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LIST OF ABBREVIATIONS AND ACRONYMS 

14C  Carbon 14 (radiocarbon) 

AA  Amino acid 
AD  Alzheimer’s disease 

ADME  Absorption, distribution, metabolism, excretion 
AE  Adverse event 
AI  Accumulation index 

AIF  All ion fragmentation 
AMS  Accelerator mass spectrometry/meter 
AUC  Area under the plasma concentration-time curve 

AUC0-inf or 0-∞  AUC from zero to infinity 
AUC0-24  AUC from zero to 24 h 

BMI  Body mass index 
BCRP  Breast cancer resistance protein 

CBT  Cognitive behavioral therapy 
CHDR  Centre for Human Drug Research 

CI  Confidence interval 
CL  Total body clearance 

Cmax  Maximum plasma concentration 
CNS  Central nervous system 

COPD  Chronic obstructive pulmonary disease 
CV  Coefficient of variation 

CVb  Coefficient of inter-subject variation  
CYP(3A4)  Cytochrome P450 (isoenzyme 3A4) 

DDI  Drug-drug interaction 
DORA  Dual orexin receptor antagonist 

dpm  Disintegrations per minute 
DR  Dorsal raphe nucleus 

DSM-5  Diagnostic and Statistical Manual of Mental Disorders 
DSST  Digit Symbol Substitution Test 
ECG  Electrocardiogram/graphy 
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EP  Extended plasma regions 
EOS  End-of-Study 

EU  European Union 
F  Absolute bioavailability 

(US) FDA  (United States) Food and Drug Administration 
FIH  First in human 

GABA(A)  Gamma-amino butyric acid (type A) 
GPCR  G protein-coupled receptors 
HPLC  High performance liquid chromatography 

ICU  Intensive care unit 
IDSIQ  Insomnia Daytime Symptoms Impacts Questionnaire 

ISWRD  Irregular sleep-wake rhythm disorder 
i.v.  Intravenously 

KSS  Karolinska Sleepiness Scale 

λz  First order rate constant associated with the terminal log-linear 
portion of the plasma concentration-time curve 

LC  Liquid chromatography 
LDT/PPT  Laterodorsal/pedunculopontine tegmental nucleus 

LHA  Lateral hypothalamic areas 
LLOQ  Lower limit of quantification 

LOQ  Limit of quantification 
LPS  Latency to persistent sleep 

LSM  Least square means 
MAD  Multiple ascending dose 
MIST  Metabolites in safety testing 

MS  Mass spectrometry 
mSNS  Modified Swiss Narcolepsy Scale 

nCi  Nanocurie 
NIH  National Institutes of Health 
n.k.  Not known 

NREM  Non-rapid eye movement 
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ORA  Orexin receptor antagonist 
OSA  Obstructive sleep apnea 
OxA  Orexin A 
OxB  Orexin B 

OX1R  Orexin receptor Type-1 
OX2R  Orexin receptor Type-2 

PD  Pharmacodynamic(s) 
P-gp  P-glycoprotein 

PK  Pharmacokinetic(s) 
PRO  Patient reported outcome 
PSG  Polysomnography 

REM  Rapid eye movement 
SAD  Single ascending dose 

SD  Standard deviation 
SDLP  Standard deviation of the lateral position 

SE  Sleep efficiency 
sLSO  Subjective latency to sleep onset 
SOL  Sleep onset latency 
SPV  Saccadic peak velocity 

SRTT  Simple Reaction Time Test 
sSE  Subjective sleep efficiency 

sTST  Subjective total sleep time  
sWASO  Subjective wake after sleep onset 

t½  Terminal half-life 
tmax  Time to reach maximum plasma concentration 

TMN  Tuberomammillary nucleus 
TST  Total sleep time 

Vss  Volume of distribution at steady-state 
VAS  Visual analog scale 
VTA  Ventral tegmental area 

WASO  Wake after sleep onset 
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WASO-6  Wake after sleep onset over the first 6 h 
WHO  World Health Organization 
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SUMMARY 

Epidemiological studies suggest that sleep problems are highly prevalent in the general 

population. Symptoms such as prolonged time to fall asleep, sleep disruption, and early 

morning awakenings associated with daytime functional impairment are consistent with 

the diagnosis of insomnia disorder. According to current guidelines, psychological and 

pharmacological therapies are recommended in order to reduce the time to fall asleep and 

the time spent awake after sleep onset, with subsequent improvements in daytime 

functioning. Under- or untreated insomnia can lead to severe physical and psychological 

consequences, such as impairment in cognitive functioning, daytime fatigue, increased 

accident risk, and increased utilization of medical care. In addition, many studies have 

shown an association between insomnia and psychiatric disorders, specifically depression 

and anxiety. 

Current treatment of insomnia includes sleep hygiene measures and other non-

pharmacological therapies, and (short-term)pharmacotherapy. With regards to 

pharmacotherapy, prescription sleep drugs are associated with unwanted side effects such 

as morning or next-day hangover, cognitive and motor impairment, and dependence. Thus, 

novel pharmacological treatment options without these drawbacks are an important step 

forward, and in particular a long-term option that addresses the most pressing symptoms 

without negatively impacting next-day functioning is needed. 

Since accumulating evidence is pointing to the pivotal role of the orexin system in the 

regulation of wakefulness and arousal, drugs interacting with the orexin system could 

potentially be part of improved treatment options of insomnia. This thesis discusses the 

pharmacological characterization of daridorexant (ACT-541468) as evaluated during the 

early clinical development program. 

Chapter 1 provides a general introduction to the field of insomnia and its treatment, 

including an overview of the orexin system and its role in the regulation of wakefulness 

and arousal, and thus, as a therapeutic target. Published data of drugs acting on the orexin 

system (either marketed or in clinical development) are reviewed, looking at their benefit-
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risk profile with a focus on the propensity to elicit next-day residual effects (e.g., 

hangover).  

Following the introduction, Chapter 2 describes the dissertation’s aims.  

In Chapter 3, results of clinical pharmacology studies with daridorexant are provided by 

means of published articles in peer-reviewed journals:  

3.1 Accelerated Development of the Dual Orexin Receptor Antagonist ACT-541468: 

Integration of a Microtracer in a First-in-Human Study. Clemens Muehlan, Jules 

Heuberger, Pierre-Eric Juif, Marie Croft, Joop van Gerven, Jasper Dingemanse. Clin 

Pharmacol Ther. 2018 Nov;104(5):1022-1029. 

The first-in-human (FIH) trial with daridorexant presents the first administration of the 

compound to human subjects. Based on its nonclinical pharmacology, toxicology, and 

pharmacokinetic (PK) profile, the prerequisites were fulfilled to initiate this FIH study. 

Clinical studies with other orexin receptor antagonists, e.g., almorexant, suvorexant, and 

lemborexant (which are discussed in Chapter 1), had already confirmed the role of the 

orexin system in promoting sleep.  

In this single-ascending dose (SAD) study, the PK profile was characterized by quick 

absorption and elimination, with median time to reach maximum concentration (tmax) of 

0.8–2.8 h and geometric mean terminal half-life (t½) of 5.9–8.8 h. Clear dose-related 

pharmacodynamic (PD) effects on the central nervous system (CNS), i.e., reduced 

vigilance and attention, alertness, motor function, and postural stability were observed 

starting at a dose of 25 mg, indicating a suitable PK-PD profile for a sleep-promoting drug. 

For the PD assessment, a validated test battery was used. Somnolence was the most 

frequently reported adverse event (AE), which was expected following daytime 

administration of a sleep-promoting drug. 

In this paper, a novel approach for the conduct of FIH studies is discussed, namely the 

inclusion of a 14C microtracer (oral and intravenously) to investigate absorption, 

distribution, metabolism, and excretion (ADME) properties in humans at a very early stage. 
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Results revealed an absolute bioavailability of approximately 62%, a clearance (CL) of 

5.0 L/h, and a volume of distribution (Vss) of 31 L. Excretion in feces was the major 

elimination pathway, accounting for a mean recovery of 57% of the administered 

radioactive dose, while 28% was found in urine. 

The results of the FIH study provided good indications about the therapeutic dose range of 

daridorexant and supported the design of the subsequent multiple-ascending dose (MAD) 

study in healthy male and female subjects. 

3.2 Multiple-dose clinical pharmacology of ACT-541468, a novel dual orexin receptor 

antagonist, following repeated-dose morning and evening administration. Clemens 

Muehlan, Sander Brooks, Rob Zuiker, Joop van Gerven, Jasper Dingemanse. Eur 

Neuropsychopharmacol. 2019 Jul;29(7):847-857. 

The tolerability, safety, PK, and PD profile of daridorexant as obtained in the preceding 

SAD study, warranted further investigation of this compound. The aim of the present study 

was to investigate ascending multiple-dose administration in the morning and multiple-

dose evening administration in healthy young subjects.  

Similar to the observations in the FIH study, the PK of daridorexant upon multiple dosing 

were characterized by quick absorption and elimination, indicated by a tmax of 1–2 h and a 

t½ of 6−8 h. Plasma levels of daridorexant increased minimally after the first 

administration, indicating the absence of relevant accumulation. Dose-related effects on 

the CNS were observed following multiple dosing with no signs of tolerance and 

importantly with no next-day residual effects after repeated evening administration. 

Overall, the drug was safe and well tolerated, with AEs of somnolence the most frequently 

reported ones in the MAD part. 

Results of this study supported the selection of the dose range (5–50 mg) to be explored in 

subjects with insomnia in the Phase 2 dose-finding studies. 
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3.3 Clinical pharmacology of the dual orexin receptor antagonist ACT-541468 in 

elderly subjects: Exploration of pharmacokinetics, pharmacodynamics and 

tolerability following single-dose morning and repeated-dose evening administration. 

Clemens Muehlan, Margaux Boehler, Sander Brooks, Rob Zuiker, Joop van Gerven, Jasper 

Dingemanse. J Psychopharmacol. 2020 Mar;34(3):326-335.  

This paper describes the clinical pharmacology of daridorexant in elderly subjects. It is 

known that use of sleep medication increases with age and is most prevalent in the elderly. 

Both PK and PD are often changed in the elderly when compared to young adults, mainly 

due to the reduced intrinsic clearance (i.e., cytochrome P450 [CYP] 3A4 metabolic 

activity) associated with increased age, and, therefore, their exploration in the elderly is 

warranted.  Results of this study showed indeed a prolonged t½ of approximately 8−10 h 

compared to 6−8 h observed in adults. Exposure in the elderly increased in the range of 

20−30% compared to young adults, but this did not translate into stronger effects on PD 

variables, suggesting that the slightly higher exposure in elderly is not clinically relevant. 

No accumulation and no next-day effects were observed following repeated evening 

administration. Elderly subjects reported fewer AEs compared to adults in previous studies. 

Taken together, the observed higher exposure in the elderly does not preclude using the 

same dose in adult and elderly subjects, which is also supported by published Phase 2 data.  

3.4 Metabolism of the Dual Orexin Receptor Antagonist ACT-541468, based on 

Microtracer/Accelerator Mass Spectrometry. Clemens Muehlan, Hartmut Fischer, 

Dieter Zimmer, Hamed Aissaoui, Julien Grimont, Christoph Boss, Marie Croft, Joop van 

Gerven, Stephan Krähenbühl, Jasper Dingemanse. Curr Drug Metab. 2019;20(4):254-265.  

This paper describes the investigation of the daridorexant metabolism integrated in the FIH 

study, utilizing a 14C-labeled microtracer. Typically, a drug’s metabolism in humans is 

investigated relatively late in clinical development because these studies are costly and 

analysis of results can be very time consuming. However, early knowledge of human 

metabolism is an advantage since unexpected results such as the presence of metabolites 

at disproportionately higher levels in humans than in animals can represent a safety issue. 
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Results showed that daridorexant is extensively metabolized, predominantly by oxidative 

transformations. In total 77 metabolites were identified, of which 30, 28, and 60 were 

present in plasma, urine, and feces, respectively. In plasma, the major metabolites (defined 

as ≥ 10% of total drug-related exposure) were the mono-oxidized benzylic alcohol M3, the 

aldehyde M1, and the doubly oxidized M10.  

3.5 Pharmacokinetics and Pharmacodynamics of the Dual Orexin Receptor 

Antagonist Daridorexant in Japanese and Caucasian Subjects. Clemens Muehlan, Rob 

Zuiker, Pierre Peters, Racheal Rowles, Jasper Dingemanse. J Clin Psychopharmacol. 2020 

Mar/Apr;40(2):157-166. 

Until this point, mainly Caucasian subjects had been included in clinical trials with 

daridorexant. However, further specific studies in the local population are often required if 

pharmaceutical companies wish to market their products in Eastern Asian countries. Ethnic 

differences might be present, relating to the PK or PD of a drug, that may warrant dose 

adjustments. The aim of the present study was to bridge the results obtained in Caucasian 

subjects to those in Japanese subjects.  

Results of this study showed that PK variables were similar between Caucasian and 

Japanese subjects with some small differences (i.e., higher exposure) in only a few 

Japanese subjects.  

In both populations, daridorexant dose-dependently reduced vigilance, attention, 

visuomotor coordination, and postural stability. Somnolence was the most frequently 

reported AE following daridorexant administration in both ethnic groups. Overall, 

Japanese subjects showed slightly larger PD effects and reported more AEs than 

Caucasians, however differences were small. Overall, administration of daridorexant in 

Japanese and Caucasian subjects was safe and well tolerated. 

The need for a possible dose adjustment of daridorexant in Japanese subjects will be further 

investigated in a separate Phase 3 program conducted in Japan in patients with insomnia. 
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Chapter 4 amalgamates the major findings of the individual studies and puts them into 

perspective with regard to the overall development program of daridorexant. Some 

limitations of the individual studies and the therapeutic concept are discussed as well as 

implications for further research and future treatment options.  

The studies presented in this dissertation are five essential components of the early clinical 

development program of daridorexant (single-dose administration, multiple-dose 

administration, ADME, and characterization of daridorexant in elderly and in Japanese 

subjects). In such an industry development program, the role of clinical pharmacology is 

to provide sufficient data for the conduct of Phase 2, in which a safe and efficient dose 

range is evaluated in subjects with insomnia. Completion of Phase 2 enabled the 

subsequent confirmatory Phase 3 studies with this compound in a larger sample of patients 

with insomnia. These studies are already completed.  

Notably, additional clinical pharmacology studies were performed to profile the drug, e.g., 

studies investigating the PK-PD interaction potential with other drugs, the PK in special 

populations (e.g., in patients with reduced renal function), and specific safety studies (e.g., 

in patients with respiratory diseases or to study effects on the QT interval duration). These 

additional studies are not discussed in detail, but it is important to mention them to the 

outside reader to contextualize the described studies within the whole development 

program. 

The positive results of the pivotal Phase 3 studies led to the submission of a New Drug 

Application to the US Food and Drug Administration (FDA) (currently under review, 

approval expected January 2022). Considering the total of 18 clinical pharmacology studies 

and the relatively short timeframe of 6 years (2015−2021) from FIH to FDA submission 

for approval, the clinical pharmacology program of daridorexant demonstrated the 

importance of generating reliable data at a high pace in the early clinical development 

program. 

Based on the totality of the submitted data, the authorities will ultimately determine the 

appropriate benefit-risk profile of daridorexant for patients suffering from insomnia.  
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1 BACKGROUND AND INTRODUCTION 

The introduction and background information provided in this chapter is based on a 

published literature review, in which orexin receptor antagonists (ORAs) are discussed that 

are either marketed or in clinical development. Epidemiology and treatment of insomnia is 

reviewed as well as the orexin system as a therapeutic target. Furthermore, the PK and PD 

characteristics as well as available sleep data of ORAs are reviewed with a focus on the 

potential to elicit next-day effects. 

Clinical pharmacology, efficacy, and safety of orexin receptor antagonists for the 

treatment of insomnia disorders.  

Muehlan C, Vaillant C, Zenklusen I, Kraehenbuehl S, Dingemanse J. Expert Opin Drug 

Metab Toxicol. 2020 Nov;16(11):1063-1078.  

 

1.1 Insomnia 

Sleep is a complex behavioral state necessary for neurological, somatic, and psychological 

health throughout the lifespan, and poor or inadequate sleep leads to increased daytime 

sleepiness and is clearly detrimental to physical and neuropsychological health [1,2]. The 

definition of insomnia disorder is described in the Diagnostic and Statistical Manual of 

Mental Disorders (DSM-5) [3] and can be summarized as a dissatisfaction with sleep 

quantity or quality, associated with difficulty initiating or maintaining sleep, or early 

morning awakening. These symptoms should occur at least 3 nights per week and be 

present for at least 3 months. 

It is important to mention that DSM-5 has replaced the distinction between primary and 

secondary insomnia by introducing insomnia disorder as an umbrella category regardless 

of the presence of comorbidities, in which nighttime symptoms such as prolonged sleep 

onset latency (SOL), difficulties in sleep maintenance, and early morning awakening are 

included as well as resulting daytime impairment such as fatigue, reduced attention, mood 

disturbance or other important areas of functioning [4-6]. Clinically, insomnia is primarily 
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diagnosed by the measurement of self-reported symptoms and not by polysomnography 

(PSG) parameters. It is, however, known from clinical trials that patients with insomnia 

tend to display inconsistent reporting between subjective (i.e., self-reported diaries) and 

objective (i.e., PSG) estimates of their sleep parameters [7,8], thus most large studies 

include both parameters.  

Epidemiology of insomnia 

Population-based epidemiological studies suggest that 30% or more of the general 

population complain of sleep disruption and approximately 10% of the general population 

have complaints of sleep disruption with associated symptoms of distress or daytime 

functional impairment consistent with the diagnosis of insomnia disorder [9,10]. Higher 

prevalence rates are found in clinical practices, in which about 50% of respondents to a 

survey reported symptoms of sleep disruption [9,10]. Insomnia disorder may result in 

difficulty falling asleep or difficulty maintaining sleep, characterized by multiple or long 

awakenings during the sleep period, or early morning awakenings and is influenced by age. 

Difficulty maintaining sleep is the most common problem among patients with insomnia, 

occurring in approximately two-thirds of them, and some studies have shown that the most 

common constellation of symptoms is represented by patients who concurrently suffer 

from difficulty both falling and staying asleep [11]. Evidence now suggests that people 

with sleep maintenance difficulties are among the most likely to experience daytime 

cognitive impairment and to report comorbidities [12]. While the direct consequences of 

insomnia remain only partially understood, comorbidities associated with insomnia have 

been examined in a number of studies. Individuals with insomnia report impairment in 

cognitive functioning, daytime fatigue, increased accident risk, and difficulties in 

interpersonal relationships [13–15]. Insomnia has also been correlated with increased 

utilization of medical care [15–17], chronic health issues, and perceptions of poor health 

[14,18]. Numerous studies have shown an association between insomnia and psychiatric 

disorders, specifically depression, anxiety, and other significant mental health conditions 

[5,19–23]. 
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Treatment of insomnia 

The current standards of care encompass pharmacotherapy and non-pharmacological 

therapies [5,24,25]. Non-pharmacological (psychological and behavioral) standard-of-care 

therapies for insomnia include a variety of treatment methods, such as cognitive behavioral 

therapy (CBT), stimulus control, and relaxation training [24,26,27]. Sleep hygiene therapy 

is often added to these treatment modalities. However, this may not be the ideal course of 

treatment for all patients. Many patients with insomnia are not motivated to undergo CBT, 

and when they are, access to CBT may be limited by the lack of therapists with adequate 

training and experience [24,28]. 

Prescription sleep medications (hypnotics) indicated for the treatment of insomnia include 

benzodiazepines, non-benzodiazepine gamma-aminobutyric acid type A (GABAA) 

receptor modulators (Z-drugs), melatonin receptor agonists, the ORAs suvorexant and 

lemborexant, and antidepressants (low-dose doxepin). Benzodiazepines are a class of 

medications that bind to multiple GABAA receptor subtypes [29]. Drugs in this class, which 

includes, e.g., flurazepam, brotizolam, temazepam, triazolam, estazolam, and quazepam, 

were previously commonly prescribed for insomnia. While the efficacy of these 

medications has been well documented, their usefulness is limited by AEs such as daytime 

sedation (e.g., morning or next-day hangover), cognitive impairment (including 

anterograde amnesia), motor dyscoordination, abuse liability, and dependence [30,31]. 

Benzodiazepines are known to also alter sleep architecture: they prolong stage 2 sleep and 

may reduce the relative amount of rapid eye movement (REM) sleep [32,33]. Their use has 

been associated with tolerance development and rebound insomnia upon withdrawal of 

medication [8,34–36]. Z-drugs have a more targeted action on one or more GABAA 

receptor subtypes. Zolpidem and zaleplon show affinity for the alpha-1-containing receptor 

subtype, while eszopiclone shows affinity for the alpha-2- and -3-containing receptor 

subtypes [37]. All these drugs reduce SOL, whereas controlled-release zolpidem and 

eszopiclone have also been shown to reduce wake after sleep onset (WASO), reflecting an 

improvement in sleep maintenance [38–40]. Although they have less impact on sleep 

architecture, possibly by virtue of their receptor selectivity, the drugs in this group have 
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similar adverse effects as the benzodiazepines. In 2007 the FDA requested that 

manufacturers of hypnotic drug products strengthen their product labeling to include 

stronger language related to potential risks. These risks include severe allergic reactions 

and complex sleep-related behaviors, which may include sleep-driving [41]. Newer 

generations of sleep agents that do not act at the GABAA receptor have been developed. 

The melatonin receptor agonist ramelteon is approved for insomnia in the US and in Japan, 

but not in Europe. Ramelteon reduces SOL and increases total sleep time (TST) but has no 

effect on WASO [42], making it an inappropriate treatment for patients with sleep 

maintenance problems [43]. In the literature, ramelteon is often cited as devoid of 

withdrawal or rebound insomnia and does not appear to be associated with next-day 

residual effects [44], however, in a paper by Mets et al. it was shown that ramelteon (8 mg) 

significantly impaired memory and driving, cognitive, and psychomotor performance the 

morning following bedtime administration [45]. Low-dose doxepin (3 mg and 6 mg) is 

indicated for insomnia characterized by difficulty with sleep maintenance. This drug 

appears to reduce wakefulness through selective histamine-1 receptor blockade [46]. The 

most recent sleep drugs to reach the market were the dual orexin receptor antagonists 

(DORAs) suvorexant and lemborexant which were approved by the FDA in 2014 and 2019, 

respectively. Both drugs are indicated for the treatment of insomnia, characterized by 

difficulties with sleep onset and/or sleep maintenance [47,48]. 

