

was continued until the combined excreta contained less than 1% of the
administered radioactive dose at two consecutive 24-hour sample collection
intervals, at which point the subjects were discharged from the study. Fecal and
toilet tissue samples were mixed with water to prepare an approximate 20% (w/v)
fecal homogenate and a suspension of toilet tissue, respectively. Blood samples
were collected at the following time points: predose and 0.5, 1, 2, 3, 4, 6, 8, 12, 24,
48, 72, 96, 144, 216, 312, 408, 648, and 816 hours postdose; plasma samples were
obtained by centrifugation of the blood samples.

Measurement of Total Radioactivity. Total radioactivity in plasma, urine,
feces, and toilet tissue was measured by a combustion method. The samples were
combusted using a model 307 Sample Oxidizer (Packard Instrument Company,
Meriden, CT), and the resulting 14CO2 was trapped in Carbo-Sorb and then mixed
with PermaFluor (PerkinElmer, Waltham, MA). The radioactivity in the samples
was measured by using liquid scintillation counters (models 2900TR and
2910TR; Packard Instrument Company) for at least 5 minutes or 100,000 counts.
Oxidation efficiency was evaluated on each day of sample combustion by
analyzing a commercial radiolabeled standard. All samples were analyzed in
duplicate, when sample size allowed.

Quantitation of Concentrations in Plasma Samples by Liquid
Chromatography-Tandem Mass Spectrometry. Preliminary assessments
demonstrated that lemborexant metabolites M4, M9, and M10 showed relatively
high plasma exposure in humans after oral administration of lemborexant.
Therefore, plasma concentrations of not only lemborexant but also of these
metabolites were measured by a validated liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method. Plasma samples (100 ml) were mixed with
25 ml of acetonitrile/distilled water (1:1, v/v) containing 0.1% formic acid and
internal standards, and 100 ml of 10% ammonium hydroxide, and then methyl
t-butyl ether (1 ml) was added for extraction of the analytes. Samples were
centrifuged, and the organic solvent obtained as the supernatant was evaporated to
dryness under a nitrogen gas stream and then reconstituted with 200 ml of
acetonitrile/distilled water (1:1, v/v) containing 0.1% formic acid. The resultant
aliquot was injected into a Shimadzu LS system coupled with a Sciex API-5000
mass spectrometer for LC-MS/MS analysis. The chromatographic separation was
performed using a Phenomenex Kinetex XB-C18 column (5 mm, 250� 4.6 mm)
with high-performance liquid chromatography (HPLC) mobile phases of (A)
0.1% formic acid in water and (B) acetonitrile. Lemborexant, M4, M9, and M10,
and the corresponding deuterium-labeled compounds used as internal standards,
were identified based on their retention times and the mass units of the monitoring
ions on the mass chromatograms. The multiple reaction monitoring transitions
were mass-to-charge ratio (m/z) 411.2 → 287.0 for lemborexant; m/z 427.2 →
287.0 for M4, M9, and M10; m/z 414.2 → 290.1 for the internal standard of
lemborexant; and m/z 430.2 → 290.2 for the internal standards of M4, M9, and
M10. A calibration curve was obtained at a concentration range from 0.05 to
50 ng/ml by least-squares linear regression, with a weighting factor of 1/X2 on the
ratio of the peak area of analytes to that of the corresponding internal standard
against the nominal concentrations in the calibration standards.

Pharmacokinetic Calculation. Pharmacokinetic parameters were calculated
from individual concentration-time profiles by noncompartmental analysis in
Phoenix WinNonlin version 6.2 (Certara, St. Louis, MO).

Metabolite Profiling. Individual plasma samples from the eight subjects were
mixed in equal volumes across subjects to prepare a single pooled plasma sample
for each time point. The pooled plasma samples were further pooled across time
points (0–96 hours postdose) according to the Hamilton pooling method to
prepare an AUC-pooled plasma sample (Hamilton et al., 1981). Urine (0–120
hours postdose) and fecal homogenate samples (0–264 hours postdose) collected
at the designated time intervals from each subject were pooled by combining
volumes relative to the total volume or weight collected at the time interval.
Plasma, urine, and fecal homogenate samples were each mixed with 3-fold
volumes of methanol, shaken for 10 minutes, and centrifuged (1800g, 4�C,
10 minutes), and supernatants were collected. The resulting pellets were treated
with the same volume of methanol once (for urine) or twice more (for plasma and
fecal homogenates), and supernatants were combined and dried. The residue was
reconstituted in N-methyl-2-pyrrolidinone/30% methanol (2:3, v/v) for plasma
and fecal homogenates or 30% methanol for urine and centrifuged. The resulting
supernatants were analyzed by HPLC and LC-MS/MS. Chromatographic
separation was conducted using a previously reported method [HPLC condition
1 in Ueno et al. (2019)]. Radioactivity was detected by accelerator mass
spectrometry (AMS) for plasma and by liquid scintillation counting (LSC) for
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urine and feces. For the AMS analysis, HPLC eluate was fractionated every 30
seconds and pooled across the designated time points. AMS analysis was
performed by using a Pelletron AMS system (1.5SDH-1 0.6MV; National
Electrostatics Corporation, Tokyo, Japan) at Institute of Accelerator Analysis Ltd.
(Kanagawa, Japan), as previously described (Tozuka et al., 2010), and the
radioactivity concentration in the sample was calculated. For LSC analysis, HPLC
eluate was fractionated every 18 seconds, and eachHPLC fractionwasmixedwith
Hionic-Fluor scintillator (PerkinElmer), after which LSC of radioactivity was
conducted for 2 minutes. Radiochromatograms were constructed based on the
radioactivity in each fraction determined by AMS or LSC. The proportion of
parent or metabolites relative to total radioactivity in the sample (percentage of
total radioactivity) was calculated based on the radiochromatogram and extraction
recovery by methanol treatment. Since the AUC-pooled plasma sample prepared
by the Hamilton pooling method was used for the analysis, the relative proportion
(percentage of total radioactivity) corresponded to the proportion of each
metabolite relative to total drug exposure (percentage of total drug-related
exposure). The amount of parent or each metabolite in excreta relative to the
radioactive dose (percentage of the dose) was also calculated by multiplying the
proportion of parent or each metabolite in the sample (percentage of total
radioactivity) by percent recovery of the radioactive dose excreted into urine or
feces during the designated time periods.

Structural Analysis. Radioactivity in AUC-pooled plasma (0–96 hours
postdose), urine (0–120 hours postdose), and fecal homogenate (0–264 hours
postdose) samples was extracted by methanol, as described above, to obtain
analytical samples. LC-MS/MS analyses were performed with an LTQ Orbitrap
XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA) as previously
described (Ueno et al., 2019). Chemical structures of the metabolites were
identified or elucidated based on mass spectra, retention times, exact mass,
and molecular formula by comparing the authentic metabolite standards and
glucuronide conjugates of hydroxylated metabolites that were generated by
incubating each of the metabolites with human liver microsomes as previously
described (Ueno et al., 2019). When the structure of a metabolite detected in the
biologic samples was identified based on structural analysis, an M number (e.g.,
M1) was assigned to the metabolite. If the metabolite was identical to one
previously reported (Ueno et al., 2019), the same M number was assigned.

In Vitro Measurement of Binding Affinity. The binding affinities of
lemborexant metabolites (M4, M9, and M10) were measured by receptor binding
assay using a 96-well FlashPlate (PerkinElmer) with a membrane suspension
prepared from Chinese hamster ovary cells expressing humanOX1R or OX2R, as
previously described (Beuckmann et al., 2017). The membrane suspension was
incubated with each metabolite at 0.6–600 nmol/L. Experiments were conducted
three times in an identical fashion, and IC50 values were calculated for each
experiment. Then, the final IC50 values and their SEMs were obtained by
averaging the IC50 values from each experiment.