1.2 The orexin system as a therapeutic target 

The neuropeptides orexin A and orexin B are synthesized by a discrete number of neurons 

(~3500 in rat, ~70,000 in man) in lateral hypothalamic areas (LHA) and are involved in the 

regulation of wakefulness, energy homeostasis, and reward/aversion systems of the brain 

[49,50]. Orexin A and B are produced from a common precursor polypeptide, prepro-

orexin, with proteolytic processing presumably by prohormone convertases. Endogenous 

orexins activate two closely related G protein-coupled receptors (GPCRs), the orexin-1 

(OX1R) and orexin-2 (OX2R) receptors, leading to transient increases in intracellular 

calcium levels in projection neurons expressing orexin receptors [51,52]. While OX1R 

shows higher affinity for orexin A than orexin B by one order, OX2R binds orexin A and 
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orexin B with similar affinities [53]. A schematic representation of the orexin system 

including the major expression sites of the orexin receptors is shown in Figure 1-1. 

The orexin peptides and their receptors are highly conserved across vertebrate species, and 

the neuroanatomical distribution of OX1R and OXR2 supports their essential role in 

promoting alertness and maintaining wakefulness under situations of high motivational 

relevance, e.g., physiological need states, such as feeding, reward opportunities, and 

exposure to threats [54]. Orexin neurons in the LHA receive multiple afferent signals from 

regions involved in regulating emotions, circadian rhythms, autonomic tone, and appetite. 

In addition, brain orexin neurons exhibit particular glucose, CO2, and amino acid sensitivity 

[55,56]. Nerve fibers from orexin immunoreactive neurons of the LHA make wide and 

dense projections to the basal forebrain, corticolimbic structures, and brainstem, 

particularly to those regions related to waking and regulation of sleep [57,58]. Orexin-

producing neurons are active during wakefulness and fall quiet during sleep. Orexin A 

levels in the cerebrospinal fluid of several species fluctuate according to circadian rhythms, 

being highest during active wake periods [59,60]. It is hypothesized that hyperarousal is a 

final common pathway of the pathophysiology of insomnia, implicating an imbalance of 

sleep–wake regulation consisting of either overactivity of the arousal systems and/or 

hypoactivity of the sleep-inducing systems [4,61,62]. 
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Figure 1-1 Schematic representation of the orexin system 

 
AA = amino acid, DR = dorsal raphe nucleus, LC = locus coeruleus, LDT/PPT = laterodorsal/pedunculopontine tegmental 
nucleus, TMN = tuberomammillary nucleus, VTA = ventral tegmental area. 

1.3 Review of orexin receptor antagonists 

The selection of compounds and literature reviewed is graphically presented in Figure 1-2. 

First, to identify ORAs that had entered clinical development (i.e., administered to 

humans), we searched the databases Integrity, Trialtrove, WHO Clinical Trial Register, 

and clinicaltrials.gov for clinical trials with ORAs (databases were accessed February 24, 

2020. One compound (TS-142) we became aware of only after the initial search. From the 

16 compounds found, 4 selective OX1R antagonists were excluded because the target 

indication of these drugs did not match “treatment of insomnia”. In addition, 6 other 

compounds were excluded because their development had been discontinued. In particular 

for the discontinued compound almorexant, a wealth of literature is available [63]. It was 
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the first DORA entering clinical development [64,65] and for which proof-of-concept in 

patients with insomnia disorder has been documented [66]. Of the remaining 6 compounds, 

YZJ-1139 was excluded from the review due to unavailability of any clinical data in the 

public domain, and TS-142 was not considered as sparse data emerged during manuscript 

writing. Four compounds were selected for the review: suvorexant, lemborexant, 

daridorexant, and seltorexant. Pubmed and Embase were searched for peer reviewed 

journal articles and conference abstracts of the selected compounds, using the search terms 

presented in Figure 1-2. In addition, for the approved drugs suvorexant and lemborexant 

the drug approval packages posted on the FDA website were accessed, and for ongoing 

trials clinicaltrials.gov was screened. The structural formulas of the 4 selected compounds 

are presented in Figure 1-3. 
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Figure 1-2 Selection of compounds and literature 

Databases searched for ORAs that 
entered clinical development 

Integrity, Trialtrove, WHO International 
Clinical Trials Registry, clinicaltrials.gov 

 

    

16* compounds found 
 Excluded 

Selective OX1 receptor antagonists (4) 
ACT-59313; JNJ-61393215; AZD4041; PP-002 
Compounds not actively in development or 

discontinued (6) 
ACT-462206 (DUAL), MK-3697 (OX2), 

MK-1064 (OX2), Filorexant (MK-6069, DUAL), 
GSK-649868/SB-649868 (DUAL), Almorexant 

(ACT-078573, DUAL) 

 

  
 

  

6 compounds in clinical 
development 

suvorexant, lemborexant, 
daridorexant, seltorexant, 

YZJ-1139, TS-142  

 

Excluded** 
YZJ-1139 and TS-142  

    

    

4 compounds selected for 
review 

suvorexant, lemborexant, 
daridorexant, seltorexant 

 
 

   

PubMed and Embase searched  
for literature 

  

*TS-142 was found after the initial search during manuscript writing. **YZJ-1139 is a DORA in development for the 
treatment of insomnia by the Yangtze River Pharmaceutical Group, China, TS-142 is a DORA in development for the 
treatment of insomnia by Taisho Pharmaceutical Co., Ltd. Not enough information could be retrieved for a detailed 
review of these compounds. 
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Figure 1-3 Chemical structures of suvorexant, lemborexant, daridorexant, and 
seltorexant. 
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1.4 Selective vs dual orexin receptor antagonism 

Based on preclinical data there has been some discussion on whether selective OX2R 

antagonism or DORA compounds are preferred in the treatment of insomnia disorders [67–

70]. In rodents, antagonism of OX2R appears to be sufficient to induce or prolong sleep 

[70]. Whether this translates into a better balance between non-rapid eye movement 

(NREM) and REM sleep is unknown and conflicting data have been presented [71–73]. 

Although the clinical relevance of the different sleep phases has not been unequivocally 

demonstrated, an increase in both NREM and REM sleep is probably to be aimed for as 

this would maintain the ratio in physiological proportions. Furthermore, the orexin system 

involves various regions throughout the brain, targeting wake-promoting areas expressing 

either both receptors or only one subtype [57,74,75]. Based on theoretical grounds, 

antagonism of only OX2R only leaves the OX1R potentially vulnerable to 
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hyperstimulation by orexin neuropeptides. In the absence of extensive clinical data and, 

preferably, head-to-head studies comparing a selective OX2R antagonist and DORA, no 

firm conclusions can be drawn. 

1.5 Orexin receptor antagonists available in clinical practice 

Suvorexant 

Suvorexant was the first representative of the DORA class reaching the market following 

initial approvals in the US and in Japan in 2014. The introduction of a new mechanism of 

action, selectively inhibiting the wake-promoting orexin neuropeptide signaling, was 

welcomed by the sleep community. Suvorexant is indicated for the treatment of insomnia, 

characterized by difficulties with sleep onset and/or sleep maintenance [47] and is 

advocated in clinical guidelines for the treatment of insomnia [25,76,77]. 

Suvorexant is a potent DORA with similar affinity for OX1R and OX2R in vitro [78,79]. 

The PK profile of suvorexant has been investigated in a large Phase 1 program over a 

single-dose range of 4 to 240 mg in healthy subjects and in multiple doses up to 80 mg in 

clinical trials of patients with insomnia [80]. Suvorexant has a plasma clearance and 

volume of distribution of 2.9 L/h and 49 L, respectively, a t½ of 12 h, and an accumulation 

of approximately 1- to 2-fold [47,81]. Suvorexant is primarily metabolized by CYP3A4 

and M9 is the only major circulating metabolite, present in approximately equal 

concentrations as the parent under steady-state conditions, but, unlike suvorexant, M9 is a 

substrate of P-glycoprotein (P-gp) and does not penetrate the brain [47]. The primary route 

of excretion is through feces (66%), while 23% of the suvorexant dose was recovered in 

urine. A dose reduction of suvorexant is recommended when used with moderate CYP3A 

inhibitors, with a contraindication for use with strong CYP3A inhibitors [47,81,82]. No 

dose adjustment of suvorexant is required in patients with renal impairment or in patients 

with mild to moderate hepatic impairment. In obese females, the clearance of suvorexant 

is expected to be 23 times lower than in men with normal body mass index (BMI), and a 

higher exposure in obese females should be considered when increasing the dose [47,83]. 

The main PK characteristics of suvorexant are presented in Table 1-1. 

24 of 118



 
 

Table 1-1 Summary of main pharmacokinetic characteristics of ORAs 

Compound 
Explored dose range Metabolism tmax (h) t½ (h) Effect of food** Accumulation 

factor 

Suvorexant [47] 
4–240 mg 

CYP3A4, 
CYP2C19 

0.5–6 12 
tmax ↑ 1.5 h  

1.5 Cmax ↔ 
AUC ↔ 

Lemborexant [48,84] 
1–200 mg 

CYP3A4, 
CYP3A5 1–3 55* 

tmax   ↑ 2 h 
2–3 Cmax ↓ 23% 

AUC ↑ 18% 

Daridorexant [85] 
5–200 mg CYP3A4 0.8–2.8 6–10 

tmax ↑ 2 h 
1.1 Cmax ↓ 24% 

AUC ↓ 10% 
Seltorexant [72] 

5–80 mg n.k. 0.3–0.5 2–3 n.k.  1.0 

*Effective half-life of 17–9 h is reported for lemborexant in the prescribing information; **Standardized high-fat high-
calorie meal. 
AUC = area under the plasma concentration-time curve, Cmax = maximum plasma concentration, n.k. = not known, t½ = 
terminal elimination half-life, tmax = time to reach maximum plasma concentration. 

The efficacy of suvorexant was first evaluated in 254 primary insomnia patients in a 

Phase 2 dose-finding study of 4 weeks duration. The study assessed 10, 20, 40, and 80 mg 

suvorexant vs placebo in a crossover fashion on sleep efficiency (SE), WASO, and latency 

to persistent sleep (LPS) (primary and secondary endpoints). The effect of suvorexant was 

statistically significant compared to placebo on SE and WASO for the 4 doses, both in the 

first night and after 4 weeks of treatment [86]. On LPS, however, no dose provided a 

significant improvement vs placebo at either time-point according to the testing strategy. 

Suvorexant treatment was generally well tolerated. The most common treatment-emergent 

AEs were somnolence, headache, dizziness, abnormal dreams, upper respiratory infection, 

urinary tract infection, and increased alanine aminotransferase. 

From the sleep medications approved to date, the registration program of suvorexant 

constitutes the largest one, with a replication of objective and subjective sleep measures at 

1 and 3 months of treatment and subjective evaluations for up to 12 months of treatment. 

In the two placebo-controlled confirmatory Phase 3 studies, 2041 subjects (including 

839 elderly) with primary insomnia were treated with 20 and 40 mg (elderly: 15 and 30 mg) 

for at least 3 months. 

25 of 118



 
 

In both studies (Table 1-2), suvorexant dose-dependently increased subjective TST (sTST) 

and reduced WASO and LPS at Month 1 and Month 3 [87]. Moreover, while assessing 

subjective efficacy over 12 months, a significant improvement of suvorexant 40/30 mg vs 

placebo was reported on sTST and subjective latency to sleep onset (sLSO) during the first 

month of treatment and the effect was maintained over 12 months for both variables [88]. 

Details of the Phase 3 suvorexant efficacy data are presented in Table 1-2. In the three 

Phase 3 studies of suvorexant, rebound insomnia was assessed (based on subjective sleep 

variables) together with withdrawal symptoms (based on a questionnaire and predefined 

AEs) following abrupt treatment discontinuation. No statistically significant differences 

from placebo were reported for most comparisons [87]. In an analysis of pooled Phase 3 

data [89], the improvement in TST produced by suvorexant was reflected by an increase in 

the time spent across all sleep stages. When comparing active treatment groups and placebo 

on the percentage of TST spent in each sleep stage, an increase in REM has been reported 

with suvorexant across all measures (Night 1, Month 1 and Month 3). The same trend has 

been reported for almorexant [90]. The clinical implications of increased REM sleep are 

not completely clear but are probably beneficial (move towards physiological sleep) as 

long as the duration would not be longer than the level attained in healthy sleepers. The 

sometimes shorter onset of REM sleep seen with ORAs has thus far not caused any safety-

related issues but deserves attention when prescription of such drugs increases. 
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Table 1-2 Suvorexant: objective and subjective sleep onset and sleep 
maintenance in subjects ≥ 18 years with insomnia disorder 

Objective sleep onset and sleep maintenance measured by PSG at Month 3 [87] 

Endpoint Treatment 
Baseline 

Mean (SD) 
3 Month 

LSM (95% CI) 
Treatment Effect 
LSM (95% CI) 

LPS (min) 

Study 1 

15–20 mg 

Placebo 

Study 2 

15–20 mg 

Placebo 

 

69 (50) 

66 (44) 

 

65 (48) 

68 (43) 

 

–34.7 (–39.1, –30.2) 

–26.6 (–30.2, –22.9) 

 

–28.9 (–35.4, –22.4) 

–28.6 (–33.1, –24.0) 

 

–8.1 (–13.8, –2.3)* 

-- 

 

–0.3 (–8.3, 7.6) 

-- 

WASO (min) 

Study 1 

15–20 mg 

Placebo 

Study 2 

15–20 mg 

Placebo 

 

119 (47) 

115 (46) 

 

120 (51) 

118 (49) 

 

–41.6 (–48.0, –35.2) 

–25.0 (–30.3 –19.8) 

 

–56.0 (–63.3, –48.6) 

–24.8 (–30.0, –19.6) 

 

–16.6 (–24.8, –8.3)* 

-- 

 

–31.1 (–40.1, –22.2)* 

-- 

Subjective sleep onset and sleep maintenance measured by sleep diary at Month 3 [87] 
Endpoint Treatment 

Baseline 
Mean (SD) 

3 Month 
LSM (95% CI) 

Treatment Effect 
LSM (95% CI) 

sLSO (min) 

Study 1 

15–20 mg 

Placebo 

Study 2 

15–20 mg 

Placebo 

 

63 (37) 

67 (41) 

 

86 (78) 

81 (76) 

 

–22.5 (–26.3, –18.7) 

–17.3 (–20.4, -14.2) 

 

–28.1 (–33.7, –22.4) 

–20.5 (–24.9, -16.1) 

 

–5.2 (–10.2, –0.3)* 

-- 

 

–7.6 (–14.7, –0.4)* 

-- 

sWASO (min) 

Study 1 

15–20 mg 

Placebo 

Study 2 

15–20 mg 

Placebo 

 

74 (45) 

78 (53) 

 

85 (53) 

83 (51) 

 

–32.0 (–36.3, –27.7) 

–29.6 (–33.1, –26.1) 

 

–37.5 (–42.6, –32.5) 

–29.8 (–33.8, –25.9) 

 

–2.4 (–7.9, 3.1) 

-- 

 

–7.7 (–14.1, –1.3)* 

-- 

*Treatment effects statistically significantly superior (p < 0.05) to placebo after multiplicity adjustment. 
CI = confidence interval, LPS = latency to persistent sleep, LSM = least squares means, PSG = polysomnography, SD = 
standard deviation, sLSO = subjective latency to sleep onset, sWASO = subjective wake after sleep onset, WASO = wake 
after sleep onset. 

The safety database of suvorexant in the US registration dossier was close to 3000 subjects 

with primary insomnia, including 41% of elderly. The most commonly reported AEs in the 
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3-month and 12-month placebo-controlled Phase 3 studies were somnolence, headache, 

and fatigue [83]. 

Two on-the-road driving studies [91,92] were conducted in healthy non-elderly and elderly 

subjects to investigate the effects of suvorexant on next-morning driving performance 

(same dose levels as in the Phase 3 studies). Based on mean changes from placebo, the 

observed effects were below the clinically meaningful threshold of + 2.4 cm in both studies 

(threshold +2.4 cm = average increase of the standard deviation of the lateral position 

(SDLP), which is the main outcome parameter in driving studies as a measure of vehicle 

control, compared to placebo that is observed in on-the-road driving studies utilizing the 

common legal limit of blood alcohol concentrations of 0.05%). However, based on 

individual changes, significantly more non-elderly subjects showed a worsening compared 

to an improvement. Another safety study was conducted to evaluate the psychomotor 

performance in healthy elderly subjects during middle of the night awakening after bedtime 

administration of a supratherapeutic dose (30 mg suvorexant). Among multiple measures, 

an impairment of balance (body sway) and psychomotor performance (total reaction time) 

was reported at 1.5 h post-administration, that was not reproduced at 4 or 8 h post-dose 

[83]. 

Suvorexant has been submitted for registration with the FDA and other ex-EU countries 

such as Japan, Canada, and Australia. Merck initially recommended a starting dose of 

20 mg suvorexant with the option to increase the dose to 40 mg, whereas 10 and 20 mg 

ended up as the approved doses. FDA’s concerns were mainly driven by tolerability data 

which appeared to be exposure-dependent, e.g., risk of daytime somnolence, impaired 

driving performance and balance in the morning, unconscious nighttime activity such as 

sleep walking, suicidal ideation, and hallucinations [83,87].  

Since market approval, suvorexant is subject to extensive further research. A dedicated 

Phase 3 study was conducted in patients with mild-to-moderate probable Alzheimer’s 

disease (AD) dementia [93] using suvorexant 10 mg as starting dose, with the option for a 

dose escalation to 20 mg. Significant treatment effects at 4 weeks were reported on TST, 

WASO, and LPS. Suvorexant did not impair next-day cognitive or psychomotor 
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performance as assessed by the Mini-Mental State Exam and digit symbol test, although 

the trial was not designed to evaluate treatment effects on cognitive function. A reflection 

of this study was subsequently integrated in the US label [47].  

Multiple Phase 4 and investigator-initiated trials have been started in multiple conditions 

including insomnia with comorbidities (Fibromyalgia [94], Trauma Related Insomnia [95], 

Bipolar Disorder [96], Sleep/Delirium in ICU patients [97–99], Type 2 Diabetes [100]), 

but also in Hypertension [101] and Shift-Work [113], among other investigations opening 

new therapeutic targets for ORAs.  

Lemborexant 

Lemborexant is a DORA that was first approved in the USA in December 2019 for the 

treatment of patients with insomnia disorder. In January 2020, approval of lemborexant 

followed in Japan and regulatory review is currently ongoing in Canada [102]. 

Lemborexant is indicated for the treatment of insomnia, characterized by difficulties with 

sleep onset and/or maintenance [48]. Apart from mainly abstracts, the body of scientific 

data on lemborexant in the literature is sparse, complicating a thorough evaluation of its 

characteristics and comparison with other DORAs. 

In vitro, lemborexant acts as a competitive antagonist at OX1R and OX2R with stronger 

inhibition effect on OX2R [48]. The PK profile of lemborexant was explored at doses of 

1 to 200 mg [103] and main parameters are presented in Table 1-3. It is worth highlighting 

that in contrast to the unusually long t½ of approximately 55 h reported by Murphy et al. 

[84], an “effective half-life” of 17–19 h is reported in the approval package. Lemborexant 

has a high volume of distribution of 1970 L and a clearance of 32.8 L/h [48,104]. 

Lemborexant is primarily metabolized by CYP3A4 and M10 is the major circulating 

metabolite which exhibits comparable affinity to OX1R and OX2 as the parent drug [48]. 

Following oral administration, 57% of a lemborexant dose is excreted in feces and 29% in 

urine with < 1% as unchanged drug [48]. Concomitant use of lemborexant with strong or 

moderate CYP3A inhibitors is recommended to be avoided [48]. No clinically significant 

differences in the PK of lemborexant were detected based on age, sex, race/ethnicity, or 

BMI [48]. In patients with mild, moderate, or severe renal impairment, no dose adjustment 
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of lemborexant is required. In contrast, patients with moderate hepatic impairment require 

dose adjustment as lemborexant exposure (AUC and Cmax) and terminal half-life were 

increased in this population. Lemborexant has not been studied in patients with severe 

hepatic impairment [48].  

Two Phase 2 studies with lemborexant have been concluded [105,106]. One study was a 

2-week proof of-concept study to identify dose(s) of lemborexant (1, 2.5, 5, 10, 15, 25 mg) 

to treat insomnia disorder in 291 subjects (19–80 years) [105]. The results showed that 

lemborexant doses ranging from 2.5–10 mg provided efficacy for the treatment of insomnia 

while minimizing next-morning residual effects. Compared to placebo, subjects treated 

with lemborexant doses ≥ 5 mg showed statistically significant improvements in SE, 

subjective SE (sSE), LPS, and subjective latency to sleep onset (sLSO). At doses ˃ 1 mg, 

numerically greater improvements in WASO and subjective WASO (sWASO) were 

detected. Lemborexant was generally well tolerated and somnolence was the most common 

treatment-emergent AE [105]. Another study investigated the efficacy of lemborexant in 

subjects (60–90 years) with irregular sleep-wake rhythm disorder (ISWRD) and mild to 

moderate AD dementia [106]. This was a 28-day proof-of-concept study with 62 subjects 

randomized to lemborexant 2.5–15 mg or placebo once nightly. The results demonstrated 

that lemborexant was well tolerated and improved both circadian rhythm variables and 

nocturnal sleep variables. In addition, lemborexant treatment decreased the mean duration 

of daytime sleep bouts in subjects with ISWRD and AD [106].  

Two Phase 3 studies of lemborexant were conducted in patients with insomnia, 

SUNRISE 1 and SUNRISE 2 [107–110]. SUNRISE 1 was a placebo-controlled 1-month 

study evaluating the efficacy and safety of lemborexant (5 and 10 mg) versus zolpidem 

extended release in 1006 patients (females aged ≥ 55 years and males aged ≥ 65 years) with 

insomnia disorder, characterized by sleep maintenance difficulties [107].The study 

objectively assessed LPS, SE, and WASO using PSG. The results indicated that 

lemborexant treatment (5 and 10 mg) significantly improved sleep onset and sleep 

maintenance compared to placebo and zolpidem treatment. Lemborexant was well 

tolerated with headache and somnolence the most commonly reported AEs [107].  
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SUNRISE 2 was a placebo-controlled 12-month study to investigate the long-term efficacy 

and safety of lemborexant (5 and 10 mg) in 949 female and male participants ( ≥ 18 years) 

with insomnia disorder [111]. The study evaluated the mean change from baseline at 

6 month with sLSO as primary endpoint, and sSE and sWASO as key secondary endpoints 

[48,102,109,111]. The results showed that lemborexant doses of 5 and 10 mg were both 

superior to placebo for sLSO at 1 month and this effect persisted for 12 months. Key 

secondary endpoints for sleep maintenance also significantly improved after lemborexant 

treatment at 5 and 10 mg versus placebo at 1 month and persisted for 6 and 12 months 

[48,102]. A summary of the key efficacy data of lemborexant are presented in Table 1-3. 