In Vitro P-Glycoprotein and Breast Cancer Resistant Protein Transport
Assay. Transcellular transport of lemborexant and its metabolites (M4, M9, and
M10) was assessed in LLC-PK1 cells and cells expressing human P-glycoprotein
(P-gp; multidrug resistance protein 1) and inMadin-Darby Canine Kidney II cells
and cells expressing human breast cancer resistant protein (BCRP), as previously

described (Yoshida et al., 2014). The cells were individually seeded at densities of
6.0 � 105 cells/cm2 for P-gp and 4.2 � 105 cells/cm2 for BCRP onto the
membrane filters of 24-well cell culture insert plates and cultured in a humidified,
5% CO2/95% air atmosphere at 37�C for 6 days to prepare cell monolayers.
Transcellular transport of lemborexant and its metabolites was evaluated at
a concentration of 3 mmol/l in the absence or presence of verapamil (30 mmol/l),
a typical P-gp inhibitor, or Ko143 (50 nmol/l), a typical BCRP inhibitor. The
apparent permeability coefficient (Papp) in the basal-to-apical and the apical-to-
basal directions, flux ratio, and corrected flux ratio (CFR) of lemborexant and its
metabolites was calculated as previously described (Yoshida et al., 2014).

In Vitro Plasma Protein Binding Assay. Protein bindings of lemborexant,
M4, M9, and M10 were determined in vitro using fresh human plasma obtained
from healthy male volunteers by an equilibrium dialysis method as previously
described (Yoshida et al., 2015). Plasma samples spiked with each test compound
at concentrations of 100, 300, and 1000 ng/ml were dialyzed against PBS (pH 7.4)
for 12 or 17 hours. Concentrations in the plasma and PBS samples were
determined by LC-MS/MS, and plasma protein binding (%) was calculated
as (1 – PBS concentration/plasma concentration) � 100.

Exposure Comparison of Circulating Metabolites between Humans and
Animals. Plasma exposures of M4, M9, and M10 in humans and nonclinical
toxicology species (i.e., rats and monkeys) were measured by validated LC-MS/
MSmethods using plasma samples obtained from amultiple-dose clinical study in
humans and 4-week toxicokinetics studies in rats andmonkeys. The clinical study
(E2006-A001-003; NCT02039089) was a two-part, randomized, double-blind,
placebo-controlled, multiple-dose study. In the second part of the study, six
healthy Caucasian adult subjects received lemborexant at 10 mg once daily for 14
days. Plasma samples collected from healthy subjects at predose and at 0.5, 1, 1.5,
2, 3, 4, 5, 6, 8, 10, 12, and 24 hours postdose on day 14 were used for the
assessment. In the 4-week toxicokinetics studies, lemborexant was orally
administered once daily for 4 weeks to male and female Sprague-Dawley rats
and cynomolgusmonkeys at doses of 30, 100, and 1000mg/kg formale rats and at
doses of 10, 100, and 1000 mg/kg for female rats and male and female monkeys.
Plasma samples collected from the animals at predose and at 0.5, 1, 2, 4, 8, and
24 hours postdose on day 28 were used. Plasma concentrations in the samples
were measured by using the same validated method described in Quantitation of
Concentrations in Plasma Samples by Liquid Chromatography-Tandem Mass
Spectrometry or the method with minor modifications, and AUC values were
determined by noncompartmental analysis and compared between humans and
animals.

Results

Clinical Study. All eight subjects completed study E2006-A001-007,
with the single dose of [14C]lemborexant being well tolerated and no
serious or drug-related adverse events reported. All reported adverse
events were of mild severity, and there were no clinically significant
changes in vital signs, clinical laboratory test results, or electrocardio-
gram measurements throughout the study period.

Fig. 1. Plasma concentration-time profiles of radioactivity, lembor-
exant, and its metabolites (M4, M9, and M10) after a single oral
administration of [14C]lemborexant at 10 mg (100 mCi) to healthy
male subjects. Each point represents the mean + S.D. of eight
subjects.
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Pharmacokinetic Assessments. Plasma concentration-time profiles
and pharmacokinetic parameters of radioactivity, lemborexant, and its
metabolites (M4,M9, andM10) after a single oral administration of [14C]
lemborexant (10 mg) are shown in Fig. 1 and Table 1, respectively.
Plasma concentration of radioactivity and lemborexant both peaked at
1 hour postdose and declined biphasically with terminal elimination half-
lives of 43.6 and 45.2 hours, respectively. Oral clearance of radioactivity
and lemborexant was 7.60 and 32.8 l/h, respectively. The metabolites,
M4, M9, and M10, showed maximum concentrations at 2–4 hours
postdose, and their terminal elimination half-lives (27.7–36.2 hours) were
somewhat shorter than those of radioactivity and lemborexant.
Excretion of Radioactivity. After the single oral administration of