Lemborexant was well tolerated and the most common AE reported was somnolence 

[48,102,109].  
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Table 1-3 Lemborexant: objective and subjective sleep onset and sleep 
maintenance in subjects with insomnia disorder 

Objective sleep onset and sleep maintenance in subjects ≥ 55 years, measured by PSG at 
Month 1 (SUNRISE 1) [48,105] 

Endpoint 
Treatment Baseline Mean 

(SD) 
1 Month 

LSM (SD) 
Treatment Effect 

(95% CI) 

LPS (min) 

5 mg 

10 mg 

Placebo 

44.9 (36.5) 

44.6 (33.0) 

43.9 (33.6) 

25.8 (24.3) 

22.8 (17.5) 

36.0 (32.1) 

0.77 (0.67, 0.89)* 

0.72 (0.63, 0.83)* 

(ratio vs placebo) 

WASO (min) 

5 mg 

10 mg 

Placebo 

113.4 (39.0) 

114.8 (40.0) 

111.8 (37.2) 

69.1 (34.5) 

68.6 (35.2) 

92.1 (41.0) 

–24.0 (–30.0, –18.0)* 

–25.4 (–31.4, –19.3)* 

-- 

Subjective sleep onset and sleep maintenance in subjects ≥ 18 years, measured by sleep 
diary at 6 months (SUNRISE 2) [48] 

Endpoint 
Treatment Baseline Mean 

(SD) 
6 Month 

LSM (SE) 
Treatment Effect 

(95% CI) 

sLSO (min) 

5 mg 

10 mg 

Placebo 

43.0 (31.5) 

45.0 (33.4) 

45.0 (31.8) 

20.0 (1.1) 

19.2 (1.1) 

27.3 (1.4) 

0.7 (0.6, 0.8)* 

0.7 (0.6, 0.8)* 

(ratio vs placebo) 

sWASO (min) 

5 mg 

10 mg 

Placebo 

132.8 (82.5) 

136.8 (87.4) 

132.5 (80.2) 

87.9 (3.7) 

92.7 (3.7) 

105.3 (3.6) 

–17.5 (–27.3, –7.6)* 

–12.7 (–22.4, –3.0)* 

-- 

For the LPS and sLSO endpoints, treatment effect refers to the ratio of [1 Month / Baseline LPS] for lemborexant versus 
placebo, such that a smaller ratio corresponds to a greater improvement. *Treatment effects statistically significantly 
superior (p < 0.05) to placebo after multiplicity adjustment. 
CI = confidence interval, LPS = latency to persistent sleep, LSM = least squares means, SD = standard deviation, SE = 
standard error, sLSO = subjective latency to sleep onset, sWASO = subjective wake after sleep onset. 

Overall, lemborexant (5 and 10 mg) was well tolerated in patients with insomnia disorder 

[107,110]. No rebound insomnia was observed after treatment discontinuation, based on 

sleep-diary-recorded sLSO and sWASO in SUNRISE 1 and 2 [48,107]. In addition, there 

was no evidence of withdrawal effects following lemborexant discontinuation (5 and 

10 mg) [48,107]. In a randomized, double-blind placebo- and active comparator-

controlled, four-period crossover trial, next-morning driving performance on the road was 

not statistically significantly impaired in healthy subjects at doses of 5 and 10 mg compared 

to placebo, based on mean changes in SDLP [48,112]. However, in the symmetry analysis 

some patients in the 10 mg treatment group showed impaired next-morning driving 
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performance, indicating individual variation in sensitivity to lemborexant [48,112]. In 

healthy female (aged ≥ 55 years) or male (aged ≥ 65 years) subjects receiving lemborexant 

at 5 or 10 mg at night, postural stability (measured by body sway) as well as measures of 

attention and memory were impaired at 4 h post-dose compared to placebo [48,114]. No 

clinically meaningful differences between lemborexant (5 or 10 mg) and placebo on next-

day postural stability or memory were observed 8 h after treatment administration [48,114]. 

1.6 Orexin receptor antagonists in clinical development 

Daridorexant 

Daridorexant (ACT-541468), which is in Phase 3 clinical development, is a potent DORA 

with similar affinity for OX1R and OX2R in vitro, comparable to suvorexant [115]. Several 

Phase 1 and 2 studies have been published. In healthy subjects the compound is quickly 

absorbed and shows an elimination half-life of 6–10 h [85]. The main PK characteristics 

of daridorexant are presented in Table 1-4. Both after single- and multiple-dose 

administration the PK and PD profile are in accordance, i.e., for doses up to and including 

50 mg given in the morning, drug effects, assessed with a validated CNS battery, have 

waned off over a period of approximately 8 h [85,116]. After evening administration of 25 

mg to both young and elderly subjects, no residual effects could be shown the next morning 

based on objective and subjective assessments [116,117]. This is also in line with the 

metabolic profile that did not provide any indication of metabolites contributing to the 

pharmacological effects of daridorexant [116]. The basic PK properties of daridorexant 

were determined with the help of a microtracer-based approach implemented in the first-

in-humans study and showed a clearance of 5.0 L/h and a volume of distribution at steady 

state of 31 L [85]. The PK and PD profile of daridorexant were similar for adult, elderly, 

male, and female subjects with elderly showing an increased overall exposure to the drug 

of approximately 35% and the elimination half-life was 66% longer [116,118]. A study 

comparing the PK and PD in Japanese and Caucasian subjects showed very similar profiles 

at single and multiple doses of 25 and 50 mg with a slight trend for larger drug effects in 

the Japanese [119]. A series of drug-drug interaction (DDI) studies demonstrated that 
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daridorexant is a sensitive CYP3A4 substrate but is neither a perpetrator of CYP3A4- or 

transporter-mediated DDIs [120,121]. 

The compound was shown to be safe and well tolerated in all conducted Phase 1 studies 

with AEs reflecting dose-dependent somnolence and fatigue the most frequently reported.  

The results of the extensive Phase 1 program enabled selecting the dose range of 10–50 mg 

to be further investigated in Phase 2 patient studies, one in adults ≤ 64 years and one in 

elderly ≥ 65 years [122,123]. A dose level of 5 mg as a tentatively minimally effective dose 

was also included.  

In the adult study 359 subjects with insomnia disorder were treated for 30 days with either 

placebo, daridorexant 5, 10, 25 or 50 mg or zolpidem 10 mg [123]. The main efficacy 

results presented in Table 1-4 showed that a significant dose-response relationship was 

established for the primary efficacy outcome (change from baseline to Days 1 and 2 for 

WASO) and several secondary variables (LPS, sLSO, and sWASO). The effects of 

daridorexant were sustained through to Days 28 and 29. Zolpidem improved sleep latency 

variables but had no effect on WASO. The incidence of AEs was similar among the 

treatment groups. No next-morning residual drug effects were detected up to and including 

the highest dose, as assessed by several visual analog and sleepiness scales as well as 

neurological examinations and in accordance with Phase 1 data in healthy subjects. A run-

out period after cessation of drug treatment did not reveal any sign of rebound or drug 

withdrawal syndrome. 

The study conducted in 58 elderly subjects investigated the same treatments (except for 

zolpidem) and had the same objectives and endpoints but each subject received each 

treatment for 2 nights in a five-way crossover design [122]. Both WASO and LPS were 

dose-dependently reduced from baseline following daridorexant administration with 

statistically significant reductions at doses of 10 mg and higher. The mean changes from 

baseline to Days 1 and 2 for each daridorexant dose in sWASO and sLSO followed the 

shape of the dose-response relationships for WASO and LPS. Efficacy data of daridorexant 

are summarized in Table 1-4.  
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Table 1-4 Daridorexant: objective sleep onset and sleep maintenance in 
subjects with insomnia disorder 

Endpoint Treatment Baseline 
Mean (SD) 

Change from baseline 
at Nights 1&2 (SD) 

Placebo-adjusted LSM 
estimates (SE) [95% CI] 

(alpha=0.05) 
Adult (≤ 64 years) Phase 2 study [123] 

LPS (min) 

5 mg 
10 mg 
25 mg 
50 mg 

Placebo 

72.7 (51.9) 
66.1 (31.8) 
74.3 (43.5) 
69.6 (30.2) 
74.3 (39.3) 

-25.9 (3.8) 
-32.0 (3.9) 
-34.2 (3.8) 
-37.2 (3.8) 
-20.1 (3.8) 

-5.8 (5.3) [-16.3, 4.8] 
-11.9 (5.4) [-22.5, -1.3]* 
-14.1 (5.3) [-24.6, -3.6]* 
-17.0 (5.3) [-27.5, -6.6]* 

-- 

WASO (min) 

5 mg 
10 mg 
25 mg 
50 mg 

Placebo 

97.4 (47.1) 
98.8 (36.3) 
99.6 (40.9) 
94.0 (31.9) 
95.8 (34.7) 

-28.4 (4.2) 
-32.3 (4.3) 
-37.7 (4.3) 
-47.1 (4.2) 
-21.4 (4.2) 

-7.0 (6.0) [-18.7, 4.7] 
-10.8 (6.0) [-22.6, 1.0] 

-16.2 (6.0) [-27.9, -4.5]* 
-25.6 (5.9) [-37.3, 13.9]* 

-- 
Elderly (≥ 65 years) Phase 2 study [122] 

LPS (min) 

5 mg 
10 mg 
25 mg 
50 mg 

Placebo 

75.9 (51.6) 
74.3 (49.0) 
76.7 (51.7) 
74.0 (48.4) 
74.3 (49.0) 

-37.9 (48.8) 
-44.6 (41.3) 
-44.8 (41.6) 
-44.9 (44.2) 
-33.9 (41.7) 

-2.8 (4.1) [-10.8, 5.2] 
-10.4 (4.1) [-18.5, -2.3]* 
-9.2 (4.1) [-17.3, -1.2]* 

-10.8 (4.1) [-18.9, -2.8]* 
-- 

WASO (min) 

5 mg 
10 mg 
25 mg 
50 mg 

Placebo 

116.7 (40.7) 
117.7 (39.6) 
116.1 (40.9) 
116.3 (39.9) 
117.7 (39.6) 

-18.4 (49.8) 
-32.4 (38.5) 
-44.2 (45.2) 
-61.1 (42.1) 
-14.1 (46.3) 

-5.4 (4.7) [-14.7, 4.0] 
-18.4 (4.8) [-27.8, -9.0]* 

-31.5 (4.7) [-40.9, -22.2]* 
-47.8 (4.7) [-57.2, -38.5]* 

 
*Doses that were statistically significantly superior (p < 0.05) to placebo. 
CI = confidence interval; LPS = latency to persistent sleep; LSM = least squares means; SD = standard deviation; SE = 
standard error; WASO = wake after sleep onset.  

Treatment-emergent AEs were similar for all daridorexant doses and placebo with fatigue, 

nasopharyngitis, gait disturbance, and headache as the most frequent ones. 

The Phase 3 program of daridorexant is composed of three studies evaluating its efficacy 

and safety at doses of 10, 25, and 50 mg for a treatment period of up to 12 months 

(clinicaltrials.gov: NCT03545191, NCT03575104, NCT03679884). Apart from assessing 

objective and subjective effects on sleep, potential improvement on next-day functioning 

is an important feature of the Phase 3 program as complaints about daytime functioning 

are a hallmark of insomnia disorders. Following completion of the first Phase 3 trial, 

Idorsia disclosed that treatment with daridorexant not only improved objective and 

subjective sleep parameters but also improved patients’ daytime functioning [124].  
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Seltorexant 

Thus far, with respect to selective OX2R antagonists, clinical data are only available for 

seltorexant (JNJ-42847922, MIN-202), currently in development for the treatment of 

insomnia and major depressive disorder. In an early discovery paper, Bonaventure et al. 

reported in vitro data on affinity/potency/selectivity for seltorexant as well as first results 

in humans [72]. In healthy subjects, this compound has been investigated at single and 

multiple (once daily for 10 days) doses of up to 80 and 60 mg, respectively [72,125]. The 

compound showed a favorable tolerability, a quick absorption, and a short duration of 

action, in accordance with its elimination half-life of only 2-3 h. The main PK 

characteristics of seltorexant are presented in Table 1-5. At 4 h after daytime drug 

administration, no residual effects could be shown in a battery of tests questioning whether 

the tested dose range may be enough to maintain a positive effect on sleep over the entire 

night.  

Three limited Phase 2a studies with seltorexant have been conducted. These studies 

focused on the indications foreseen for this compound but lacked a clear hypothesis-based 

research question, as number of subjects studied was low, treatment duration was short, 

and the statistical power was low. The effects on SE were explored in a double-blind, two-

way crossover placebo-controlled study with 27 subjects (22-62 years) with insomnia 

disorder without psychiatric comorbidity [73]. Treatment with seltorexant 40 mg once 

daily statistically significantly increased SE compared to placebo by (% [SD]) 5.8 (9.2) on 

Day 1/2 and 7.9 (9.8) on Day 5/6. Positive trends were also detected for secondary sleep 

variables (TST, LPS, and WASO). Treatment was well tolerated with AEs of headache and 

next-day somnolence most commonly reported.  

Another study explored the effects on sleep of placebo, 10, 20, and 40 mg seltorexant in a 

double-blind four-way crossover, single-dose study in 20 patients with major depression 

and treated with antidepressants [126,127]. Seltorexant at all doses compared to placebo 

elicited dose-dependent and statistically significant shorter LPS and longer TST. No effects 

were found on WASO. In both patient studies the PK of seltorexant were similar to those 
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in healthy subjects. Treatment was well tolerated with AEs of headache, dizziness, and 

somnolence most frequently reported.  

A study conducted in 47 patients with major depressive disorder, of whom only 22 were 

treated with seltorexant 20 mg once daily (15 for 10 days and 7 for 28 days), revealed a 

significant improvement of core depressive symptoms, i.e., the Hamilton Depression 

Rating Scale adjusted for sleep, compared to placebo with no clear changes in the 

hypnogram [127]. The underlying but unproven concept was that reduction of hyperarousal 

may be beneficial in the treatment of major depressive disorder. Seltorexant treatment was 

safe and well tolerated with the most commonly reported treatment-emergent AEs of 

somnolence, fatigue, headache, dizziness, abdominal discomfort and nightmares. 

One large Phase 2b study was summarized in a press release by the current license holder 

Minerva Neurosciences [128], key results are presented in Table 1-5. The study enrolled a 

total number of 365 adult and elderly subjects randomized to receive placebo, seltorexant 

5, 10 or 20 mg, or zolpidem 5 or 10 mg. Subjects with insomnia disorder without 

psychiatric co-morbidity were treated for 2 weeks and PSG was conducted at Night 1 and 

Night 13 with LPS at Night 1 as the primary endpoint. After doses of 10 and 20 mg 

seltorexant, LPS showed statistically significant improvement, i.e., 32 and 37 min 

compared to placebo, respectively. Due to the drug’s short half-life, the key secondary 

endpoint was WASO over 6 h, which, compared to placebo, showed a statistically 

significant decrease of 29 min for both doses of 10 and 20 mg. The dose of 20 mg showed 

some greater improvements than zolpidem in terms of both LPS and WASO over 6 h. The 

effects were maintained over time and were consistent in the different subgroups. 

Seltorexant treatment was well tolerated, with treatment-emergent AEs similar to those 

observed in previous studies.  
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Table 1-5 Seltorexant: objective sleep onset and sleep maintenance in adult (18 
to 64 years) and elderly (65 to 85 years) subjects with insomnia 
disorder 

Endpoint Treatment Baseline 
Mean (SD) 

Change from 
baseline at Night 1 

Comparison vs placebo 
at Night 1 (LSM) 

LPS (min) 

5 mg 
10 mg 
20 mg 

Placebo 

85.9 (49.9) 
92.0 (57.2) 
82.4 (46.9) 
88.7 (53.4) 

-30 
-50 
-48 
-15 

-16.4 
-32.2* 
-36.6* 

-- 

WASO-6 (min) 

5 mg 
10 mg 
20 mg 

Placebo 

72.7 (37.1) 
81.6 (48.6) 
84.8 (38.6) 
83.1 (39.0) 

-23 
-43 
-45 
-15 

-14.6 
-28.6* 
-28.6* 

-- 
* Doses that were statistically significantly superior (p < 0.05) to placebo. Data have been populated from an initial press 
release and based on material released by the sponsor [126-128]. 
LPS = latency to persistent sleep, LSM = least squares means, SD = standard deviation, WASO-6 = wake after sleep 
onset over the first 6 h [126-128]. 

1.7 Concluding remarks 

Accumulating evidence points to the pivotal role of the orexin system in the regulation of 

wakefulness and arousal. Two DORAs (suvorexant, lemborexant) have been approved for 

the treatment of insomnia.  

Beneficial effects on sleep onset and maintenance have been demonstrated in large clinical 

studies, whereas a distinction in efficacy between dual and selective receptor antagonists 

needs further investigation. The drugs reviewed in this paper share an overall favorable 

tolerability and safety profile without indications of rebound insomnia, withdrawal or 

dependence potential. The large number of clinical trials ongoing with the registered drugs 

suvorexant and lemborexant, and the emerging compounds daridorexant and seltorexant, 

will help in providing further compelling evidence on the potential of ORAs not only in 

the treatment of insomnia, but also in several other indications.  
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2 AIMS OF THE PROJECT 

The overall aim of this dissertation is to investigate the single- and multiple-dose clinical 

pharmacology of daridorexant in healthy young adult, elderly, and Japanese subjects as 

evaluated during the early clinical development program. In addition, an innovative 

approach to characterize ADME properties of daridorexant at an early stage of the 

development is presented. 

The aim of Chapter 1 is to provide a general introduction to the field, based on a published 

literature review.  

The aims of the individual studies (Chapter 3) are presented in the following: 

3.1 Single-dose clinical pharmacology of daridorexant 

Based on its nonclinical pharmacology, toxicology, and PK profile, the prerequisites were 

fulfilled to initiate this entry-into-human study with daridorexant. The aim of this study 

was to obtain information about the potential therapeutic dose range of daridorexant and 

support the design of the subsequent MAD study.  

Beyond that, a novel approach for the conduct of FIH studies was pursued, namely the 

inclusion of 14C microtracer techniques to investigate absolute bioavailability and ADME 

properties in humans at a very early stage. 

3.2 Multiple-dose clinical pharmacology of daridorexant after repeated-dose 

morning and evening administration  

The aim of this study was to investigate ascending multiple-dose administration in the 

morning, as well as multiple-dose evening administration. Results of the study supported 

the selection of the dose range (5–50 mg) to be explored in subjects with insomnia in the 

Phase 2 dose-finding studies.  

3.3 Clinical pharmacology of daridorexant in elderly subjects 

This study explored single-dose morning administration and multiple-dose evening 

administration of daridorexant in elderly subjects, a population in which sleep problems 

and use of sleep medications are highly prevalent. 
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3.4 Metabolism of daridorexant, using a microtracer and accelerator mass 

spectrometry 

This paper describes the complex investigation of the metabolism of daridorexant, which 

was integrated into the FIH study, utilizing an innovative approach to accelerate the clinical 

development. 

3.5. Clinical pharmacology of daridorexant in Japanese vs Caucasian subjects 

If pharmaceutical companies desire to market their products in Eastern Asian countries, 

further specific studies are often required to be performed in the local population. The aim 

of this study was to investigate single- and multiple-dose characteristics of daridorexant 

following morning administration, and to bridge the results obtained in Caucasian subjects 

to those in Japanese subjects. 
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3 RESULTS 

To achieve the aims outlined in Chapter 2, the following clinical studies described in this 

chapter have been planned, conducted, evaluated, and published. All studies were 

published in peer-reviewed journals and the results are presented as the corresponding 

journal articles. 

3.1 Single-dose clinical pharmacology of daridorexant 

In this FIH study, healthy subjects received single-ascending oral doses (5-200 mg) of 

daridorexant or placebo to assess safety, tolerability, PK, and PD. In addition, absolute 

bioavailability and ADME properties were investigated utilizing a microtracer. 

3.2 Multiple-dose clinical pharmacology of daridorexant 

Healthy adult subjects received multiple-dose daridorexant (10, 25, and 75 mg) or placebo 

to investigate safety, tolerability, PK, PD. In addition, potential next-day effects were 

investigated following repeated evening administration in a separate study part. 

3.3 Clinical pharmacology of daridorexant in elderly subjects 

Healthy elderly subjects (65-80 years) received single- and multiple-dose daridorexant (5, 

15, and 25 mg) or placebo to investigate safety, tolerability, PK, PD. In addition, potential 

next-day effects were investigated following repeated evening administration in a separate 

study part. 

3.4 Metabolism of daridorexant in humans 

Following oral administration of daridorexant in combination with a microtracer, 

metabolic routes were characterized in plasma, feces, and urine using accelerator mass 

spectrometry (AMS), followed by structural elucidation using high performance liquid 

chromatography (HPLC) coupled with high resolution mass spectrometry. 