[14C]lemborexant, 86.5% of the administered radioactivity was re-
covered in excreta within 20 days, with individual subject values ranging
from 75.6% to 91.7% (Fig. 2). The predominant route of excretion of the
administered radioactivity was fecal excretion (57.4% of the dose).
Urinary excretion accounted for 29.1% of the dose. The cumulative
recovery of the administered radioactivity in toilet tissue was minimal
(0.08% of the dose, data not shown).
Metabolite Profiling in Plasma and Excreta. The relative amounts

of metabolites detected in plasma and excreta are summarized in Tables
2 and 3, respectively. Representative HPLC radiochromatograms for
biologic samples are shown in Supplemental Fig. 2. Lemborexant was
the dominant radioactive component in the AUC-pooled plasma sample,
accounting for 26.5% of total drug-related exposure. M10, M9, M4, and
M18 (glucuronide of M3) accounted for 12.5%, 6.6%, 6.3%, and
6.0% of total drug-related exposure, respectively. Each of the other
metabolites accounted for 3.2% or less of total drug-related exposure.
In urine, M18 was the most dominant radioactive component,

accounting for 11.0% of the dose. Met24 (a mixture of M12 and M4),
Met9 [a mixture ofM16 (glucuronide ofM1), Met9-2, Met9-3, andM22
(glucuronide of M11)], and M21 (glucuronide of M9) accounted for
4.0%, 1.7%, and 1.4% of the dose, respectively. Each of the other
metabolites accounted for less than 1.0% of the dose.
In feces, a mixture of lemborexant andMet29 accounted for 13.0% of

the dose. In the LC-MS/MS analysis using the same sample, the mass
intensity of lemborexant was much higher than that of Met29
(lemborexant vs. Met29 = 246,964,160 vs. 2,938,070), suggesting that
the radioactivity of the mixture was mainly attributed to lemborexant.
M12 was the prominent metabolite, accounting for 12.0% of the dose.
Met26 (a mixture of M3 and M9), Met22 (a mixture of M1 and Met22-
2), Met15 (a mixture of Met15-1 and Met15-2), M7, and Met19
accounted for 4.7%, 2.5%, 1.7%, 1.4%, and 1.1% of the dose,
respectively. The amounts of the other metabolites were minor, each
accounting for less than 1.0% of the dose.
Structural Analysis of Metabolites. Lemborexant was metabo-

lized to various metabolites via multiple pathways, and a total of 41

metabolites were detected in plasma, urine, and feces collected from
subjects receiving a single oral administration of [14C]lemborexant. Of
the metabolites detected, the chemical structures of 33 metabolites were
identified by comparing retention times on chromatograms and mass
spectra of authentic standards and glucuronide conjugates enzymatically
generated in vitro or elucidated based on mass fragmentation patterns.
The proposed metabolic pathways of lemborexant in humans are shown
in Fig. 3. The measured accurate mass and characteristic fragment ions
of the metabolites are summarized in Supplemental Table 1. The
rationale for the structural elucidation is described in Supplemental Data.
Lemborexant underwent oxidation as the primary metabolism, and

was converted to multiple mono-oxidized metabolites. Then, some of
the mono-oxidized metabolites were further oxidized to dioxidized
metabolites or the carboxylated form, or they were subjected to
conjugation with glucuronic acid or sulfuric acid. Amide hydrolysis
was also observed as a minor metabolic pathway. Although M17
(glucuronide of M5) was detected in urine, M5 itself was not detected
in biologic samples, presumably because of the limited amount in
the samples.
Binding Affinity to Human OX1R and OX2R. The affinities of

M4, M9, and M10 for human OX1R and OX2R were determined by
receptor binding assay. IC50 values against human OX1R and OX2R
were 11.76 1.7 and 3.86 1.1 nmol/l for M4, 18.66 1.3 and 4.76 1.5
nmol/l forM9, and 4.26 1.2 and 2.96 1.5 nmol/l forM10, respectively.
M4, M9, and M10 showed binding affinities that were comparable to
those of lemborexant (IC50: 6.1 nmol/L for OX1R and 2.6 nmol/L for
OX2R; Beuckmann et al., 2017).