3.5 Clinical pharmacology of daridorexant in Japanese vs Caucasian subjects 

Healthy Japanese and Caucasian subjects received once daily doses of daridorexant (25 or 

50 mg) or placebo. Safety, tolerability, PK, and PD were investigated.  
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Accelerated Development of the Dual Orexin
Receptor Antagonist ACT-541468: Integration of
a Microtracer in a First-in-Human Study
Clemens Muehlan1, Jules Heuberger2, Pierre-Eric Juif1, Marie Croft3, Joop van Gerven 2

and Jasper Dingemanse1

The orexin system regulates sleep and arousal and is targeted by ACT-541468, a new dual orexin receptor antagonist
(DORA). Healthy male subjects received a single oral dose of 5–200 mg to assess safety, tolerability, pharmacokinetics
(PK), pharmacodynamics (PD), mass balance, metabolism, and absolute bioavailability utilizing a 14C-labeled, orally and
intravenously (i.v.) administered microtracer. The drug was safe and well tolerated; the PK profile was characterized by
quick absorption and elimination, with median time to reach maximum concentration (tmax) of 0.8–2.8 h and geometric
mean terminal half-life (t1/2) of 5.9–8.8 h. Clear dose-related effects on the central nervous system were observed at
�25 mg, indicating a suitable PK-PD profile for a sleep-promoting drug, allowing for rapid onset and duration of action
limited to the intended use. This comprehensive first-in-human study created a wealth of data, while saving resources in
drug development.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?
� The orexin system plays an important role in the regulation
of sleep and wakefulness. Transiently blocking the signaling of
the orexin pathways is a valid approach for development of a
drug intended to treat insomnia.
WHAT QUESTION DID THIS STUDY ADDRESS?
� Are the PK, PD, tolerability, and safety profile of ACT-
541468 in healthy male subjects compatible with the require-
ments for a sleep-promoting drug?

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
� The results show that PK, PD, and the safety profile of ACT-
541468 are compatible with a drug for the treatment of insomnia.
Investigation of mass balance, metabolism, and absolute bioavail-
ability can be included in FIH trials to accelerate development.
HOW THIS MIGHT CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE
� A microtracer approach utilized in FIH trials generates a wealth
of informative data in addition to the classical variables. This study
supports a paradigm shift such that utilizing a microtracer approach
is considered more frequently at this early stage of development.

The orexin system was discovered in 19981,2 and consists of the
two hypothalamic neuropeptides, orexin A (OxA) and orexin B
(OxB), and two G protein-coupled receptors, orexin-1 (OX1)
and orexin-2 (OX2), which are widely expressed throughout the
brain.2–4 OxA has a high and OxB a low affinity to the OX1
receptor, while both OxA and OxB have a high affinity to the
OX2 receptor. Orexins promote wakefulness and mediate behav-
ior under situations of high motivational relevance, e.g., physio-
logical needs such as feeding, reward opportunities, and escape
attempts or other coping strategies during acute exposure to
threats.5

Infusing exogenous orexin into cerebral ventricles in rats leads
to enhanced behavioral activity, arousal, delayed onset of sleep,
and maintenance of cortical activation. Orexin-producing neu-
rons are active during wakefulness and quiet during sleep.6,7

Orexin fibers and receptors project into areas related to the regu-
lation of the wake–sleep cycle (basal forebrain, corticolimbic
structures, and brainstem), hence it is a valid target for pharmaco-
logical treatment of sleep-related disorders.8,9

Insomnia affects up to 30% or more of the general population,
and 10% of the general population have complaints that their
sleep problems cause daytime functional impairment.10–12

Commonly prescribed hypnotics bind to gamma-aminobutyric
acid (GABA) type A receptor subtypes, including benzodiaze-
pines and nonbenzodiazepine benzodiazepine receptor agonists,
i.e., z-drugs.13 More recently, newer hypnotics that do not act at
the GABA receptor, such as suvorexant, the first-in-class dual
orexin receptor antagonist (DORA) have been approved for the
treatment of insomnia.14 Proof of concept of the mechanism of
action of such drugs had earlier been demonstrated in humans
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for almorexant and suvorexant.15,16 Therefore, the working
hypothesis for DORAs in the field of insomnia can be described
as follows: by transiently and reversibly blocking OX1 and OX2
receptors in the brain, sleep can be induced in healthy subjects
and in patients with insomnia disorder.
Here we report the results of the first-in-human (FIH) study

(ClinicalTrials.gov: NCT02919319) with ACT-541468 ((S)-(2-
(5-chloro-4-methyl-1H-benzo[d]imidazol-2-yl)-2-methylpyrroli-
din-1-yl) (5 methoxy-2-(2H-1,2,3-triazol-2-yl)phenyl)methanone),
a novel DORA intended for the treatment of insomnia. The
chemical structure is provided in Supplemental Figure S1. Fol-
lowing a comprehensive discovery program,17 the compound
induced sleep in animals, and had a predicted pharmacokinetic
(PK) profile that appeared suitable for a sleep-promoting drug in
humans. To accelerate development, a “smart” approach for this
FIH study was chosen, utilizing a 14C-labeled microtracer in com-
bination with ultrasensitive accelerator mass spectrometry (AMS)
to characterize elimination, mass balance, metabolism, and absolute
bioavailability, the latter by using an intravenously (i.v.) adminis-
tered tracer.

RESULTS
Subjects
Forty healthy male subjects participating in the study received
treatment: eight subjects per group, six subjects on active and two
on placebo. The mean (range) age and body mass index of subjects
were 23.9 (18–44) years and 23.0 (19.4–30.0) kg/m2, respectively.

Pharmacokinetics
The mean concentration–time profiles and the PK parameters of
ACT-541468 are depicted in Figure 1 and presented in Table 1,
respectively. ACT-541468 was quickly absorbed with a median
maximum concentration (tmax) of 0.8–2.0 h for the 5, 25, and
50mg doses, and 2.5 and 2.8 h for the 100 and 200mg doses.
Across all doses, maximum plasma concentration (Cmax) and area
under the concentration–time curve (AUC) increased less than
proportionally to the dose administered (data provided in
Supplemental Tables S2–S3, Figures S3–S4). The geometric
mean (95% confidence interval (CI)) t1=2 was between 5.9 (4.8,
7.4) and 6.5 (4.8, 8.9) h for the 5–50mg doses, and 7.5 (5.3, 10)
and 8.8 (6.6, 11.8) h for the 100 and 200mg dose, respectively.

Mass balance
Following oral administration of 50mg parent drug and 250 nCi
(2.02 lg) 14C-labeled ACT-541468, blood, urine, and feces were
collected over 168 h. All samples were analyzed for 14C-content
by AMS. The arithmetic mean (range) cumulative recovery of
radioactivity from feces and urine was 84.5% (76.1–92.8%). Fig-
ure 2 shows that fecal excretion of radioactivity was the major
route of elimination, with a mean (range) cumulative recovery of
radioactivity in feces and urine of 56.6% (50.0–68.7%) and
27.9% (24.1–34.9%), respectively.

Pharmacokinetics of radioactivity
Partitioning of radioactivity into erythrocytes was determined
based on total 14C-concentration measured at tmax in plasma and
whole blood, resulting in a blood/plasma ratio of 0.64. Compared

Figure 1 Mean (6SD) plasma concentration–time profile of ACT-541468 following oral administration (linear scale, the semilogarithmic inset shows first
8 h postdose with frequent sampling, N 5 6).
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to whole blood, the geometric mean (95% CI) t1=2 of total radio-
activity in plasma was longer (25.5 vs. 14.0 h; 95% CI: 14.0,
46.6 vs. 11.5, 16.9) and the geometric mean AUC from 0 to
infinity (0-1) was higher (29,480 vs. 19,340; 95% CI: 20,790,
41,800 vs. 13,220, 28,270) ng eq�h/mL. PK of 14C radioactivity
are presented in the Supplemental Table S1 and Figure S1.

Absolute bioavailability, clearance, and volume of distribution
When administered as an i.v. infusion, 14C-ACT-541468 was
quickly distributed and eliminated without differences in t1=2
between i.v. and oral administration (Figure 3). When compar-
ing the total exposure following oral administration of 100mg to
the total exposure following i.v. administration of the microtracer
(nominal dose 2.02 lg), an average absolute bioavailability of
62% (95% CI: 52–75) was estimated. The geometric mean clear-
ance (CL) was estimated to be 5.0 L/h (95% CI 3.0–8.1), and
the volume of distribution (Vss) 31 L (95 CI: 26–37).

Pharmacodynamics
Pharmacodynamic (PD) results, presented in Figure 4 and Table 2,
showed a hardly detectable effect of ACT-541468 at 5mg. Doses
of 25mg and higher revealed clear effects on the central nervous

system (CNS), i.e., reduced vigilance, attention, visuomotor
coordination, and postural stability as indicated by decreased sac-
cadic peak velocity (SPV), adaptive tracking performance, and
increased body sway. The onset of these effects was within 1 h
after administration and the maximum effect occurred around
1.5 h following the intake of doses up to 100mg. At 200mg, the
maximum effect occurred after 2 h. Overall, the effects of 25 and
50mg returned to baseline within 3–6 h and 6–8 h after drug
intake, respectively. Following a dose of 100mg and 200mg,
return to baseline for most variables was within 8 and 10 h,
respectively. Effects on SPV and visual analog scale (VAS) subjec-
tive alertness in the 200mg dose group did not completely return
to baseline at the end of the 10 h observation period.

Safety and tolerability
Treatment-emergent adverse events (AEs) reported (including
unrelated to study drug as judged by the investigator) are summa-
rized in Table 3. Neither severe AEs nor serious AEs were
reported and no subject withdrew from the study due to

Table 1 Summary of pharmacokinetic parameters following administration of a single oral dose of ACT-541468

Parameter [unit] 5 mg 25 mg 50 mg 100 mg 200 mg

tmax [h] 0.8 1.0 2.0 2.5 2.8

(0.5, 2) (0.8, 2.5) (0.7, 3) (1.5, 3.5) (1.5, 4)

Cmax [ng/mL] 160 632 1,230 1,560 1,870

(123, 208) (516, 774) (962, 1,580) (1,250, 1,950) (1,180, 2,960)

AUC0-24h [ng�h/mL] 894 2,570 6,950 11,000 17,900

(556, 1,440) (1,610, 4,090) (4,840, 9,980) (8,490, 14,250) (10,900, 29,3000)

AUC0-inf [ng�h/mL] 987 2,720 7,430 12,300 23,000

(567, 1,720) (1,640, 4,500) (5,010, 11,000) (9,000, 16,900) (15,600, 33,900)

t1=2 [h] 6.5 6.1 5.9 7.5 8.8

(4.8, 8.9) (4.1, 9.1) (4.8, 7.4) (5.3, 10.5) (6.6, 11.8)

Data are expressed as geometric mean (95% confidence interval) except for tmax which is expressed as median (range). N 5 6 per dose group. AUC0-24h, area under the
plasma concentration–time curve from zero to 24 h; AUC0-inf, area under the plasma concentration–time curve from zero to infinity; Cmax, maximum plasma concentration;
t1=2, terminal half-life; tmax, time to reach Cmax.

Figure 2 Cumulative recovery of radioactivity following oral administration
of a microtracer dose of ACT-541468 (mean 6 SD, N 5 6).

Figure 3 Mean (6SD) plasma concentration–time profile of ACT-541468
following oral administration of 100 mg ACT-541468 vs. dose-adjusted i.v.
administered microtracer (linear scale, inset semilogarithmic scale, N 5 4).
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occurrence of an AE. All treatment-emergent AEs were of mild
or moderate intensity. The most frequently reported AEs were
somnolence, fatigue, disturbance in attention, and headache. In
the 200mg dose group, four events of mild muscle weakness
(hands, legs) were reported in four subjects, with an onset
between 40min and 2.5 h postdose and a duration between
1min and 3 h. The duration of AEs related to depression of the
CNS increased with dose. Somnolence was also reported by sub-
jects who received placebo. No treatment-emergent clinically rele-
vant abnormalities of vital signs, physical examination, 12-lead
electrocardiogram (ECG) recordings, or clinical laboratory varia-
bles were detected at any dose. When completing the Narcolepsy
2nd Step Questionnaire, none of the four subjects that had
reported an AE of mild muscle weakness stated that this was
actually triggered by emotions when answering the corresponding
question (“What triggered it?”). However, when completing the
brief motor questionnaire at 24 h postdose, one of the four sub-
jects reported that emotions (laughing) had triggered his muscle
weakness.

DISCUSSION
This study provides the first safety, tolerability, PK, and PD data
in healthy males for ACT-541468, a new potent DORA.
The PK profile of ACT-541468 showed quick absorption with

a median tmax of 0.8–2.8 h, and thereafter concentrations
decreased in a multiphasic way, probably due to a combination of
distribution into tissues and the elimination processes. The ter-
minal t1=2 was �6 h for the dose range of 5–50mg, and for 25
and 50mg significant sleep-promoting effects were demonstrated
with an acceptable duration of �6–8 h (not at 5mg). Across the
dose range tested, the total exposure, i.e., AUC0-inf and Cmax

increased less than dose-proportionally, caused by the limited
aqueous solubility of the compound (solubility in water (pH 2.5)
at room temperature5 710 lg/mL). In the lower dose range of
5–50mg (selected for dose-finding phase II studies) the increase
of AUC and Cmax was approximately dose-proportional.
To save resources and to accelerate the development time, a

microtracer approach was implemented in two dose groups in
this FIH trial, resulting in a wealth of data compared to those
obtained classically, including mass balance and i.v. PK parame-
ters (CL, Vss, and absolute bioavailability). The advancement of
bioanalytical technologies enabled a significant reduction of the
radioactive dose to a level at which the radioactive burden is neg-
ligible (<0.1 mSv), allowing tracer administration to healthy sub-
jects.18–20 Health authorities do not require a formal application
with animal dosimetry data or good manufacturing practice-
compliant 14C material with such a low level of radiation expo-
sure.18–22 For quantification of these extremely low levels of
radioactivity, the highly sensitive AMS was required. Subjects in
the 50 and 100mg dose groups received a single dose of 250 nCi
of a radiolabeled microtracer orally and i.v., respectively, which
demonstrated the feasibility of including mass balance and i.v.
PK studies as an integral part of an FIH study. Inclusion of the
microtracer parts at predefined doses before knowing accurately
the concentration–response relationship principally bears the risk of
obtaining pivotal PK information at an inappropriate dose. In this

study this risk was mitigated/minimized by narrowing the expected
therapeutic dose range on the basis of PK/PD modeling.17

Following oral administration of the tracer, radioactivity was
measurable in plasma after 10min in all subjects. Excretion in
feces was the major elimination pathway of ACT-541468,
accounting for a mean recovery of 57% of the administered
radioactive dose, while 28% was found in urine. The total recov-
ery of 84.5% can likely be explained by the observed longer t1=2 of
some metabolites, which is consistent with the small amount of
radioactivity still excreted on the last day of collection, suggesting
that small amounts of radioactivity were still excreted after the
collection period. PK analysis of total radioactivity revealed a t1=2
of �25 h in plasma and 14 h in whole blood. Since t1=2 of the par-
ent drug observed at doses up to 50mg was only 6 h, the longer
t1=2 seen following administration of the microtracer is most likely
related to the presence of metabolites with a longer t1=2 than the
parent compound.
The effects of the compound on the CNS were evaluated in a

series of tests with a validated PD battery. Starting at 25mg, clini-
cally relevant changes in PD variables were observed, i.e., reduced
vigilance and attention, alertness, and motor coordination mea-
sured by SPV, adaptive tracking, body sway, and VAS Bond and
Lader, with an onset within 1 h postdose and a return to baseline
by 8–10 h postdose for most variables. The magnitude of the PD
effects appeared to reach a plateau at 25mg, as maximum effects
observed at 50 and 100mg were comparable to those observed at
25mg, while the duration of effects increased with dose. At
200mg, the PD effects were more pronounced than the effects
observed at any of the lower doses.
The objective and subjective tests used in this study have dem-

onstrated sensitivity to even mild sedation as reported by Van
Steveninck et al.,23 in which validity of the measurements was
successfully tested. A reduction in SPV of about 10% roughly
corresponds to the effects observed in the morning after a night
of sleep deprivation, or to the maximum effects of 2mg diaze-
pam, or 10mg temazepam.24 Hence, in the present study when
effects of 25mg ACT-541468 on SPV were measured, sleep-
promoting effects were clearly demonstrated with a mean maxi-
mum change from baseline of –87.1 degrees/sec at 1.5 h post-
dose, which represents a decrease of �17% from baseline (512.4
degrees/sec). Similar to the observations for SPV, a trend of
dose-dependency, specifically with respect to the duration of
effects, was observed for adaptive tracking, body sway, and VAS
subjective alertness.
Although the change in average tracking performance of –7.4

and –8.8% (mean maximum change from baseline) observed at a
dose of 25 and 50mg, respectively, represents a significant impair-
ment, the effects were less pronounced when compared to an
average decrease of 21% following a night of sleep deprivation, as
described by van Steveninck et al.23

The lower sensitivity of adaptive tracking performance vs. SPV
observed in this study could be explained by the motivation and
alertness needed to perform the adaptive tracking test, a labora-
tory analog of operating machinery or driving a motor vehicle,
requiring eye–hand coordination. In addition, subjects could recog-
nize a performance improvement due to the adaptive nature of the
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test: if the pursuit effort was successful, the speed of the moving
circle was increased, or reduced if less successful. Hence, motivation
and alertness may to some extent overcome mild sedation.23

Single doses of up to 200mg were well tolerated. The most fre-
quently reported AEs (somnolence, fatigue, and headache) were
similar to those reported for almorexant or suvorexant in

Figure 4 Time course of mean changes from baseline (6SD) of (from top to bottom) saccadic peak velocity, adaptive tracking performance, body sway,
and VAS Bond and Lader subjective alertness. N 5 6 per active dose group; N 5 10 for placebo.
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previous studies.25–27 At the highest dose tested (200mg), four
events of mild muscle weakness were reported in four subjects,
which could be an indication of exaggerated pharmacology due
to a prolonged pharmacological blockade of orexin receptors fol-
lowing morning administration. Notably, these events occurred
during a busy day with a very dense schedule and only short rest-
ing periods between assessments.
Next-day effects including impaired driving performance led

the US Food and Drug Administration to approve suvorexant at
a maximum dose of 20mg per night.28 Other common problems
associated with the use of sleep drugs such as morning somno-
lence and drowsiness are well documented.29,30 Next-day perfor-
mance was not addressed since the study drug was administered
in the morning; however, the observed PK-PD profile warrants
future studies to assess both nighttime sleep and next-day perfor-
mance. The PK and PD observed in this trial largely confirmed
previous investigations,17 in which the therapeutic dose range
(25–75mg) in humans was estimated by physiologically-based
PK and PD modeling. A dose of 25mg of ACT-541468 was pre-
dicted to block OX2 sufficiently long to promote sleep for 6–8 h.
Considering the observed PK, PD, and safety profile, phase II
dose-finding studies were performed in the range of 5–

50mg.31,32 This FIH study incorporating a microtracer approach,
created a wealth of PK and PD data at an early stage of develop-
ment, potentially saving time and financial resources in the fur-
ther drug development process.

METHODS
Subjects
Forty healthy male subjects between 18 and 45 years of age received a
single dose of ACT-541468. The protocol was approved by the
Dutch health authorities and by the local ethics committee, Founda-
tion Beoordeling Ethiek Biomedisch Onderzoek. After explanation of
the aims, methods, objectives, and potential hazards of the study,
written informed consent was obtained from each individual prior to
any procedure. This study was performed in accordance with Good
Clinical Practice and the principles of the Declaration of Helsinki.
As part of the baseline characteristics, the modified Swiss Narcolepsy
Scale questionnaire33 was electronically completed by the subject at
screening.

Study design
This was a double-blind, randomized, placebo-controlled, ascending sin-
gle oral dose FIH study including a mass balance and metabolism part
and an absolute bioavailability part in combination with a 14C-labeled
ACT-541468 tracer. Subjects were treated with a single dose of ACT-
541468, formulated as the hydrochloride salt, as hard gelatin capsules in
five dose groups (5, 25, 50, 100, and 200mg), administered in the morn-
ing under fasting conditions. Each dose was investigated in a group of
eight healthy male subjects (6/2 active/placebo). The study comprised a
3-week screening period, a treatment period of 96 h (mass balance part
168 h), and a 30-day safety follow-up. The study design and PK/PD
sampling scheme are included in the Supplementary Material (Figure S5,
Tables S5-1–S5-3).

Pharmacokinetics and bioanalytics
Blood samples of 4 mL were taken at regular timepoints over 96 h
postdose. Plasma was stored at –708C and protected from light. Con-
centrations of ACT-541468 were determined using liquid chromatog-
raphy coupled to tandem mass spectrometry with a lower limit of
quantification (LLOQ) of 0.500 ng/mL (Mass spectrometer API
4000, AB SCIEX, Concord, ON, Canada). Chromatographic separa-
tion was achieved using a Kinetex column C18, 50 3 3.0 mm ID, 2.6
lm (Phenomenex, Torrance, CA), with a flow rate of 0.5 mL/min,
using a linear gradient starting from 70% mobile phase A and 30%
mobile phase B with a run time of 4 min. Mobile phases consisted of
water containing 0.1% formic acid (A) and acetonitrile containing
0.1% formic acid (B). Performance of the method was monitored and
showed interbatch precision (%CV) �5.9%, whereas the interbatch

Table 2 Summary of pharmacodynamic parameters following administration of a single oral dose of ACT-541468

Parameter [unit] Placebo 5 mg 25 mg 50 mg 100 mg 200 mg

Saccadic peak velocity [degrees/sec] 214.6 229.1 287.1 256.7 286.9 2139.1

(63.1) (30.8) (54.1) (26.6) (52.9) (72.5)

Adaptive tracking [%] 20.9 20.6 27.4 28.8 211.0 215.5

(2.2) (4.4) (7.1) (9.3) (8.1) (8.1)

Body sway [mm] 97.8 5.4 270.1 160.2 309.2 307.6

(184.0) (69.7) (210.5) (230.2) (196.4) (203.8)

VAS alertness [%] 23.3 21.9 27.2 211.8 211.8 214.5

(5.9) (1.8) (5.1) (11.7) (7.1) (6.8)

Data are arithmetic mean ( 6 standard deviation) maximum change from baseline. N 5 6 per dose group; N 5 10 for placebo.

Table 3 Summary of main treatment-emergent adverse events
following administration of a single oral dose of ACT-541468

Preferred term 5 mg 25 mg 50 mg 100 mg 200 mg Placebo

Somnolence — 2 5 4 5 2

Fatigue — 3 1 3 1 —

Headache 1 — — — 1 4

Disturbance in attention 1 1 1 — 2 —

Muscular weakness — — — — 4 —

Presyncope — — — 1 — 1

Constipation — — — — 1 1

Nausea — — — 1 — 1

Rhinorrhea — 1 — — — 1

Number of subjects reporting treatment-emergent adverse events (AEs). Presented
are AEs reported in more than one subject. N 5 6 per dose group; N 5 10 for
placebo.
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accuracy ranged from –7.5% to 0.1%. For PK analysis, concentrations
below the LLOQ were set to “0.” PK parameters were determined by
noncompartmental analysis using Professional WinNonlin 6.1 (Phar-
sight, Mountain View, CA).

Mass balance
A dose of 50mg ACT-541468 was administered together with a solution
of the 14C-labeled microtracer (dose 250 nCi; 2.02 lg 14C-ACT-
541468). Blood, urine, and feces were collected up to 168 h postdose.
Feces and urine samples were homogenized, and the feces samples were
further processed for freeze-drying, with the residue ground to a fine
powder. Plasma, whole blood, urine, and freeze-dried feces samples were
analyzed directly using AMS, to determine the total 14C concentration
in each sample. The predose samples were analyzed by AMS to obtain
the inherent background levels of 14C radioactivity, which were used for
background subtraction to obtain a value for drug-related 14C for each
postdose sample. AMS data were expressed as percent modern carbon
(pMC), where 100 pMC equals 13.56 disintegrations per minute
(dpm)/g C. The AMS results were used to calculate the radioactivity
(dpm/mL or dpm/g) for all samples, based on the specific activity of the
tracer (2754.41 dpm/ng) and the dose administered. The concentration
of total radioactivity is presented in ng eq/mL (or ng eq/g feces). Metab-
olism of ACT-541468 was also investigated, including quantification,
determination of elemental compositions, and structural elucidation.
Results related to the 77 metabolites identified will be reported
separately.

Absolute bioavailability
14C-labeled ACT-541468 was purified at Quotient Bioresearch (Cardiff,
UK). The radiolabel was placed in a part of the molecule that was pre-
served in all metabolites (methyl group attached to the pyrrolidine ring).
The analytical specifications are provided in Supplemental Table S5.
Parent ACT-541468 was administered orally (100mg) followed by a
15 min i.v. infusion of the tracer (1mL/min) starting 2.5 h after oral
dosing, at which Cmax was expected to occur. The 14C-dose was deter-
mined as the average 14C-content of two samples of the tracer solution
taken from the infusion line after dosing and analyzed by liquid scintilla-
tion counting. For technical reasons (vial did not contain a sufficient
amount of tracer solution), four instead of six subjects were dosed with
the i.v. tracer. Samples were analyzed for total 14C radioactivity and par-
ent drug (14C-labeled) using a validated high-performance liquid chro-
matography coupled with AMS assay. The lower limit of quantification
was 0.619 pg eq ACT-541468/mL.
The i.v. PK parameters were estimated by noncompartmental analysis.

Using dose-corrected i.v. PK data, CL, Vss, and F were estimated using
the following equations34:

CL5
dose

AUC021

Vss5
dose3AUMC021

ðAUC021Þ2

where AUMC0-1 is the area under the first moment curve extrapolated
to infinity.
Absolute bioavailability was estimated using the formula:

absolute bioavailability5
AUC021ðoralÞ3Dose i:v:
AUC021ði:v:Þ3Dose oral

Pharmacodynamic assessments
The PD of ACT-541468 were assessed for 10 h postdose using a vali-
dated test battery (Neurocart, Center for Human Drug Research,
Leiden, the Netherlands), including SPV, adaptive tracking, and body

sway. Subjective effects were assessed using the VAS Bond and Lader for
alertness, mood, and calmness. These psychomotor performance tests
have shown sensitivity to measure sedation following administration of
DORAs.26,27

Speed of eye movements was recorded for stimulus amplitudes of
�158 to either side. Fifteen saccades were recorded with interstimulus
intervals varying between 3 and 6 sec. Average values of SPV (degrees/
sec) were recorded.

Adaptive tracking is a pursuit-tracking task in which a circle moves
pseudorandomly on a screen. A randomly moving dot has to be kept
inside a circle by operating a joystick. If this effort is successful, the speed
of the moving circle increases. Conversely, the velocity is reduced if the
dot cannot be maintained inside the circle. Average tracking perfor-
mance (%) was recorded.

Body sway was assessed using a body sway meter, with subjects keeping
their eyes closed. The body sway meter allows measurement of body
movements (mm), providing a measure of postural stability. Subjects
were asked to stand still and comfortable, with their feet �10 cm apart
and eyes closed.

The VAS Bond and Lader has been frequently used to assess sedative
agents.26,27,35 The VAS consists of 16 items of which three main factors
were calculated as described by Bond and Lader36: alertness, mood, and
calmness.

Safety
Safety and tolerability were assessed by monitoring AEs, evaluating labo-
ratory parameters, vital signs (blood pressure, heart rate, and body tem-
perature), 12-lead ECG, physical examination, and by the Swiss
narcolepsy questionnaire,33 which consists of five questions related to
narcolepsy-like symptoms: inability to fall asleep, feeling unrefreshed in
the morning, taking a nap in the afternoon, knee buckling during emo-
tions, and sagging of the jaw during emotions. Prior to dose escalation, a
thorough review of the safety, tolerability, and PD data of subjects from
the previous dose group was performed.

Statistical analysis
Dose proportionality of PK parameters was tested using linear regression
of log-transformed parameters.37 For analysis of the PD effects, subjects
receiving placebo were grouped. Effects on the PD variables were ana-
lyzed by mixed model with dose, time, and dose by time as fixed effects,
with subject as random effect, and with the (average) baseline value as
covariate. Contrasts for each PD endpoint were reported along with
95% CI. PD effects were also assessed on the basis of mean changes from
baseline (6 standard deviation (SD)) over the 10 h period. Safety and
tolerability were analyzed descriptively by treatment group, whereas sub-
jects treated with placebo in the different dose groups were pooled for
this analysis.

Additional Supporting Information may be found in the online version of
this article.
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Abstract 
ACT-541468 is a dual orexin receptor antagonist with sleep-promoting effects in humans. Fol- 
lowing entry-into-humans, its pharmacokinetics (PK) including dose-proportionality and accu- 
mulation, pharmacodynamics (PD), safety, and tolerability following multiple-ascending oral 
dose (MAD) administration in the morning, and next-day residual effects after repeated evening 
administration were investigated in a double-blind, placebo-controlled, randomized study. 31 
healthy male and female subjects in 3 dose-groups (10, 25, and 75 mg) received study drug 
in the morning for 5 days (MAD part), and 20 healthy subjects received 25 mg in the evening 
for 1 week (evening part). PK, PD (saccadic peak velocity (SPV), adaptive tracking, body sway, 
Bond and Lader visual analogue scales (VAS), Karolinska Sleepiness Scale (KSS), VAS Bowdle for 
assessment of psychedelic effects), Digit Symbol Substitution Test (DSST), and Simple Reaction 
Time Test (SRTT), safety, and tolerability were assessed. ACT-541468 was absorbed with a me- 
dian t max of 1.0–2.0 h across the 3 dose groups. The geometric mean elimination half-life (t ½) on 
Day 5 was between 5.6 and 8.5 h, and the exposure (area under the curve (AUC)) showed dose 
proportionality. No accumulation and no influence of sex on the multiple-dose PK parameters of 
ACT-541468 was observed. No effects were observed at 10 mg. Administration of 25 and 75 mg 
during the day showed clear dose-dependent effects on the PD parameters, while next-day ef- 
fects were absent after evening administration of 25 mg. The drug was safe and well tolerated. 
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In conclusion, multiple-dose PK/PD of ACT-541468 were compatible with a drug designated to 
treat insomnia. 
© 2019 Elsevier B.V. and ECNP. All rights reserved. 
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1. Introduction 

Insomnia is a common health problem, affecting up to 30
of the general population who complain of sleep disruptio
and approximately 10% of the general population have com
plaints of sleep disruption with associated symptoms of di
tress or day-time functional impairment ( NIH, 2005; Rot
2007 ). These symptoms are consistent with Insomnia diso
der as defined by the Diagnostic and Statistical Manual 
Mental Disorders, Fifth Edition (DSM-5; APA, 2013 ), which i
clude a dissatisfaction with sleep quantity, associated wi
difficulty initiating or maintaining sleep, or early mor
ing awakening. Non-pharmacological (psychological and b
havioural) standard-of-care therapies of insomnia includ
cognitive-behavioural therapy, stimulus control, relaxatio
training, and sleep hygiene measures which typically a
the first of these measures to be applied ( Schutte-Rod
et al., 2008 ). Current pharmacologic treatments includ
benzodiazepines, non-benzodiazepine benzodiazepine r
ceptor agonists (so-called z-drugs), melatonin agonists, an
the dual orexin receptor antagonist suvorexant. Althoug
there are safe and effective drugs available to treat insom
nia ( Schutte-Rodin et al., 2008 ), a better tolerability, im
proved efficacy, and the absence of next-day sleepiness 
envisaged when pursuing the approach of targeting and a
tagonizing the orexin receptors. 

The discovery of the orexin system in 1998 is a remarkab
story that involved 2 independent research teams in the U
( de Lecea et al., 1998; Sakurai et al., 1998 ). Orexin A an
B are two hypothalamic neuropeptides that promote wak
fulness and mediate behaviour under situations of high m
tivational relevance such as feeding, reward opportunitie
and exposure to stress ( Hoyer and Jacobson, 2013; Mahl
et al., 2014 ). Nerve fibers from the orexin neurons mak
wide projections to those brain regions (forebrain, cort
colimbic structures, brainstem) related to the regulation 
the wake-sleep cycle. Orexins bind and activate two di
ferent orexin receptors (OX 1 and OX 2 ), promoting alertne
and maintaining wakefulness ( Sakurai, 2007 ). The first cli
ical data of an orexin receptor antagonist were presente
less than 10 years after its discovery by Brisbare-Roc
et al., 2007 , a paper in which results on the dual orex
receptor antagonist (DORA) almorexant in rats, dogs, an
humans were reported. More recently in 2014, the DORA s
vorexant (Belsomra ® USPI ) was approved for the treatme
of insomnia after extensive review by the US Food and Dru
Administration ( Michelson et al., 2014 ). 

The identification and development of new sleep dru
poses particular challenges owing to disease-specific r
quirements such as rapid onset of action, sleep maint
nance throughout major parts of the night, and the nee
for absence of residual next-day effects. In the particul
case of ACT-541468, these challenges were addressed by a
plying physiologically-based PK and PD modelling and est
mated the initial therapeutic dose range of ACT-541468 
be within 25–75 mg, and by accelerating Phase 1 develop
ment with a multi-layer first-in-humans (FIH) study ( Treibe
et al., 2017; Muehlan et al., 2018 ). In the FIH study, over th
tested oral dose range (5 to 200 mg), the PK and PD wer
compatible with a potential treatment for insomnia. Th
exposure parameters maximum plasma concentration (C ma

and area under the curve (AUC) increased slightly less tha
proportionally to the dose administered, the time to max
mum plasma concentration (t max ) appeared to increase wit
dose, ranging from 0.8 to 2.8 h, while the t ½ was 5.9–8.8 
Starting at a dose of 25 mg and above, clear dose-dependen
effects on the central nervous system (CNS) including redu
tion in vigilance, attention, alertness, and motor coordin
tion were obtained using a validated PD test-battery. Admi
istration of the drug as single doses of up to 200 mg was sa
and well tolerated ( Muehlan et al., 2018 ). In 2 dose group
of that study, a microdose of 14 C-labelled ACT-541468 (25
nCi) was administered either orally (in combination wit
50 mg ‘cold’ ACT-541468) to investigate absorption, distr
bution, metabolism, and excretion (ADME), or intravenous
(in combination with 100 mg ‘cold’ ACT-541468) to evaluat
absolute bioavailability. Levels of 14 C were determined wit
the ultrasensitive accelerator mass spectrometry method
Only traces of non-metabolized drug were found in excret
while the cumulative recovery of radioactivity (drug-relate
material) was 85% with the majority excreted in faeces. 
total 77 metabolites were identified, whereof the 3 majo
metabolites were shown not to contribute to the pharm
cological activity of ACT-541468. Administration of the i
travenous microdose revealed an absolute bioavailability 
62%, a low clearance (5.0 L/h), and a volume of distributio
of 31 L. 

In this article, we report the results of the first multipl
dose administration of ACT-541468 following morning an
evening administration to healthy subjects (ClinicalTr
als.gov: NCT02571855). 

2. Experimental procedures 

2.1. Subjects 

In total 51 subjects were included in this study: In the MAD part, 
healthy male and female subjects (1:1 sex ratio) between 18 and 4
years of age received multiple daily doses of ACT-541468 for 5 da
in the morning. In the evening part, 20 male and female subjec
(1:1 sex ratio) of the same age range received an oral dose of 25 m
ACT-541468 once daily (o.d.) in the evening for 7 days. The prot
col was approved by the Dutch health authorities and by the loc
ethics committee, the Foundation Beoordeling Ethiek Biomedisc
Onderzoek, Assen, the Netherlands. Written informed consent w
given by each individual prior to any screening procedures. Th
study was performed in accordance with Good Clinical Practice an
the principles of the Declaration of Helsinki. Being healthy w
the main inclusion criterion, and the main exclusion criteria f
these subjects were history or presence of substance abuse (base
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on urine drug screen) or any other psychiatric illness. Absence 
any history of narcolepsy was verified with the modified Swiss Na
colepsy Scale questionnaire ( Sturzenegger and Basetti, 2004 ) whi
was electronically completed by the subject at screening. 

2.2. Study design 

This was a double-blind, randomized, placebo-controlled, MA
study including an evening administration part. Following a scree
ing period of 3 weeks, subjects in the MAD part were treated wi
a daily dose of ACT-541468 for 5 days, formulated as the hydrochl
ride salt in hard gelatin capsules, in 3 dose groups (10, 25, an
75 mg), administered in the morning (between 9:00 and 12:00) u
der fasting conditions. Each dose was investigated in a new group 
10 healthy subjects (8/2 active/placebo), PK and PD were assesse
on Day 1 and on Day 5 (at steady-state). Subjects in the eveni
part received a daily dose of 25 mg of ACT-541468 before going 
sleep (between 22:00 and 24:00) for 7 days, whereas 6 subjects (4
active/placebo) had an additional 8th study drug administration 
determine PK parameters at night. The design of both study par
is graphically depicted in Fig. 1 . 

2.3. Blood sampling and PK 

MAD part (morning administration): PK samples were taken on D
1 (single-dose PK profile, sampling time points: pre-dose, 30 mi
1, 2, 3, 4, 6, 8, 10, 12, and 24 h post-dose) and on Day 5 (stead
state PK profile, sampling time points as on Day 1 plus 36, 48, an
72 h post-dose). Additional trough (pre-dose) samples were take
on Days 3, and 4. PK parameters C max , t max , t ½, AUC zero to 24
(AUC 0-24 ) were determined for Days 1 and 5. In addition, the acc
mulation index (AI) based on AUC 0-24 Day 5/Day 1 was calculate
Dose proportionality was assessed across the dose range for C m
and AUC using the method described by Gough et al., 1995 . 

Evening part : After study drug administration in the evening 
Days 1–7, the following PK samples were collected: 

- Pre-dose plasma concentration in the evening of Day 1, 3, 
and 7. 

- plasma concentration the next morning (8 h post-dose) on D
2, 4, 6, and 8. 

After the last study drug administration in the evening of Day 
t ½ was determined (morning of Day 8 until 60 h post-dose). 

– For subjects with night-time PK that had an additional 8th stu
drug administration in the evening of Day 8, samples were co
lected at pre-dose, 1, 2, 4, 6, 8, 10, 12, 24, and 36 h post-do
to obtain a night-time PK profile and the parameters C max , t
and AUC 0–24 were derived. 

2.3.1. Bioanalytics and PK evaluations 
Collected blood samples (4 mL) were immediately cooled in i
water. Within 30 min of collection, the tubes were centrifuged 
2000 g for 4 min at 4 °C. Plasma was transferred into polypropylen
tubes and was stored at −70 °C and protected from light. Aft
shipment to the bioanalytical laboratory (Idorsia Pharmaceutica
Ltd, Allschwil, Switzerland), the samples could thaw at room tem
perature, followed by vortex-mixing for 3 s. After further vorte
mixing for 30 s at room temperature, the samples were centrifuge
at 3250 g and 4 °C. 150 μL of the supernatants were transferre
into a new microtiter plate, and 10 μL were injected onto the co
umn. Concentrations of ACT-541468 were determined using liqu
chromatography coupled to tandem mass spectrometry (Mass spe
trometer API 4000, AB SCIEX, Concord, ON, Canada), as previous
described ( Muehlan et al., 2018 ). 
For PK analysis, concentrations below the level of quantific
tion (0.5 ng/mL) were set to ‘0’. PK parameters were determine
by non-compartmental analysis using Professional WinNonlin ve
sion 6.4 (Pharsight, Mountain View, CA, USA). 

2.4. PD assessments 

MAD part (morning administration): PD were assessed on Day 
(single-dose assessment) and Day 5 (at steady-state) for 10 h u
ing a battery of validated tests (Neurocart ®, Centre for Huma
Drug Research, Leiden, the Netherlands), including the objectiv
psychomotor performance tests SPV, adaptive tracking, the 2-m
body sway test, and the VAS Bond and Lader for alertness, moo
and calmness. In previous studies, the Neurocart ® test battery ha
been proven to be sensitive to measure sedation in subjects wh
had been administered a DORA ( Hoever et al., 2010 , 2012; Muehla
et al., 2018 ). In addition, sleepiness was evaluated using the K
and potential psychedelic effects were assessed with the VAS Bow
dle. 

Evening part (evening administration): to evaluate next-day e
fects of ACT-541468 on CNS performance, the objective PD param
eters SPV, adaptive tracking performance, body sway, as well 
VAS Bond and Lader for subjective alertness, mood, and calmne
were evaluated in the morning of Day 2 (after single dose) and Da
8 (at steady state). In addition, on each morning during the trea
ment period (Days 2–8), sleepiness, cognitive performance, rea
tion time, and subjective psychedelic effects were evaluated, usin
the KSS, DSST, SRTT, and the VAS Bowdle, respectively. 

The SPV measurement was performed as previously describe
( van Steveninck et al., 1999; Zuurman et al., 2008 ). The targ
screen with a horizontal moving light for assessment of eye mov
ments was fixed 50 cm in front of the head support. The head w
restrained from movements and disposable silver chloride ele
trodes (Mediscore, Rotterdam, the Netherlands) were applied o
the forehead and beside the lateral canthi of both eyes of the su
ject for the registration of the electrooculographic signals. Fiftee
saccades were recorded with interstimulus intervals varying ra
domly between 3 and 6 s recorded for stimulus amplitudes of 15 °
either side. Average values of SPV ( °/s) were recorded. 

The adaptive tracking test is a pursuit-tracking task in which
circle is moving randomly on a screen. The subject had to try 
keep a dot inside the moving circle by operating a joystick. Th
speed of the moving circle increased when the dot was containe
in the circle, and the speed was reduced if the dot could not b
maintained in the circle. The test was performed as previously d
scribed ( Borland and Nicholson 1984 ; van Steveninck et al., 199
Zuurman et al., 2008; de Haas et al., 2010; Hoever et al., 2010 ). 

Postural stability/body sway was assessed while subjects had 
stand in the body sway meter, keeping their eyes closed, with
string attached to the waist, similar to the previously describe
Wright ataxia meter ( Wright, 1971 , Zuurman et al., 2008 ). All bod
movements in the anteroposterior direction over a period of 2 m
were recorded as mm sway. 

The KSS has been widely used to assess next-day alertne
( ̊Akerstedt and Gillberg, 1990; Gillberg et al., 1996 ). The subje
was asked to mark his/her current sleepiness on a 9-point scal
where 1 is “very alert”, 3 is “alert – normal level,” 5 is “neith
alert nor sleepy,” 7 is “sleepy, but no effort to keep awake,” 9 
“very sleepy, great effort to keep awake, fighting sleep,” and 2, 
6, and 8 are unlabeled. The response was recorded in the subject
source documentation. 

The DSST is a widely used cognitive sub-test of the Wechsl
Adult Intelligence Tests ( Wechsler, 1981 ). The DSST assesses v
sual perception but also measures other cognitive functions inclu
ing attention, short-term memory, and psychomotor speed ( Ree
et al., 1994 ; Grünberger et al., 1993 ). With the computerized ve
sion of the DSST, selected symbols appeared in random order in th
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Fig. 1 Study design: MAD and evening part. 
EOS = end of study; MAD = multiple-ascending dose; o.d. = once daily; PD = pharmacodynamics; PK = pharmacokinetics; 
SFU = safety follow up. 
1 Screening between Day −28 and Day −11 for women of childbearing potential and between Day −21 and Day −2 for the other 
subjects. 2 SFU = 30 to 40 days after last study drug administration. 
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centre of the computer screen. Subjects used a numeric pad of t
keyboard to reproduce the digits associated with the symbol by u
ing the symbol-digit code as presented at the top of the scree
Each symbol-digit association constituted one response. Numbe
of correct and incorrect responses were recorded with an avera
response time per array. The number of correct and incorrect r
sponses within the allowed time and the response time of ea
array were measured and recorded in the subject’s source doc
mentation. 

SRTT: slowed reaction time can be an indication of lack of co
centration and reduced alertness ( Grünberger et al., 1993 ). To a
sess reaction time, subjects viewed a black computer screen, and 
random intervals (0.5–1.5 s), a white circle appeared in the cent
of the screen. Subjects were instructed to press the space bar of th
keyboard with the index finger of their dominant hand each tim
the circle appeared. They were instructed to respond as quick
as possible when they saw the circle. A total of 40 circles we
presented, and the duration of the task was approximately 1 mi
Reaction times (in ms) were captured in an electronic log file durin
the test and recorded in the subject’s source documentation. 

The VAS Bowdle ( Bowdle et al., 1998 ) assesses psychedelic e
fects. It consists of 13 items, for which the subject was asked 
rate on a 10-cm horizontal line how the items applied to his/h
current feelings. The VAS was scored from 0 to 100, with 0 reflectin
“not at all” and 100 reflecting “extremely”. The 13 measuremen
were recorded into the subject’s source documentation. Items 
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Table 1 Summary of main PK parameters of ACT-541468 (MAD 
part, N = 8 per dose group). 