TABLE 1

Pharmacokinetic parameters of radioactivity, lemborexant, and its metabolites in plasma after a single oral administration of [14C]lemborexant to
healthy male volunteers

Parameters except for tmax represent the mean 6 S.D. of eight subjects. The tmax is expressed as median and range.

Analyte Cmax tmax AUC(0–inf) t1/2 CL/F Vz/F AUC(0–inf) Ratio

ng/mla h ng×h/mla h l/h l % of radioactivity

Radioactivity 61.7 6 9.81 1.00 (1.00–3.00) 1390 6 450 43.6 6 16.3 7.60 6 2.12 440 6 56.0 —

Lemborexant 29.5 6 5.91 1.00 (1.00–3.00) 317 6 92.5 45.2 6 15.5 32.8 6 7.79 2120 6 907 23.1 6 2.3
M4 5.18 6 1.34 3.50 (2.00–4.00) 96.2 6 27.1 30.5 6 11.3 — — 7.0 6 0.8
M9 3.87 6 0.533 2.00 (1.00–4.00) 65.6 6 14.7 27.7 6 6.21 — — 4.9 6 0.6
M10 3.32 6 0.915 4.00 (3.00–8.00) 167 6 57.4 36.2 6 9.39 — — 12.1 6 2.5

—, not applicable; CL/F, oral clearance; t1/2, terminal elimination half-life; tmax, time to reach maximum concentration; Vz/F, volume of distribution based on the
terminal phase.

aUnits for radioactivity are nanogram equivalent per milliliter and nanogram equivalent×hour per milliliter.

Fig. 2. Cumulative excretion of radioactivity recovered in urine and feces after
a single oral administration of [14C]lemborexant at 10 mg (100 mCi) to healthy male
subjects. Each point represents the mean + S.D. of eight subjects.
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P-gp and BCRP Transport. Lemborexant showed high permeabil-
ity in LLC-PK1 andMadin-Darby Canine Kidney II cells, with a Papp of
28–32 � 1026 cm/s. CFR values of lemborexant in the absence of
a typical inhibitor were 1.47 for P-gp and 1.28 for BCRP (Table 4).
Verapamil, a typical inhibitor of P-gp, showed minimal inhibitory effect
on transcellular transport of lemborexant via P-gp, resulting in a slightly
lower CFR value (1.16) than that in the absence of verapamil. In
contrast, Ko143, a typical inhibitor of BCRP, did not affect the CFR
value of lemborexant (1.21). These results indicated that lemborexant is
a poor P-gp substrate and is not a substrate of BCRP. M4, M9, and M10
showed relatively high permeability in the cells (Papp: 9.6–29 � 1026

cm/s). The CFR values of M4, M9, and M10 for P-gp were 16.3, 2.86,
and 4.41, respectively, and these values were decreased substantially in
the presence of verapamil. The CFR values of M4, M9, and M10 for
BCRP were 1.42 or less, and they were comparable in the absence and
presence of Ko143. Based on these results, it was concluded that M4,
M9, and M10 are substrates of P-gp but not of BCRP.
In Vitro Plasma Protein Binding. Lemborexant showed relatively

high binding to human plasma proteins (87.4%–88.7%). The plasma
protein bindings ofM4,M9, andM10 were 74.3%–74.4%, 85.3%–86.2%,
and 91.5%–92.0%, respectively. No concentration dependence in the
plasma protein binding of lemborexant and its metabolites was observed at
the concentration range of 100–1000 ng/ml.
Exposure Comparison of Circulating Metabolites between

Humans and Animals. Table 5 summarizes the plasma exposure of
lemborexant and its metabolites (M4, M9, and M10) after multiple oral
administrations of lemborexant in humans and animals. In humans, the
AUC(0–24 h) of lemborexant, M4, M9, and M10 after multiple oral
administration of lemborexant was almost comparable to the AUC(0–inf)

after single oral administration of [14C]lemborexant (Table 1). Considering
these results and the terminal elimination half-lives of lemborexant and its
metabolites, a 14-day multiple-dosing regimen in humans would likely be
sufficient for comparing exposures at steady state between humans and
animals. In rats andmonkeys, theAUC(0–24 h) of lemborexant,M4,M9, and
M10 was increased dose-dependently in all groups, except in male
monkeys administered at 1000 mg/kg. In rats, there was a sex difference

in plasma exposure: females generally showed higher exposures than
males, leading to differences in dose levels tested in nonclinical toxicology
studies. Plasma exposures of M4, M9, and M10 in rats administered$30,
$10, and 1000 mg/kg lemborexant, respectively, were higher than those at
steady state in humans. In monkeys, all dose groups showed higher plasma
exposures of themetabolites comparedwith those at steady state in humans.