Parameter 10 mg 25 mg 75 mg 

t max [h] Day 1 1.00 1.17 1.98 

(0.5–1) (1–1.03) (1–4) 
Day 5 1.00 1.00 1.07 

(0.5–1.1) (1–4) (1–1.1) 
C max 

[ng/mL] 
Day 1 256 614 1225 

(224–294) (466–810) (766–1960) 
Day 5 280 616 1308 

(214–366) (445–852) (885–1933) 
AUC 0-24 

[ng • h/mL] 
Day 1 1156 3502 8583 

(962–1388) (2413–
5084) 

(5797–
12,707) 

Day 5 1293 3805 8940 

(1069–
1563) 

(2695–
5371) 

(6441–
12,410) 

t 1/2 [h] Day 1 5.9 5.9 9.2 

(4.5–7–6) (4.8–7.2) (6.3–13.6) 
Day 5 5.6 6.7 8.5 

(4.2–7–4) (5.1–8.9) (6.8–10.8) 
AI Day 5 1.1 1.1 1.1 

(1.0–1–3) (1.0–1.3) (0.9–1.3) 

Data are expressed as geometric mean (95% confidence in- 
terval) except for t max which is expressed as median (range); 
AI = accumulation index; AUC 0-24 = area under the plasma 
concentration-time curve from time zero to 24 h; C max = maximum 

plasma concentration; MAD = multiple-ascending dose; t max = time 
to reach maximum plasma concentration; t 1/2 = terminal half-life. 
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2, 3, 5, 6, and 7 were combined to assess the derived variab
“subjective internal perception”. Items 4, 8, 9, 10, and 13 we
combined to assess the derived variable “subjective external pe
ception”. Items 11 and 12 assessed if the subjects were “feeli
high” or “drowsy”. The algorithm to derive the variables has bee
described previously ( Zuurman et al., 2008 ). 

Dutch versions of the VAS Bond and Lader ( Bond and Lader, 197
to assess subjective alertness, mood, and calmness have been fr
quently employed at the Centre for Human Drug Research (CHD
for a variety of sedative agents and are described elsewhere ( d
Haas et al., 2010 ; Hoever et al., 2010 ). Completing the set of V
required approximately 2 min. 

2.5. Safety and tolerability 

Safety and tolerability were continuously assessed with respect 
frequency, nature, and intensity of treatment-emergent adver
events (AEs). On Days 1 and 5, vital signs (blood pressure and pul
rate) were assessed at pre-dose, and at 30 min, 1, 2, 3, 4, 6, 
10, and 12 h post-dose, and daily in the morning of Days 2, 3, 
6, 7, and 8 (end of study = EOS). Effects on cardiac function we
assessed with 12-lead electrocardiograms (ECGs) at pre-dose, an
at 1, 2, and 4 h post-dose on Days 1 and 5 and at EOS. Clinical lab
ratory parameters (hematology, clinical chemistry) were evaluate
at pre-dose and at EOS. 

2.6. Statistical analysis 

Dose proportionality of the estimated PK parameters was teste
across ACT-541468 doses using linear regression of log-transforme
parameters as described by Gough et al. (1995) . The continuous P
variables were analyzed separately by mixed model with dose, se
time, and dose by time as fixed effects, with subject as rando
effect, and with the average baseline value as covariate. 

Treatment effects were analyzed as the contrasts betwee
placebo and the different ACT-541468 doses. The contrast betwee
Day 1 and "at steady-state" conditions (Day 5 of the MAD part an
Day 8 of the evening part) was analyzed. The PD effects were al
assessed on the basis of mean changes from baseline. Safety an
tolerability were analyzed descriptively by study part and trea
ment group, whereas subjects treated with placebo in the differe
dose groups were pooled for this analysis. 

3. Results 

3.1. Subjects 

A total of 51 (25 male / 26 female) subjects were include
into this study. In the MAD part, 31 subjects (24/7 a
tive/placebo) were randomized into 3 dose groups, and 2
subjects (16/4 active/ placebo) in the evening part. In th
study parts, including placebo, the mean age was 23.4 an
24.1 years (range: 18–44 years), and mean body mass inde
was 22.2 and 22.8 kg/m 

2 (range: 18.0–29.4 kg/m 

2 ). The m
jority of subjects (83.5%) were White. All subjects receive
study treatment. Two subjects in the MAD part disconti
ued study drug (withdrawal of informed consent). A subje
on placebo discontinued study drug on Day 1 prior to an
pivotal PD assessment and was replaced. A subject treate
with 75 mg discontinued study drug (withdrawal of informe
consent) after an AE of sleep paralysis (i.e., a short-lastin
[seconds] inability to move and react) on Day 4 and was no
replaced. 

3.2. Pharmacokinetics 

The mean concentration–time profiles and the PK param
eters following administration of 10, 25, and 75 mg AC
541468 in the MAD part are depicted in Fig. 2 and sum
marized in Table 1 . Median t max for ACT-541468 range
from 1.00 to 1.98 h, and the geometric mean t ½ on Day 
ranged from 5.6 to 8.5 h across the dose groups. Stead
state was reached within 3 days, with minimal accumula
tion, which was estimated by the geometric mean ratio o
AUC 0–24 on Days 5 and 1, yielding an AI of 1.1 after admini
tration of 10, 25, and 75 mg ( Table 1 ). AUC 0-24 showed dose
proportionality on Day 1 and on Day 5 (steady-state), wit
the 90% CIs of the slopes (0.83, 1.16 and 0.81, 1.11, fo
Day 1 and Day 5, respectively) contained within the critic
interval (0.66, 1.34). C max increased slightly less than pro
portionally with dose, with the lower bound of the 90% C
of the slopes (0.62, 0.93 and 0.60, 0.93 for Day 1 and Day 5
respectively) just outside the critical interval (0.66, 1.34)

In the evening part in which 25 mg was administere
in the evening, geometric mean concentrations at troug
ranged from 20.3 to 24.1 ng/mL, and from 142.4 t
169.2 ng/mL when measured the next morning at 8 h pos
dose. The geometric mean t ½ of ACT-541468 following th
last dose in the evening of Day 7 was 6.1 h [ Fig. 3 , le
panel]. When ACT-541468 PK parameters were determine
66 of 118
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Fig. 2 MAD part: Arithmetic mean ( ± SD) plasma concentration-time profiles of ACT-541468 following morning administration of 
10, 25, or 75 mg o.d. in the fasted state for 5 days on a linear scale; (Day 1 = single dose, Day 5 = at steady state; N = 8 per group). 
PK = pharmacokinetics; SD = standard deviation. 

Fig. 3 evening part, left panel ∗: Arithmetic mean ( ±SD) plasma concentrations in the morning (8 h post-dose) and evening (trough), 
following oral administration of 25 mg ACT-541468 in the evening for 7 days to healthy subjects ( n = 16). Right panel: Mean ( ±SD) 
night-time plasma concentration-time profile following an additional administration of 25 mg ACT-541468 to healthy subjects ( n = 4). 
PK = pharmacokinetics; SD = standard deviation 
∗Following evening administration on day 8, a plasma concentration-time profile was collected (Days 9–13) to estimate the terminal 
half-life (t 1/2 ). 

n 
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g. 
o, 
e 
during the night, the drug was absorbed with a media
(range) t max of 1.5 h (1–4 h) and the geometric mean 
was 6.1 h, while C max and AUC 0–24 were 475 ng/mL an
3729 ng h/mL, respectively [ Fig. 3 , right panel]. In bo
study parts (MAD and evening administration), no trend wi
respect to the influence of sex on ACT-541468 PK was o
served. 
n, 
3.3. Pharmacodynamics 

No clear PD effects were observed on both Day 1 and 5 fo
lowing administration of 10 mg ACT-541468 in the mornin
In the 25 and 75 mg groups, when compared to placeb
effects on all PD variables assessing motor and cognitiv
functions of the CNS (i.e., reduced vigilance and attentio
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Fig. 4 MAD part: Effects on PD variables saccadic peak velocity, body sway, adaptive tracking, and VAS subjective alertness on Days 
1 and 5 after multiple-dose administration of 10, 25, and 75 mg ACT-541468 (mean change from baseline ± SD; N = 8 for ACT-541468 
doses; N = 7 for placebo). 
MAD = multiple-ascending dose; PD = pharmacodynamic; SD = standard deviation ; VAS = visual analogue scale. 
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as well as visuomotor coordination and postural stability
were observed ( Fig. 4 and supplemental Table 1). The o
set of effects on the objective PD assessments was with
1 h after study drug administration and the maximum e
fect occurred around 2 h post-dose, with return to baselin
within 4–10 h post-dose. On Day 1, in the 25 and 75 mg do
groups, decreased SPV compared to placebo was observe
with a maximum mean reduction ( ±SD) of 57 (35.5) and 8
(88.2) °/s, for 25 and 75 mg, respectively. On Day 5, th
maximum mean reduction in SPV was observed at 1 h pos
dose, with a similar magnitude than on Day 1, and return 
baseline at approximately 10 h post-dose. 

When compared to placebo, administration of 25 an
75 mg ACT-541468 resulted in a decrease of adaptive trac
ing performance in a dose-dependent manner with a max
mum mean reduction ( ±SD) on Day 1 of 4.6 (4.5) and 16.8
(9.7) on Day 5, and an increase in body sway with maximu
mean values ( ±SD) observed on Day 5 of 154 (91.4) and 47
(601.8) mm for 25 and 75 mg of ACT-541468, respectivel
When compared to placebo, subjective alertness decrease
dose-dependently with a maximum mean reduction of 7
and 10.4% for 25 and 75 mg, respectively. At 25 and 75 m
small mean maximum effects on the KSS of 1.5 - 3 were o
served on Day 1 and Day 5 (supplemental Fig. 1). At 75 m
small mean maximum increases from baseline in the rang
s 
0.1–0.5 on all four components of the VAS Bowdle were ob
served on Day 1 and Day 5 (supplemental Fig. 2). There wer
no relevant differences in the magnitude of effects on Da
1 and Day 5 for any of the PD parameters. 

In the evening part, in which next-day effects of AC
541468 on PD parameters (SPV, adaptive tracking, bod
sway, VAS Bond and Lader) were assessed at 8 h post-dose 
the morning of Day 2 and Day 8, no relevant mean change
from baseline when compared to placebo were observe
(supplemental Fig. 3). Other PD variables (KSS, DSST, SRT
and VAS Bowdle, data not shown) which were assessed ever
morning at 8 h post-dose, also showed no relevant change
from baseline when compared to placebo. No influence o
sex on the PD parameters of ACT-541468 was observed. 

3.4. Tolerability and safety 

Most frequently reported treatment-emergent AEs are pre
sented in Tables 2 and 3 . In the MAD part, 18 of the 2
subjects (75.0%) in the 10, 25, and 75 mg ACT-541468 dos
groups had at least 1 treatment-emergent AE, and 4 of the
subjects (57.1%) treated with placebo had at least 1 AE. A
AEs were of either mild or moderate intensity, there wer
neither severe nor serious AEs reported. Somnolence wa
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Table 2 Summary of treatment-emergent adverse events that occurred in more than 1 subject, shown by frequency (MAD part). 

Preferred 
term 

10 mg 25 mg 75 mg Placebo 
( N = 8) ( N = 8) ( N = 8) ( N = 7) 

AEs N AEs N AEs N AEs N 

Subjects with at least one AE 6 5 7 4 

Somnolence 1 1 9 5 22 6 2 2 

Sudden onset of sleep – – 1 1 13 6 – –
Headache 1 1 3 1 2 2 5 2 

Dizziness 1 1 1 1 2 2 – –
Muscular weakness 1 1 – – 2 2 – –
Abdominal pain – – 1 1 1 1 – –
Back pain 1 1 1 1 – – – –
Feeling cold – – – – 2 2 – –
Insomnia – – – – 2 2 – –
Sleep paralysis – – – – 2 2 – –

AE = adverse event; MAD = multiple-ascending dose. 

Table 3 Summary of treatment-emergent adverse events 
that occurred in more than 1 subject, shown by frequency 
(evening part). 

Preferred 
term 

25 mg Placebo 
( N = 16) ( N = 4) 

AEs N AEs N 

Subjects with at least one AE 14 4 

Headache 12 8 2 2 

Somnolence 9 5 – –
Insomnia 2 2 1 1 

Nausea 2 2 2 2 

Dizziness – – 2 2 

AE = adverse event. 
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the most frequently reported AE in the MAD part across a
active dose groups (12 subjects, 50.0%) compared to 2 su
jects (28.6%) on placebo. Somnolence was reported by 1, 
and 6 subjects treated with 10, 25, and 75 mg, respectivel
Other frequently reported AEs in the MAD part include
headache, sudden onset of sleep, and dizziness ( Table 2 ).

Muscular weakness was reported in 3 subjects in the MA
part: Two female subjects in the 75 mg dose group reporte
mild muscular weakness of short duration (seconds) on Da
2 at approximately 2–3 h post-dose that was considered b
the investigator to be related to the study drug but not ass
ciated with narcolepsy. In addition, 1 female subject in th
10 mg dose group reported muscular weakness which w
considered by the investigator as not related to the stud
drug. Sleep paralysis was reported in 2 subjects (1 fema
on Day 4 and 1 male on Day 1) in the 75 mg dose group. Bo
events were mild in intensity, reported at approximately 
3 h post-dose, with a duration of a few seconds. Althoug
related to study drug, these events were considered by th
investigator to be not associated with narcolepsy. The f
male subject experiencing sleep paralysis on Day 4 withdre
from the study thereafter (withdrawal of consent). 

In the evening part, 14 of the 16 subjects (87.5%) on AC
541468 and all 4 placebo subjects had at least 1 treatmen
emergent AE ( Table 3 ). Headache was the most frequent
reported AE, with 8 subjects (50.0%) on ACT-541468 and
subjects (50.0%) on placebo. Other AEs reported in at lea
2 subjects on ACT-541468 or placebo were somnolence (5 o
active), insomnia (2 on active and 1 on placebo), nausea 
subjects each), and dizziness (0 on active and 2 on placebo
All reported AEs were of mild intensity. In both study par
(MAD and evening administration), the incidence of subjec
who reported at least one AE was higher in females com
pared to males. 

In both study parts, safety parameters (i.e., mea
changes from baseline to EOS in clinical laboratory var
ables, vital signs or ECG variables) were unremarkable. Ou
of-range post-baseline values were reported for some sub
jects. These observations were incidental, no treatmen
related pattern was detected, and none of these findin
were considered by the investigator to be clinically signifi
cant. 

4. Discussion 

ACT-541468 is a dual orexin receptor antagonist with 
nonclinical profile indicative of sleep-promoting prope
ties ( Treiber et al., 2017 ). After the successful condu
of the FIH single-ascending dose (SAD) study ( Muehla
et al., 2018 ), we report here the first multiple-dose and th
first evening administration of ACT-541468 in healthy youn
adult male and female subjects. 

The PK profile of ACT-541468 following multiple-dose ad
ministration of 10, 25, or 75 mg o.d. in the morning in th
fasted state was characterized by an absorption with a m
dian t max ranging from 1 to 2 h, and a geometric mean t
on Day 5 ranging from 5.6 to 8.5 h across the dose group
PK parameters t max , C max , t ½, and AUC were similar to thos
observed in the SAD study. Following daily multiple-dose ad
ministration, no relevant accumulation of ACT-541468 wa
observed. 

In the evening part, 25 mg ACT-541468 was administere
in the evening for 7 days, and PK samples were take
pre-dose (at trough) and at 8 h post-dose (next morning
Following the last study drug administration (on Day 7), th
geometric mean plasma concentration at 8 h post-dose o
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Day 8 was 169 ng/mL. The geometric mean t ½ was 6.1 
which was similar to the t ½ following morning administr
tion in the MAD part. For evaluation of night-time PK, 
subjects had an additional eighth study drug administr
tion, followed by a PK profile to determine PK paramete
during the night. When administered in the evening, AC
541468 was absorbed with a median (range) t max of 1.5 h (
4 h), a geometric mean C max of 475 ng/mL, and a geometr
mean t ½ of 6.1 h. The lower C max observed during the nig
was most likely influenced by the less frequent PK samplin
schedule during the night. The exposure and t ½ observed a
ter evening administration were comparable to the param
eters observed in subjects under multiple-dose condition
following morning administration in the MAD part, whic
is demonstrated when parameters of the evening part a
compared to morning administration values on Day 5 of th
MAD part: AUC 0–24 3729 ng h/mL vs 3805 ng h/mL and t
6.1 h vs 6.7 h ( Table 1 ). 

The similarities of the ACT-541468 PK parameters afte
morning and evening administration are in contrast wit
the observations made earlier with the DORA almorexan
for which evening administration resulted in a different P
profile, characterized by a delayed absorption (median t m
2.0–4.0 h after evening administration vs 1.0 h during aft
morning administration) and a 60% decrease in C max ( Hoev
et al., 2012 ). This difference between the two drugs is pro
ably explained by the difference in bioavailability, i.e., 62
for ACT-541468 and only 11% for almorexant ( Muehlan et al
2018; Hoch et al., 2012 ). Drugs with a low bioavailability a
more sensitive to changes in liver blood flow which in tu
is influenced by body posture ( Culbertson et al., 1951; Klo
and Ziegler, 1982; Ohnishi et al., 1985 ). 

In the MAD part, in which the drug was administere
in the morning, clear CNS-related effects, i.e., reduce
vigilance and attention, visuomotor coordination, and po
tural stability were observed in the 25 and 75 mg dos
groups. 

The onset of effects on the objective PD assessmen
was within 1 h after study drug administration and th
maximum effect occurred around 2 h post-dose, with retu
to baseline within 4–10 h post-dose. There were no relevan
differences in the magnitude of the PD effects measure
on Day 1 and Day 5; however, Fig. 1 indicates a trend f
a slightly earlier maximum mean effect on Day 5 (1–1.5
post-dose) when compared to Day 1 (2 h post-dose). In th
evening part, no next-day residual effects, i.e., no relevan
changes from baseline when compared to placebo on an
of the objective and subjective PD variables were observe
when assessed the next morning. However, one should b
cautious when interpreting these results in view of the re
atively small subject numbers, the inherent inter-subje
variability, and the differences in placebo response. 
remains to be seen if the observed PD effects in health
subjects will translate into efficacy in the target populatio
(i.e., patients suffering from insomnia disorder) that w
be included in future studies. In addition, future tria
will need to address the fact that use of sleep medicatio
increases with age and is highest in the elderly ( Ohayo
and Smirne, 2002 ), and as elderly people exhibit a differe
sleep pattern compared to younger adults ( Ohayon et al
2004 ), the sensitivity of elderly and younger adults to th
PD properties of a compound may differ. 
With regards to the PK-PD relationship in this study, th
occurrence of maximum PD effects at 1–2 h post-dose (i.e
around C max ) and the time course of the effects, i.e., th
return to baseline within 4–10 h, are in agreement with th
observed PK characteristics of ACT-541468, both after sing
and multiple dosing. The absence of PD effects 10 h afte
administration of the study drug also suggests that there 
no accumulation of any active metabolites, although in th
human ADME study, metabolites with a significantly longe
t ½ than the parent compound (25 vs 6 h) were present 
plasma ( Muehlan et al., 2018 ). 

Multiple-dose administration of ACT-541468 was safe an
well-tolerated in healthy male and female subjects, a
treatment-emergent AEs were of mild or moderate inten
sity. The AE profile of 10 mg was similar to placebo wherea
for 25 and 75 mg CNS-related AEs such as somnolence o
sudden onset of sleep were reported more frequently fo
ACT-541468 than for placebo, which was expected when 
sleep-promoting drug is administered to healthy subjects 
the morning of a busy day with frequent PK, PD, and safet
assessments. Two cases of sleep paralysis and 2 cases o
muscle weakness, without loss of consciousness, were ob
served at the highest dose level of 75 mg and were con
sidered by the investigator as related to study drug. Slee
paralysis is thought to occur in up to 25% of (healthy) peo
ple. It is characterized by a discrete period of time durin
which voluntary muscle is inhibited, yet ocular and resp
ratory movements are intact, and the sensorium remain
clear. These episodes can occur when falling asleep or upo
awakening ( Sharpless and Barber, 2011 ). The AE of muscula
weakness reported in the 10 mg dose group was not relate
to study drug. Notably, these events occurred during morn
ing administration of an orexin receptor antagonist, thu
may be related to a typical reduction in motor tone tha
can occur with brief transitions to sleep or while awaken
ing, and did not result in premature withdrawal of subject
All 4 subjects completed the Narcolepsy 2nd Step Que
tionnaire (which was required to be completed by subjec
who had potential narcolepsy-like events) without any ind
cation of an emotional trigger, which would classify thes
events as narcolepsy-like. However, narcolepsy, a neuro
logical condition mostly characterized by excessive da
time sleepiness and uncontrollable sleep attacks, could 
theory be a side effect of an orexin receptor antagoni
( Hoever et al., 2012 ), given the finding that an orexin de
ficiency causes narcolepsy in humans and animals ( Peyro
et al., 2000; Thannickal et al., 2000; Sakurai, 2007 ). There
fore, any AEs that are possibly related to abnormalitie
in muscle tone should be monitored thoroughly in futur
studies. 

5. Conclusion 

In conclusion, there are several pharmacological trea
ment options available for insomnia disorder, howeve
each has its limitations ( Holbrook et al., 2000; MacCal
2004; Buscemi et al., 2007 ). Improved tolerability and e
ficacy without negatively impacting next-day functioning 
needed in clinical practice. 

In this MAD/repeated evening administration study o
the dual orexin receptor antagonist ACT-541468 in health
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young subjects, effects on PD variables assessing motor an
cognitive functions of the CNS (i.e., reduced vigilance an
attention, as well as visuomotor coordination and postur
stability) starting at a dose of 25 mg were observed. Durin
administration of 25 mg ACT-541468 in the evening, no nex
day impairment of motor and cognitive functions of the CN
was observed. 