Discussion

The aim of the present study was to investigate the disposition and
metabolism of [14C]lemborexant in healthy human subjects. In addition,
in vitro assessments and exposure comparisons for the circulating
metabolites with a relatively high exposure in humans were conducted to
evaluate the characteristics of the metabolites from the perspectives of
pharmacological activity and safety.
After a single oral administration, [14C]lemborexant was rapidly

absorbed, and plasma concentrations of radioactivity peaked at 1 hour
postdose. Radioactivity in plasma was eliminated with a terminal
elimination half-life of 43.6 hours, and it was excreted mainly into
feces, with a mean cumulative recovery of 86.5% of the dose from
excreta within 20 days. The sum of the AUC(0– inf) values for
lemborexant, M4, M9, and M10 determined by LC-MS/MS accounted

TABLE 2

Relative exposures of lemborexant and its metabolites in AUC-pooled plasma

Individual plasma samples from eight subjects were mixed at equal volume, and a single
AUC-pooled plasma sample was prepared from pooled samples collected from 0 to 96 h postdose.

Analyte M No.
Total

Drug-Related Exposure

%

Met1 — 1.1
Met2 — 1.2
Met3 — 1.6
Met5 — 2.8
Met7 — 3.2
Met8 — 2.2
Met11-2 — 2.0
Met12 M18 6.0
Met16-2 M13 1.6
Met17 M20 1.5
Met18 — 1.4
Met21a M11b, M14b 3.0
Met23 M15 2.6
Met24-1 M12 3.1
Met24-2 M4 6.3
Met26-2 M9 6.6
Met27 M10 12.5
Lemborexant — 26.5

—, not applicable.
aMet21 was a mixture of Met21-1 and Met21-2.
bMet21-1 and Met21-2 were identified as M11 and M14.

TABLE 3

Percentages of lemborexant and its metabolites recovered in excreta after a single
oral dose of [14C]lemborexant

Urine samples at 0–120 h and fecal samples at 0–264 h postdose were used. Each value
represents the mean 6 S.D. of eight subjects.

Analyte M No.
Dose

Urine Feces Total

%

Met4 — 0.5 6 0.4 ND 0.5 6 0.4
Met5 — 0.7 6 0.4 ND 0.7 6 0.4
Met6 M23 0.5 6 0.4 ND 0.5 6 0.4
Met7 — 0.2 6 0.3 ND 0.2 6 0.3
Met9a M16b, M22b 1.7 6 0.4 ND 1.7 6 0.4
Met10 — ND 0.3 6 0.4 0.3 6 0.4
Met11c M17d 0.6 6 0.3 ND 0.6 6 0.3
Met12 M18 11.0 6 2.5 ND 11.0 6 2.5
Met13 M24 0.9 6 0.2 ND 0.9 6 0.2
Met14e — ND 0.8 6 0.5 0.8 6 0.5
Met15f — ND 1.7 6 0.4 1.7 6 0.4
Met16g M13h 0.9 6 0.2 ND 0.9 6 0.2
Met17 M20 0.5 6 0.4 ND 0.5 6 0.4
Met19 — ND 1.1 6 0.4 1.1 6 0.4
Met20 M21 1.4 6 0.7 ND 1.4 6 0.7
Met21i M11j, M14j 0.8 6 0.3 ND 0.8 6 0.3
Met22k M1l ND 2.5 6 0.7 2.5 6 0.7
Met24m M12n, M4n 4.0 6 1.3 12.0 6 2.1 16.0 6 1.8
Met25 M7 ND 1.4 6 0.3 1.4 6 0.3
Met26o M3p, M9p ND 4.7 6 1.8 4.7 6 1.8
Met28 M8 ND 0.7 6 0.5 0.7 6 0.5
Lemborexant + Met29q — ND 13.0 6 5.3 13.0 6 5.3

—, not applicable; ND, below the lower limit of detection.
aMet9 was a mixture of Met9-1, Met9-2, Met9-3, and Met9-4.
bMet9-1 and Met9-4 were identified as M16 and M22, respectively.
cMet11 was a mixture of Met11-1, Met11-2, and Met11-3.
dMet11-1 was identified as M17.
eMet14 was a mixture of Met14-1 and Met14-2
fMet15 was a mixture of Met15-1 and Met15-2.
gMet16 was a mixture of Met16-1 and Met16-2.
hMet16-2 was identified as M13.
iMet21 was a mixture of Met21-1 and Met21-2.
jMet21-1 and Met21-2 were identified as M11 and M14, respectively.
kMet22 was a mixture of Met22-1 and Met22-2.
lMet22-1 was identified as M1.
mMet24 was a mixture of Met24-1 and Met24-2. Met24-2 was not detected in feces.
nMet24-1 and Met24-2 were identified as M12 and M4, respectively.
oMet26 was a mixture of Met26-1 and Met26-2.
pMet26-1 and Met26-2 were identified as M3 and M9, respectively.
qMet29 was eluted as a mixture with lemborexant.
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for approximately 50% of the AUC(0–inf) for radioactivity (Table 1),
suggesting that other metabolites existed in plasma. This result is
consistent with the outcomes of the metabolic profiling based on the
radiochromatography with the AUC-pooling method (Table 2), and the
levels of all metabolites other than M4, M9, and M10 were low (each
#6.0% of total drug-related exposure). Also, the relative exposures of
lemborexant, M4, M9, and M10 determined in the metabolic profiling
were comparable to those determined by LC-MS/MS, indicating that the
AUC-pooled plasma sample prepared by the Hamilton method accu-
rately reflected the mean AUC value.
After oral administration, unchanged lemborexant was not detected in

urine but was found as the major radioactive component in feces
(approximately 13.0% of the dose; Table 3). In rats and monkeys, [14C]
lemborexant administered in solution was almost completely absorbed,
and unchanged lemborexant was not detected in the excreta. In addition,
no biliary excretion of unchanged lemborexant was observed in rats
(Ueno et al., 2019). Considering that no glucuronide metabolites formed
by direct conjugation of lemborexant were observed in humans (Fig. 3),
unchanged lemborexant detected in feces can be attributed to the
unabsorbed fraction of the administered [14C]lemborexant. Lemborex-
ant showed relatively high membrane permeability in vitro. It should be
noted that the solubility of lemborexant is low and pH-dependent, with
delayed dissolution in weak acid or neutral solutions ((Landry et al.,
2020)). Unlike the case with animals that were administered predis-
solved [14C]lemborexant, its low solubility might be one possibility for
incomplete absorption in humans. Therefore, as found in rats and
monkeys, in humans, excretion of lemborexant into feces after
absorption is minor, and the main elimination pathway of lembor-
exant is metabolism.

Metabolic profiling demonstrated that lemborexant undergoes me-
tabolism via multiple and diverse pathways. Considering the relative
amounts of the metabolites in the excreta, the major metabolic pathways
of lemborexant in humans are oxidation of the dimethylpyrimidine
moiety of lemborexant and subsequent further oxidation and/or
glucuronidation. Although oxidative defluorination was observed as
one of the metabolic pathways of lemborexant in rats and monkeys,
resulting in the excretion of some defluorinated metabolites in rat and
monkey excreta (Ueno et al., 2019), no defluorinated metabolites were
observed in human plasma, urine, or feces. M8, which is formed via
displacement of fluorine at the fluoropyridine moiety of lemborexant
(Supplemental Data), was detected in humans and animals. However,
all defluorinated metabolites detected in rats and monkeys were formed
via oxidative defluorination at the fluorophenyl moiety of lemborexant
(Ueno et al., 2019). In addition, glutathione conjugates were not detected

Fig. 3. Proposed metabolic pathways of lemborexant in humans. Gluc, glucuronide.