Results of this study support further development of AC
541468 in patients with insomnia disorder. 
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Introduction
Insomnia symptoms affect approximately 30% of the general 
population which makes it a common health problem (Roth, 
2007). Symptoms of insomnia disorder can be described as dis-
ruption of sleep, and approximately 5–10% of the general popu-
lation have complaints of sleep disruption associated with 
distress during the following day caused by functional impair-
ment (Ohayon, 2009; Roth, 2007), while occasional, short-term 
insomnia (with symptoms persisting for less than 3 months) can 
affect up to 30–50% of the population (Ellis et al., 2012; Sateia 
et al., 2017). These symptoms are consistent with the definition 
of insomnia disorder outlined by the Diagnostic and Statistical 
Manual of Mental Disorders (Fifth edition; American 
Psychiatric Association, 2013). In addition, numerous studies 
have shown the association between insomnia and psychiatric 
disorders, in particular depression, anxiety and other significant 
mental-health conditions (Benca et al., 2004; Ford and 
Kamerow, 1989). Population-based epidemiological studies 
suggest that insomnia symptoms (difficulties initiating sleep, 

early morning awakenings and dissatisfaction with sleep) 
increase with age (Ohayon et al., 2001). The decrease in ability 
to sleep is not linked to age per se, but to factors associated with 
aging, such as depression, respiratory symptoms, a generally 
poor physical and mental health, and physical disability 
(Ancoli-Israel, 2009; Ohayon and Reynolds, 2009; Ohayon and 
Vecchierini, 2005). These co-morbidities associated with 
insomnia in the elderly may also precipitate falls and can be an 
important factor for nursing-home placement due to associated 
injuries (McCall, 2004).
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Besides non-pharmacological (i.e. psychological and behav-
ioural) standard-of-care therapies for insomnia such as cognitive 
behavioural therapy, stimulus control, relaxation training and 
sleep hygiene therapy (Schutte-Rodin et al., 2008), pharmaco-
logical treatment options may be warranted.

In general, the use of sleep medications increases with age 
and is highest in the elderly (Ohayon and Smirne, 2002). In 
Germany, 7.4% of women and 5% of men in the age group of 
60–79 years reported the use of sleep medications at least once 
per week (Schlack et al., 2013), whereas in Italy the prevalence 
of sleep medication use in elderly is approximately twice as high 
(Ohayon and Smirne, 2002). In the USA, the use of sleep medica-
tion increases with age, with up to 7% of people aged ⩾ 80 years 
reporting use of prescribed sleep medications (Chong et al., 
2013).

Pharmacological treatment options include benzodiazepine 
and non-benzodiazepine (the so-called z-drugs) gamma-amin-
obutyric acid (GABA)-A receptor positive allosteric modulators, 
melatonin receptor agonists, serotonin reuptake inhibitors, over 
the counter preparations (e.g. diphenhydramine) and the recently 
approved dual orexin receptor antagonist (DORA) suvorexant 
(Sateia et al., 2017). Although GABA-A receptor positive allos-
teric modulators and z-drugs are relatively safe and effective 
drugs, their potential to impair postural balance when getting out 
of bed at night presents a safety concern due to an increased fall 
risk in older people, that has been well documented (Agostini 
et al., 2004; Avidan et al., 2005; Mets et al., 2010).

In addition, available z-drugs may not reduce wake after sleep 
onset (WASO), the most common sleep problem reported by 
elderly people with insomnia (Ohayon et al., 2001). Zaleplon and 
zolpidem affect mainly sleep onset, while zolpidem CR (the con-
trolled-release formulation of zolpidem) has efficacy data for the 
first 6 hours of the night (Abad and Guilleminault, 2018). 
Zopiclone has shown WASO effects but is a longer acting drug 
and is associated with significant next-day impairment (Verster 
et al., 2011), hence there is a need for a better treatment of 
insomnia.

Based on the widespread use of hypnotic drugs in the elderly, 
new investigational drugs are to be extensively investigated in 
this population. In addition, both pharmacokinetics (PK) and 
pharmacodynamics (PD) are often changed in the elderly when 
compared to younger adults (Butler and Begg, 2008; Rowland 
et al., 2011). This is supported by a review by Cotreau et al. 
(2005), in which the clearance of numerous CYP3A4 substrates 
is reported. In most cases the exposure increased in elderly rela-
tive to young subjects due to the reduced intrinsic clearance 
(CYP3A metabolic activity) associated with increased age.

The hypothalamic neuropeptides orexin A and B (de Lecea 
et al., 1998; Sakurai et al., 1998) promote wakefulness and regu-
late behaviour under situations of high motivational relevance 
such as feeding, reward opportunities and exposure to stress 
(Hoyer and Jacobson, 2013; Mahler et al., 2014). Orexin A and B 
act as endogenous ligands and bind to and activate the orexin-1 
(OX1) and orexin-2 (OX2) receptors that are expressed in the 
perifornical area of the lateral hypothalamus, projecting widely 
to brain regions involved in the sleep–wake regulation (forebrain, 
corticolimbic structures, brainstem), thus promoting alertness 
and maintaining wakefulness (Sakurai, 2007). Following publi-
cation of the first clinical data of a DORA by Brisbare-Roch et al. 
(2007), several DORAs have been tested in humans (Roecker 

et al., 2015), culminating in the 2014 FDA approval of suvorex-
ant as the first-in-class DORA for the treatment of insomnia 
(Michelson et al., 2014).

ACT-541468 is a new DORA intended for the treatment of 
insomnia. The extensive preclinical discovery programme of 
ACT-541468, its first administration to humans, its mass balance 
and metabolism profile, and the CYP-based interaction profile 
have been described previously (Boof et al., 2018; Muehlan 
et al., 2018, 2019a; Treiber et al., 2017).

After conducting two clinical drug–drug interaction (DDI) 
studies with diltiazem and midazolam, respectively, Boof et al. 
(2018) concluded that ACT-541468 is a sensitive CYP3A4 sub-
strate but is not a perpetrator of CYP3A4-mediated DDIs.

The compound induced depressant effects on the central nerv-
ous system (CNS), was safe and well tolerated, and the PK pro-
file was characterized by a quick absorption and tissue 
distribution. Perhaps most importantly from a PK/PD perspec-
tive, when administered to healthy human subjects during the 
initial clinical pharmacology programme, ACT-541468 exhibited 
a terminal elimination half-life (t½) of approximately 6 h 
(Muehlan et al., 2018, 2019b).

In this article, we report the results of the first single-ascend-
ing dose (SAD) morning and repeated-dose evening administra-
tion of ACT-541468 to healthy elderly subjects (ClinicalTrials.
gov. Identifier: NCT02571855). At this stage of development, 
safety and tolerability were the main objectives of research, and 
in this context, potential next-day residual drug effects that could 
be caused by a possibly prolonged elimination are key. This study 
concept enabled to define a safe range of different doses to be 
tested in the subsequent Phase 2 dose-finding study in elderly 
subjects with insomnia, in which sleep parameters were meas-
ured (ClinicalTrials.gov. Identifier: NCT02841709).

Methods

Subjects

In total 34 healthy elderly male and female subjects aged 65–
80 years with a balanced (1:1) sex ratio were included in this 
study: 24 subjects in the morning part and 10 subjects in the 
evening part. Subjects were required to be of general good health 
as, at this early stage of clinical development, this allows the 
investigation of tolerability, PK and PD variables that are not 
affected by concomitant diseases or medications. However, due 
to the advanced age range of the study population, an established 
background therapy of a stable condition was allowed, provided 
it was not interfering with the aims of the study (e.g. antihyper-
tensive medication allowed, CNS active drugs not allowed). 
Subjects were required to have a regular sleep pattern of at least 
6 h nocturnal sleep, a history of psychiatric disorders was not 
allowed, and the absence of any history of narcolepsy was veri-
fied at screening with the modified Swiss Narcolepsy Scale ques-
tionnaire (Sturzenegger and Bassetti, 2004). Activities that could 
disturb the circadian rhythm (e.g. shift work), as well as treat-
ment with any CNS-active drug and consumption of alcohol, 
nicotine and caffeine were not allowed. The study was conducted 
at the Centre for Human Drug Research (CHDR), Leiden, the 
Netherlands. The protocol was approved by the Dutch health 
authorities and by the responsible local ethics committee, the 
Foundation Beoordeling Ethiek Biomedisch Onderzoek, Assen, 
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the Netherlands (Approval number: NL5448.05615). Following 
explanation of the aims, methods and potential risks of the study, 
written informed consent was provided by each subject prior to 
any procedure. This study was performed in accordance with 
Good Clinical Practice and the principles of the Declaration of 
Helsinki.

Study design

This was a double-blind, randomised, placebo-controlled, SAD 
study (the ‘morning part’) in healthy elderly subjects including a 
part with repeated-dose evening administration. Following a 
3-week screening period, subjects in the morning part were 
treated with a single oral dose of ACT-541468, formulated as the 
hydrochloride salt, in hard gelatin capsules in three dose groups 
(5, 15 and 25 mg). Study drug was administered in the morning 
under fasting conditions and each dose was investigated in a new 
group of eight subjects (6/2 active/placebo). PK, safety and toler-
ability were assessed until 72 h post-dose, PD were assessed for 
12 h following administration of the study drug.

Subjects in the evening part received a daily dose of 25 mg of 
ACT-541468 (8/2 active/placebo) for 1 week immediately before 
going to bed (at least 3 h after the evening meal, between 22:00 
and 24:00). Pre-dose (trough) and next-morning plasma concen-
trations of ACT-541468 were assessed and residual next-day PD 
effects on the CNS were investigated in the next morning follow-
ing study drug administration (see section PD assessments for 
details and time points).

Pharmacokinetic sampling

Morning part. Following study drug administration in the 
morning, PK samples were taken on Day 1 at the following time 
points: pre-dose, 30 min, 1, 2, 3, 4, 6, 8, 10, 12 h post-dose, and at 
24, 36, 48 and 72 h post-dose.

Evening part. Following evening administration of the study 
drug for 7 days, plasma samples were collected:

•	 pre-dose in the evening of Day 1, 3, 5 and 7;
•	 the next morning (8 h post-dose) on Day 2, 4, 6 and 8.

In addition, after the last study drug administration in the evening 
of Day 7, the t½ was determined (morning of Day 8 until 60 h 
post-dose).

Bioanalytics

Blood samples of 4 mL were collected at the previously described 
time points and immediately cooled in ice water. Following cen-
trifugation (4 min at 2000 g, temperature 4°C), the plasma was 
stored at −70°C and protected from light. The bioanalytical assay 
method to determine plasma concentrations of ACT-541468 with 
liquid chromatography coupled to tandem mass spectrometry has 
been described in a previous publication (Muehlan et al., 2018). 
The lower level of quantification (LLOQ) was 0.500 ng/mL.

For PK analysis, concentrations below the LLOQ were set to 
‘0’. Inter-batch precision expressed as coefficient of variation 
(%CV) was ⩽ 9.1%, whereas the inter-batch accuracy expressed 

as relative deviation from nominal value (%RD) ranged from 
−10.7 to −8.0%.

PK evaluations

PK parameters maximum plasma concentration (Cmax), time to 
reach Cmax (tmax), area under the curve from time zero to infinity 
(AUC0–∞), and t½ were determined. PK parameters were obtai-
ned by non-compartmental analysis using Phoenix WinNonlin  
(version 6.4; Pharsight Corp., Mountain View, CA, USA). The 
measured individual plasma concentrations were used to directly 
obtain Cmax and tmax AUC values were calculated according to the 
linear trapezoidal rule, using the measured concentration values 
above the LLOQ, without any weighting. The t½ was calculated 
as follows: t½ = ln(2)/λz, where λz represents the terminal elimi-
nation rate constant.

PD assessments

Morning part. Following morning administration, PD were 
assessed for 12 h using a validated test battery (Neurocart®, 
CHDR, Leiden, the Netherlands), including objective psycho-
motor performance tests such as saccadic peak velocity (SPV), 
adaptive tracking performance, a body sway test and the subjec-
tive visual analogue scale (VAS) Bond and Lader to assess alert-
ness, mood and calmness. These measurements have been shown 
to be sensitive to the sedative effects observed in subjects who 
had been administered an orexin receptor antagonist (Hoever 
et al., 2010, 2012; Muehlan et al., 2018, 2019b).

The SPV measurement was performed as previously described 
(van Steveninck et al., 1999; Zuurman et al., 2008). The target 
screen with a horizontal moving light for assessment of eye 
movements was fixed 50 cm in front of the head support. The 
head was restrained from movement and disposable silver chlo-
ride electrodes (Mediscore, Rotterdam, the Netherlands) were 
applied on the forehead and beside the lateral canthi of both eyes 
of the subject for the registration of the electrooculographic sig-
nals. Fifteen saccades were recorded with interstimulus intervals 
varying randomly between 3 and 6 s recorded for stimulus ampli-
tudes of 15° to either side. Average values of SPV (degree/s) 
were recorded during the 2 min measurement.

Adaptive tracking performance is a pursuit-tracking task. The 
subjects had to keep a dot inside a randomly moving circle by 
operating a joystick. The task was adaptive in that the speed of 
the moving circle increased when the effort was successful, that 
is, when the dot was retained in the circle. Conversely, the speed 
was reduced if the dot could not be maintained inside the circle. 
The test takes approximately 4 min and was performed as previ-
ously described (Borland and Nicholson, 1984; de Haas et al., 
2010; Hoever et al., 2010; van Steveninck et al., 1999; Zuurman 
et al., 2008).

Body sway measurement has been widely used to assess drug 
effects on postural stability (Hoever et al., 2010; Mets et al., 
2010; Muehlan et al., 2018; Zammit et al., 2009; Zuurman et al., 
2008) and was assessed with subjects comfortably standing on a 
firm surface with their feet slightly apart, their eyes closed and 
with a string attached to the waist, similar to the previously 
described Wright ataxia meter (Wright, 1971). All body move-
ments in the anteroposterior direction over a period of 2 min were 
recorded as mm of sway.
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Assessment of subjective alertness, mood and calmness using 
the VAS Bond and Lader (Bond and Lader, 1974) has been fre-
quently employed to investigate the effects of a variety of seda-
tive agents (de Haas et al., 2010; Hoever et al., 2010). Completing 
the VAS Bond and Lader required approximately 2 min.

The Karolinska Sleepiness Scale (KSS) was used to assess 
subjective sleepiness (Åkerstedt and Gillberg, 1990; Gillberg 
et al., 1996). In this test, the subjects mark their current sleepi-
ness on a 9-point scale, where 1 is ‘very alert’ and 9 is ‘very 
sleepy, great effort to keep awake, fighting sleep’.

Potential psychedelic effects were assessed with the 13-item 
VAS Bowdle (Bowdle et al., 1998). The subjects were asked to 
rate on a 10-cm horizontal line how these items applied to his/her 
current feelings. VAS was scored from 0 to 100, with 0 reflecting 
‘not at all’ and 100 reflecting ‘extremely’. Items 1, 2, 3, 5, 6 and 
7 were combined to assess the derived variable ‘subjective inter-
nal perception’. Items 4, 8, 9, 10 and 13 were combined to assess 
the derived variable ‘subjective external perception’. Items 11 
and 12 assessed if the subjects were ‘feeling high’ or ‘drowsy’. 
The algorithm to derive the variables has been described previ-
ously (Zuurman et al., 2008).

Evening part (evening administration). Baseline PD assess-
ments (pre-dose) were performed in the morning of Day 1 and 
next-day effects were assessed at 8 h post-dose. In the morning of 
Day 2 (after the first dose) and Day 8 (at steady state, after the 
last dose), potential next-day residual effects of ACT-541468 on 
the CNS were assessed with the previously described variables 
SPV, adaptive tracking performance, body sway, VAS Bond and 
Lader. In addition, on each morning during treatment (Days 2–8), 
sleepiness, cognitive performance, reaction time and subjective 
psychedelic effects were evaluated, using the KSS, the digit sym-
bol substitution test (DSST), a simple reaction time test (SRTT) 
and the VAS Bowdle, respectively.

The computerised version of the DSST assesses visual per-
ception but also measures other cognitive functions including 
attention, short-term memory and psychomotor speed 
(Grünberger et al., 1993; Reed et al., 1994; Wechsler, 1981). 
Subjects were asked to use a numeric pad of the keyboard to 
reproduce the digits associated with the selected symbols that 
appeared in a random order by using the symbol-digit code as 
presented at the top of the screen. Numbers of correct and incor-
rect responses within 90–120 s were recorded with an average 
response time per array.

Assessment of reaction time was performed by the SRTT as 
described by Grünberger et al., 1993. Subjects were seated in front 
of a black computer screen and were instructed to press the space 
bar of the keyboard immediately when a white circle appeared at 
random intervals of 0.5–1.5 s. A total of 40 circles were presented 
and the duration of the task was approximately 1 min.

Tolerability and safety

In both study parts, tolerability and safety were continuously 
assessed with respect to frequency, nature and intensity of treat-
ment-emergent adverse events (AEs). Vital signs (blood pressure 
and pulse rate), 12-lead electrocardiograms (ECGs), clinical 
laboratory parameters (haematology, clinical chemistry) were 
evaluated pre-dose, at specific time points during the treatment 
period (morning part: 30 min, 1, 2, 3, 4, 6, 8, 10, 12, 24, 36, 48, 

72 h post-dose; evening part: 8 and 10 h post-dose, i.e. next morn-
ing) and at the end of study (EOS).

Statistical analysis

SAS software version 9.4 or higher (SAS Institute, Cary, NC, 
USA) was used for the statistical analysis and the reporting of 
PK, PD and safety data. The PK endpoints were analysed descrip-
tively and summarised by dose, presenting the number of obser-
vations, arithmetic mean, geometric mean, (tmax: minimum, 
median, maximum), standard deviation (SD) and 95% confi-
dence interval (CI) of the mean (except for tmax). In the morning 
part, dose proportionality was assessed across ACT-541468 
doses using the power model described by Gough et al. (1995), 
which was applied to the loge AUC0–∞ and Cmax data across the 
dose range.

In both the morning and evening parts of this study, the PD 
effects of ACT-541468 were compared to those of placebo. For 
continuous PD variables, absolute values and change from base-
line at each time point were summarised by treatment and dose, 
using descriptive statistics. Due to the low number of subjects per 
treatment group, for example, two subjects on placebo, PD 
effects were assessed as mean changes from baseline (compared 
to placebo). The PD results are only exploratory and not based on 
statistically significant differences. In the evening part, the con-
trast between Day 1 and Day 8 was analysed. Safety and tolera-
bility were analysed descriptively by study part and treatment, 
whereas subjects treated with placebo in the different dose groups 
were pooled for analysis.

Results

Subjects

A total of 34 elderly male and female subjects were included in 
this study. Overall, the mean age was 69.7 years (range: 65–
77 years) and the mean Body Mass Index was 24.2 kg/m2 (range: 
18.9–29.8 kg/m2). In the morning part (morning administration), 
24 subjects were included into the three dose groups of 5, 15 and 
25 mg, and randomised within each dose level to active or pla-
cebo treatment (eight subjects per dose group, 6/2 active/placebo, 
1:1 sex ratio). In the evening part (evening administration), 10 
subjects (8/2 active/placebo, 1:1 sex ratio) were randomised to 
receive 25 mg ACT-541468 or placebo for 7 days. All 34 subjects 
received study treatment and there were no premature discontin-
uations. Previous and ongoing medical conditions, including pain 
in extremity, osteoarthritis, headache, osteoporosis, gastro-
oesophageal reflux disease and hypertension, were reported for 
11 and five subjects in the morning and evening part, respec-
tively. Concomitant treatments ongoing at baseline in both study 
parts included analgesics, antihypertensive medications and 
antacids.

Pharmacokinetics

Morning part. The mean concentration-time profiles and the PK 
parameters following administration of 5, 15 and 25 mg ACT-
541468 are graphically depicted in Figure 1 and summarised in 
Table 1. Across the tested dose range, ACT-541468 exhibited a 
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rapid absorption with a median tmax of 0.75–1.0 h (range 0.5–
2.0 h), and a quick distribution and disposition with a geometric 
mean t½ ranging from 8.5 to 9.8 h. Exposure parameters Cmax and 
AUC0–∞ increased with dose, with respective geometric mean 
values of 837 ng/mL and 5616 ng·h/mL after administration of 
the highest dose (25 mg).

Assessment of dose-proportionality showed that the 90% CI 
of the slopes for Cmax (0.87, 1.08) and AUC0–∞ (0.79, 1.19) were 
contained within the critical interval (0.57, 1.43), indicating a 

dose-proportional increase in exposure to ACT-541468 after 
administration of a single dose of 5, 15, or 25 mg to elderly sub-
jects. Results from the linear regression analysis for AUC0–∞ are 
graphically depicted in Figure 2.

Evening part. For each evening for 1 week 25 mg was adminis-
tered and the geometric mean (±SD) trough plasma concentra-
tions of ACT-541468 in the evening of Day 3, Day 5 and Day 7 
were 54 (69) ng/mL, 54 (62) ng/mL and 62 (73) ng/mL, respec-
tively, indicating that steady-state conditions were reached on 
Day 3, with only minimal accumulation (accumulation index 
based on geometric mean (±SD) trough concentrations Day 7/
Day 3 = 1.15 (1.14)). The geometric mean (±SD) plasma con-
centrations of ACT-541468 in the morning of Day 2, Day 4, Day 
6 and Day 8 (i.e. 8 h after study drug administration) ranged from 
184 (96) to 237 (137) ng/mL. Following the last study drug 
administration in the evening of Day 7, a PK profile was col-
lected the next morning and provided a geometric mean (95% CI) 
t½ of 9.9 (7.6, 12.9) h. The arithmetic mean plasma concentra-
tion–time profile of ACT-541468 following administration of 
25 mg ACT-541468 once daily in the evening for 7 days to 
healthy elderly subjects is shown in Figure 3.

Differences in PK parameters between male and female sub-
jects were small with no clear trend with respect to the influence 
of sex on ACT-541468 PK.

Pharmacodynamics

Morning part. Following single-dose administration of 5, 15 
and 25 mg ACT-541468 in the morning to healthy elderly sub-
jects, PD effects were explored for 12 h on Day 1. Results showed 
no clear effects at the dose of 5 mg. At 15 mg, a reduction in SPV 
lasting up to 12 h was observed, with an onset at 0.5 h post-dose 
and a maximum mean effect observed at around 1 h post-dose. 
The other variables showed no effect at 15 mg. At 25 mg, PD 
effects were observed on all objective variables, with an onset 
within 0.5–1 h post-dose, a maximum mean effect around 1–2 h 
post-dose, and a return of effects approaching baseline values at 

Figure 1. Morning part: Arithmetic mean (±SD) plasma concentration–
time profiles of ACT-541468 following single-dose administration of 5, 
15, or 25 mg to elderly subjects in the fasted state. Linear scale; inset 
semilogarithmic scale; n = 6 per group.
SD: standard deviation. Concentrations below the lower level of quantification 
were set to ‘0’.

Table 1. Morning part: Summary of main pharmacokinetics parameters 
of ACT-541468 following single-dose administration of 5, 15, or 25 mg 
to elderly subjects in the fasted state; n = 6 per group.