TABLE 4

Transcellular transport of lemborexant and its metabolites via P-gp and BCRP

Compound

Corrected Flux Ratio

P-gp BCRP

– + – +

Lemborexant 1.47 1.16 1.28 1.21
M4 16.3 2.32 1.42 1.21
M9 2.86 1.19 1.04 1.14
M10 4.41 1.22 0.94 0.99

Values represent corrected flux ratios in the absence (–) and presence (+) of a typical inhibitor
of P-gp (30 mmol/l verapamil) or BCRP (50 nmol/l Ko143).
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in humans, although they were found in animals. Considering these data,
the metabolic pathway of M8 would not be reactive or related to
oxidative defluorination of lemborexant. Like in rats and monkeys,
amide hydrolysis was detected as a minor metabolic pathway in humans,
presumably resulting in formation of an aromatic amine. It is known that
aromatic amines undergo bioactivation and show a carcinogenic
potential (Turesky and Le Marchand, 2011). No carcinogenic potentials
of lemborexant were confirmed in rat and mouse carcinogenicity
assessments (data not shown). Comparison of the metabolic profiles of
lemborexant between humans and animals found that all circulating
metabolites detected in human plasma, except for M15, were detected in
biologic samples in rats or monkeys. However, in a separate study using
plasma samples collected from rats and monkeys after multiple oral
administrations of lemborexant, M15 was detected by LC-MS/MS
analysis in both rats and monkeys (data not shown). Thus, these results
indicate no human-specific circulating metabolites. Overall, the meta-
bolic pathways of lemborexant in humans were similar to those in rats
and monkeys (Ueno et al., 2019), although oxidative defluorination
and glutathione conjugation were not observed in humans.
M10 was detected as the only major circulating metabolite showing

$10% of total drug-related exposure, but M4, M9, and M18 (glucuro-
nide of M3) were found in human plasma as metabolites showing
relatively high plasma exposure (6.0%–6.6% of total drug-related
exposure). In general, it is unlikely that glucuronides like M18 exert
effects on the central nervous system. Thus, the binding affinities of
M4, M9, and M10 to human OX1R and OX2R were assessed in vitro
and were found to be comparable to lemborexant. Furthermore, in vitro
assessments revealed that lemborexant is a poor substrate of P-gp; that
M4, M9, and M10 are good substrates of P-gp; and that the plasma
protein bindings of lemborexant and its metabolites in humans are
around 70%–90%. Considering that plasma exposure of lemborexant
was higher than those of these three metabolites, and brain penetration of
these metabolites would likely be less than that of lemborexant in
humans because of P-gp transport, lemborexant can be considered to be
the main contributor to the pharmacological activity in humans, with the
contributions of the metabolites being low.
In long-term nonclinical toxicology studies, the no-observable-

adverse-effect level was 30 and 100 mg/kg for female and male rats,
respectively, and 10 mg/kg for male and female monkeys (unpublished
data). To confirmmetabolite exposure in nonclinical toxicology species,
plasma exposure of M10, the only major circulating metabolite showing
$10% of total drug-related exposure, at steady state was determined.
The amount of M10 observed in the systemic circulation was limited in
rats, but a higher exposure than that in humans was achieved at the

highest dose tested in rats (1000mg/kg).Meanwhile, plasma exposure of
M10 at the lowest dose tested in monkeys (10 mg/kg) exceeded that at
the maximum recommended dose in humans (10 mg). M4 and M9 also
showed higher exposures at the lowest doses in male rats (30 mg/kg) and
in male and female monkeys (10 mg/kg) than those at 10 mg in humans.
These results indicated that higher exposure to M4, M9, and M10 was
achieved at a no-observable-adverse-effect level in at least one species of
the nonclinical toxicological species and that there is no disproportionate
metabolite as defined by the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use M3(R2)
and Metabolite in Safety Testing guidance (ICH, 2010; FDA, 2020b).
Therefore, no additional toxicology studies are needed from the
perspective of metabolite safety.
In summary, the present study investigated the disposition and

metabolism of lemborexant in humans. Lemborexant shows rapid
absorption after oral administration and undergoes metabolism via
multiple pathways, with oxidation as the primary route, and the
consequent metabolites are excreted mainly into feces. Although M4,
M9, and M10 showed binding affinities to orexin receptors comparable
to that of lemborexant, their contributions to the pharmacological
effect in humans can be considered to be low because of the lower
plasma concentration and brain penetration than the parent drug.
Higher exposure to M10, the only major circulating metabolite, in
nonclinical toxicology species was confirmed, indicating that there
are no disproportionate metabolites in humans, and no additional
toxicology studies are needed.
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