Parameter 5 mg 15 mg 25 mg

tmax (h) 0.8 1.0 1.0
(0.5–1.0) (0.5–1.0) (0.5–2.0)

Cmax (ng/mL)
95% CI
SD

172 (174) 472 (481) 837 (842)
(140–211)
33.6

(382–584)
98.4

(746–940)
95.1

AUC0–24 (ng h/mL)
95% CI
SD

973 (1013) 2618 (2683) 4723 (4968)
(707–1340)
323

(2032–3373)
657

(3281–6799)
1758

AUC0–∞ (ng h/mL)
95% CI
SD

1117 (1185) 3064 (3146) 5616 (5901)
(760–1640)
473

(2335–4019)
763

(3905–8075)
2032

t1/2 (h)
95% CI
SD

8.5 (8.9) 9.0 (9.3) 9.8 (10.0)
(6.2–11.8)
2.6

(7.0–11.7)
2.4

(7.8–12.2)
2.2

Data are expressed as geometric mean (arithmetic mean), its 95% confidence 
interval (CI) and standard deviation (SD), except for tmax which is expressed as 
median (range).
AUC0–24: area under the plasma concentration-time curve from time zero to 24 h; 
AUC0–∞: area under the plasma concentration–time curve from time zero extrapo-
lated to infinite time; Cmax: maximum plasma concentration; tmax: time to reach 
maximum plasma concentration; t1/2: terminal half-life. Concentrations below the 
lower level of quantification were set to ‘0’.

Figure 2. Morning part: Geometric means of AUC0–∞ (ng h/mL) of 
ACT-541468 and results from linear regression, following single-dose 
administration of 5, 15 and 25 mg ACT-541468 to elderly subjects; n = 
6 per dose group.
Dotted lines: 90% CI of the estimate; solid line: regression (slope); AUC0-∞: 
area under the plasma concentration–time curve from time zero extrapolated to 
infinite time.
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approximately 8 h post-dose for body sway only. Reduced adap-
tive tracking performance and SPV were detectable up to 12 h 
post-dose. When compared to placebo, no clear effects on the 
VAS Bond and Lader subjective alertness, VAS Bowdle and KSS 
could be observed. PD data are presented in Figure 4 and sum-
marised in Table 2.

Evening part. The next-day effects of ACT-541468 on PD 
parameters were assessed at 8 h post-dose in the morning of Day 
2 and Day 8, and no relevant mean changes (from the pre-dose 
assessment) when compared to placebo were observed (supple-
mental Figure 1, supplemental Table 1). Other PD variables that 
were assessed every morning at 8 h post-dose (KSS, DSST, SRTT 
and VAS Bowdle, data not shown) also indicated no relevant 
changes from baseline when compared to placebo. In both the 
morning and the evening part, no influence of sex was observed 
on the PD parameters of ACT-541468.

Tolerability and safety

All reported treatment-emergent AEs in the morning and evening 
part are presented in Table 3 and Table 4, respectively. Headache 
and somnolence were the most frequently reported AEs in both 
study parts. All AEs were of either mild or moderate intensity, 
there were neither severe nor serious AEs reported. There were 
no AEs leading to study discontinuation.

In both study parts, safety parameters (i.e. mean changes from 
baseline to EOS in clinical laboratory variables, vital signs or 
ECG variables) were unremarkable. Out-of-range post-baseline 
values were reported for some subjects with no obvious treat-
ment pattern. None of these findings were considered by the 
investigator to be clinically significant.

Discussion
ACT-541468 is a DORA with a nonclinical and clinical profile 
indicative of sleep-promoting properties (Muehlan et al., 2018; 

Treiber et al., 2017). Following an extensive discovery pro-
gramme (Treiber et al., 2017) and successful conduct of the first-
in-humans (FIH) SAD and a subsequent multiple-ascending dose 
(MAD) study in healthy young adult subjects (Muehlan et al., 
2018, 2019b), we report here the first single- and multiple-dose 
data of ACT-541468 in elderly subjects.

The PK profile of ACT-541468 after single-dose administra-
tion of 5, 15, or 25 mg in the morning in the fasted state to healthy 
elderly subjects was characterized by quick absorption, with a 
median tmax of 0.75–1.0 h and a geometric mean t½ of 8.5–9.8 h. 
Exposure parameters Cmax and AUC of ACT-541468 increased 
proportionally to the dose administered. Overall, when results are 
compared to young adults at the same dose (25 mg of ACT-541468 
on Day 1 in young adults, Muehlan et al., 2019b) the elderly sub-
jects showed Cmax, t½ and AUC0–24 values increased by 36, 66 and 
35%, respectively, while absorption of the drug was equally fast. 
The observed changes in PK are in line with the well-documented 
physiological decrease in intrinsic metabolic drug clearance that 
occurs with advancing age in the order of 20–60% (Butler and 
Begg, 2008; Durnas et al., 1990; Rowland et al., 2011).

In addition, based on the results of the mass balance and 
metabolism study (included in the FIH SAD study; Muehlan 
et al., 2019a), ACT-541468 is extensively metabolised and 
cleared from the body predominantly via the liver (57%) and the 
kidney (28%). Only traces (< 0.5%) of parent ACT-541468 are 
excreted unchanged. Given the extensive metabolism of ACT-
541468 and the physiological changes due to aging, the PK 
results which showed a prolonged elimination and a slightly 
higher exposure in elderly subjects are not unexpected. The 
increased elimination half-life in the elderly when compared to 
young adult subjects (t½ 9–10 h in elderly v. 6 h in young adults) 
deserves further attention. Theoretically this could lead to 
unwanted hangover effects, however, in the phase 2 study in 
elderly subjects no increase in next-day excessive sleepiness 
related to ACT-541468 treatment was observed (Idorsia 
Pharmaceuticals, 2017).

In the present Phase 1 study, following morning administra-
tion of 5, 15 and 25 mg of ACT-541468, PD effects appear to 

Figure 3. Evening part: Arithmetic mean (±SD) plasma concentrations in the morning (8 h post-dose) and evening (trough), following 
administration of 25 mg ACT-541468 in the evening for 7 days to elderly subjects; n = 8.
SD: standard deviation. Concentrations below the lower level of quantification were set to ‘0’.
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follow the slightly prolonged elimination, leading to longer but 
not more pronounced PD effects in elderly subjects compared 
to adult subjects (up to 10–12 h v. up to 8–10 h, respectively; 
Muehlan et al., 2019b). In both studies, assessment of these PD 

effects comprised a battery of sensitive tests including saccadic 
eye movements, adaptive tracking, body sway and subjective 
alertness.

In the evening part of the present study, the observed slightly 
prolonged elimination of ACT-541468 in the elderly did not 
translate into next-day residual effects, when objective and sub-
jective PD effects were assessed every morning between 7:00 
and 8:00 (after a night of undisturbed sleep), that is, 8 h after 
administration of 25 mg. These findings are consistent with 
results from the Phase 2 study in elderly patients with insomnia, 
in whom no increase in next-day sleepiness was reported related 
to ACT-541468 treatment at doses up to and including 50 mg 
(NCT02841709; Idorsia Pharmaceuticals, 2017). The observed 
higher exposure in elderly per se does not preclude using the 
same dose in adult and elderly subjects, in this case also sup-
ported by phase 2 data. This is why in the currently ongoing 
Phase 3 programme the same doses are administered to adult and 
elderly subjects diagnosed with insomnia disorder and thus, these 
studies will also consider the highly relevant next-day PD and 
safety aspects in these two populations (NCT03575104 and 
NCT03545191).

In terms of safety and tolerability, ACT-541468 treatment 
appeared to be well tolerated by elderly subjects at all doses 

Figure 4. Morning part: Effects on PD variables (a) Saccadic Peak Velocity (SPV), (b) Body Sway, (c) Adaptive Tracking Performance and (d) VAS 
subjective Alertness after single-dose administration of 5, 15 and 25 mg ACT-541468 to elderly subjects (data are mean change from baseline ± SD; 
n = 6 for ACT-541468 doses/placebo).
PD: pharmacodynamic; SD: standard deviation; SPV: saccadic peak velocity; VAS: visual analogue scale.

Table 2. Morning part: Effects on PD variables Saccadic Peak Velocity, 
Body Sway, Adaptive Tracking Performance and VAS subjective Alertness 
after single-dose administration of 5, 15, or 25 mg ACT-541468 to 
elderly subjects; values are maximum mean changes from baseline 
(±SD); n = 6 per dose/placebo.

Parameter Placebo 5 mg 15 mg 25 mg

Saccadic peak velocity (degree/s) −33.9 −25.8 −69.0 −66.1
SD 23.5 49.9 37.6 27.3
Body sway (mm) 28.2 92.4 63.2 97.4
SD 44.0 80.0 130.8 56.4
Adaptive Tracking Performance 2.1 2.7 0.7 −3.3
SD 2.5 2.0 0.9 3.3
VAS Alertness (%) 2.4 −2.6 −2.1 −2.3
SD 6.4 4.7 2.8 2.6

PD: pharmacodynamics; SD: standard deviation; VAS: visual analogue scale.
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tested. The incidence of AEs in elderly subjects was lower com-
pared to observations in previous Phase 1 studies with ACT-
541468 in which the drug was administered to healthy young 
adults (Boof et al., 2018; Muehlan et al., 2018, 2019b), although 
a formal comparison of these studies is difficult, given that the 
doses administered were not always the same. Somnolence was 
the most frequently reported AE with no obvious dose depend-
ency, and no elderly subject reported any potential AEs suggest-
ing narcolepsy-like symptoms (e.g. excessive daytime sleepiness, 
cataplexy, complex sleep behaviour events) at any dose.

Conclusion
In this single-dose morning/repeated-dose evening administration 
study of a DORA in elderly subjects, ACT-541468 was generally 
safe and well tolerated with effects on motor and cognitive func-
tions of the CNS as measured by reduced vigilance and attention, 
visuomotor coordination and postural stability. No next-morning 
residual effects, that is, impairment of motor and cognitive func-
tions, were observed when the drug was administered at bedtime. 

The observed clinical safety profile, the apparent sleep-promoting 
CNS effects, the relatively quick elimination of ACT-541468, and 
the absence of next-day residual PD effects suggest there is no 
need to adjust for exposure differences between non-elderly and 
elderly (mean t½ in elderly < 10 h), which, together with the prom-
ising results from Phase 2, justified the advancement of ACT-
541468 into the currently ongoing Phase 3 programme with adults 
and elderly patients diagnosed with insomnia, in which the clinical 
profile of ACT-541468 will be investigated for a treatment period 
of up to 1 year.
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Abstract: Background: As part of an integrated and innovative approach to accelerate the clinical development of 
the dual receptor antagonist ACT-541468, 6 healthy subjects in one cohort in a first-in-humans (FIH) study received 
an oral dose of 50 mg non-labeled ACT-541468 together with a microtracer amount of 250 nCi of 14C-labeled ACT-
541468 to investigate its absorption, distribution, metabolism, and excretion (ADME).  
Methods: Using accelerator mass spectrometry (AMS), radiochromatograms were constructed for fractionated 
plasma, urine, and feces samples. Subsequently, the structures of the metabolites were elucidated using high per-
formance liquid chromatography (HPLC) coupled with high resolution mass spectrometry.  
Results: In total 77 metabolites have been identified of which 30, 28, and 60 were present in plasma, urine, and fe-
ces, respectively. In plasma, the major metabolites were the mono-oxidized benzylic alcohol M3, the ACT-541468 
aldehyde M1, formed by further oxidation of M3 in the benzylic position, and the doubly oxidized M10, formed by 
(1) benzylic oxidation of M3 (loss of one molecule of water and one molecule of ammonia) and (2) additional loss of 
water from the oxidized pyrrolidine ring of M5. Transformation of the pyrrolidine to a 6-membered ring was de-
tected. Metabolites that accounted for more than 5% of total radioactivity in excreta were M2, which is also formed 
by oxidation at the benzylic position, M4, formed by demethylation of the methoxy-group, M7 and A6, both formed 
by oxidation of M4, and M10, the only major metabolite detected in urine.  

Conclusions: In conclusion, ACT-541468 is extensively metabolized predominantly by oxidative transformations. 

Keywords: Absorption, accelerator mass spectrometry, distribution, excretion, first-in-humans, metabolism, microtracer, orexin. 

1. INTRODUCTION  
 Human ADME studies are typically conducted relatively late in 
the development of new compounds mainly because they are costly. 
The administered dose of the radiolabeled drug needs to be high 
enough to allow for quantification by liquid scintillation counting, 
which necessitates the calculation of the radiation burden for which 
quantitative whole-body autoradiography data from animal studies 
are needed [1]. These studies may yield unexpected results such as 
the presence of metabolites at disproportionately higher levels in 
humans than in animals and/or human-specific metabolites, possi-
bly representing a safety issue, leading to delays in, or even termi-
nation of the clinical development. Early knowledge of such diffi-
culties is an advantage and the Food and Drug Administration 
(FDA) recommends, therefore, to investigate the metabolism of 
new chemical entities in humans as early as possible [2].  
 With the advent of highly sensitive AMS, metabolic profiling 
can be part of so-called Phase 0 studies in which a radiolabeled 
microdose, i.e., a dose <100 µg or <1% of the dose predicted to 
yield a pharmacological effect, is administered to healthy subjects 
[3, 4]. As previously described for this compound [5], using a 
microtracer approach at this early stage in the development requires  
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careful considerations, because information about dose-
proportionality of pharmacokinetics (PK) is not known yet, which 
in the present case could lead to metabolite data obtained at an in-
appropriate dose. This risk was minimized by a model-based ap-
proach to define the expected therapeutic dose range [6]. However, 
because of the very low dose administered (2.02 µg 14C ACT-
541468 in the present study), the amount of material available for 
analysis may be too small to detect and/or characterize minor me-
tabolites, resulting in an incomplete metabolic profile. To circum-
vent this potential problem but to still benefit from the advantages 
of using minute amounts of radioactivity, which include a leaner 
preclinical package, no need for determination of the radiation bur-
den, and no need for the radiolabeled compound to be produced 
according to Good Manufacturing Practice, the microtracer can be 
given together with one of the 'cold' doses (preferably a pharmaco-
logically active one) to be investigated in a classical FIH study. 
This approach will deliver simultaneously metabolites in safety 
testing (MIST) and mass balance data that enables direct identifica-
tion of human metabolites in the early drug development phase. 
Although such a microtracer approach including metabolite identi-
fication has been practiced before [7], it is to the best of our knowl-
edge rarely integrated into FIH studies at a scale exemplified by the 
present work [5]. 
 ACT-541468 ((S)-(2-(5-chloro-4-methyl-1H-benzo[d]imidazol-
2-yl)-2-methylpyrrolidin-1-yl)(5-methoxy-2-(2H-1,2,3-triazol-2-yl) 
phenyl)methanone) (Fig. 1) is a dual orexin receptor antagonist in 
the development for the treatment of insomnia. The orexin signal-
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ing pathway, which was discovered in 1998 [8, 9], is a valid target 
for the treatment of insomnia as demonstrated with other dual 
orexin receptor antagonists such as almorexant [10-12] and su-
vorexant [13, 14].  
 Results of the FIH study of ACT-541468 have been published 
[5]. In brief, across the oral dose range investigated (5 to 200 mg) 
PK as based on the maximum plasma concentration (Cmax) and area 
under the curve (AUC) were slightly less than dose-proportional, 
the time to Cmax varied from 0.8 to 2.8 h and appeared to increase 
with dose, and the terminal half-life (t½) was between 5.9 and 8.8 h. 
Data obtained using the microtracer, which was given orally (mass 
balance and metabolism part) and intravenously (i.v., absolute 
bioavailability part) with oral doses of 50 and 100 mg, respectively, 
indicated an average cumulative mass balance of 84.5% from com-
bined fecal and urine collections over the length of the study period. 
Excretion in feces was the major elimination pathway of ACT-
541468, accounting for a mean recovery of 56.6% of the orally 
administered radioactive dose, while 27.9% was found in urine. 
Partitioning of ACT-541468 into red blood cells was determined 
based on total 14C-concentrations measured at Cmax in plasma and 
whole blood (3.6 µg eq/mL and 2.3 µg eq/mL, respectively), with 
an estimated blood/plasma ratio of 0.64. When administered as i.v. 
infusion, 14C-ACT-541468 was quickly distributed and eliminated. 
There were no marked differences in t½ between i.v. and oral drug 
administration. ACT-541468 had an absolute bioavailability of 
approximately 62%, a clearance of 5.0 L/h, and a volume of distri-
bution of 31 L. At doses ≥ 25 mg clear effects that were consistent 
with those expected for a sleep-inducing compound (i.e., reduction 
in vigilance, attention, alertness, and motor coordination) were 
observed using a battery of pharmacodynamic tests. Single doses of 
up to 200 mg ACT-541468 were safe and well tolerated, with the 
most frequently reported adverse events being somnolence, fatigue, 
disturbance in attention, and headache [5]. 

2. MATERIALS AND METHODS 
2.1. Radiolabeled Drug, Reference Compounds, and Reagents 
 ACT-541468 was synthesized at DPx Fine Chemicals GmbH 
(Regensburg, Germany). 14C-labeled ACT-541468, which had a 
specific activity of 56 mCi/mmol, was synthesized by Quotient 
Bioresearch Ltd. (Cardiff, United Kingdom) and provided to the 
clinical research site as a solution (methanol:ethanol v/v 98:2) at a 
radiochemical concentration of 1 mCi/mL. The 14C radiolabel was 
located on the methyl group of the molecule which is attached to 
the pyrrolidine core (Fig. 1). Synthetic standards for metabolites 
M1, M2, M3, M4, and M5 were synthesized at Idorsia Pharmaceu-
ticals Ltd (Allschwil, Switzerland). All chemicals and solvents were 
of analytical grade and were obtained from commercial sources. 
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O
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Fig. (1). Chemical structure of ACT-541468 (14C-labeled C23H23N6O2Cl) 
and position of the 14C radiolabel.  

2.2. Study Design 
 This was a double-blind, randomized, placebo-controlled, as-
cending single oral dose FIH study (doses investigated were 5, 25, 
50, 100, and 200 mg). As part of this study to investigate the mass 

balance and for metabolic profiling, a 14C-labeled, orally adminis-
tered microtracer (dose 250 nCi; 2.02 µg 14C-ACT-541468) was 
administered together with an oral dose of 50 mg ACT-541468. The 
study was conducted at the Centre for Human Drug Research (Lei-
den, The Netherlands) according to Good Clinical Practice and in 
adherence to the Declaration of Helsinki and other applicable regu-
lations. Prior to the study start, the local Ethics Committee (Foun-
dation Beoordeling Ethiek Biomedisch Onderzoek) and the national 
health authority of the Netherlands approved the protocol. All par-
ticipating subjects provided written informed consent [5]. 

2.3. Subjects  
 Six healthy male subjects received orally administered radiola-
beled ACT-541468. Their mean (range) age and body mass index 
were 22.7 (19−30) years and 21.5 (19.8−24.4) kg/m2, respectively. 
Subjects could not participate in the study if they smoked, had an 
excessive caffeine consumption, were treated with any prescribed 
or over-the-counter medication within 2 weeks prior to study drug 
administration, had a radiation exposure (excluding background 
radiation, but including exposure from the present study and from 
diagnostic rays and other medical exposures) exceeding 5 or 10 
millisievert in the 12 months or 5 years preceding the study, respec-
tively, or had participated in any study involving administration of 
any 14C-labeled compound within 12 months prior to screening. 

2.4. Dose Preparation and Administration 
  The 14C-labeled microtracer was prepared at the clinical re-
search site by diluting in several steps the provided concentrated 
stock solution with sterile 0.9% sodium chloride to obtain the final 
nominal oral dose of 250 nCi corresponding to 2.02 µg ACT-
541468 in 15 mL. The subjects arrived at the study site in the eve-
ning of Day –1 and had to fast for at least 10 h prior to study drug 
administration. In the following morning, the (cold) study drug was 
administered at an oral dose of 50 mg with 120 mL of water, im-
mediately followed by 15 mL of the final microtracer solution and 
an additional 105 mL of water. The subjects remained in the clini-
cal research site for a period of 7 days. On Day 8, i.e., 168 h after 
study drug intake, the subjects were discharged from the study site 
if this was allowed based on their medical condition. 

2.5. Sample Collection 
 10 mL whole blood was taken at each time point (i.e., pre-dose 
and 0.17, 0.33, 0.5, 0.67, 0.83, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 
10, 12, 24, 36, 48, 72, 96, 144, and 168 h after study drug admini-
stration). Following centrifugation (at 2000 g, 4 min, at 4°C), the 
plasma aliquots were stored at a temperature of ≤ −70 °C. For 
metabolic profiling, an aliquot of 1.5 mL of plasma was retained. 
Urine was collected in pre-weighed, light-protected polyethylene 
urine collection containers during the following intervals: 0–12, 12–
24, 24–48, 48–72, 72–96, 96–120, 120–144, and 144–168 h after 
study drug administration. After homogenization of the urine sam-
ples of each interval, aliquots of 6 mL were taken and stored at ≤ 
−70 °C. Feces was quantitatively collected for a period of 168 h 
after study drug administration. The collected feces samples were 
homogenized, freeze-dried, and then ground to a fine powder and 
stored at ≤ −70 °C. All plasma, feces, and urine samples were sent 
to Xceleron (Germantown, MD, USA) for AMS analysis. 

2.6. Sample Pooling and Extraction of Metabolites from Pooled 
Samples 
 Plasma samples (26 time points post-dose) of all subjects were 
thawed, vortex-mixed, and individually pooled using an AUC-
based approach, in which the AUC (of total radioactivity) is divided 
by the time interval during which the samples were drawn [15]. 
Volumes at each time point were proportional to the time period 
represented by each sample. Next, 750 µL of each individual sub-
ject pool was taken and combined to create a single cross-subject 
pool. Time-pooled urine (from 0 to 96 h) and feces (from 24 to 120 
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h, which represented over 95% of the total fecal excretion of 14C 
across all subjects) samples were also prepared for each subject by 
mixing 1/4000th of the excreted volumes or 1/600th of the weights 
of each collection, respectively. Single cross-subject pools were 
then prepared by combining a constant portion (1/4th for both feces 
and urine) of each subject pool. The pooled urine and feces samples 
represented more than 95% of the radioactivity excreted by each 
route. 
 The plasma (1 mL) and feces (200 mg) samples were extracted 
twice with 3 mL or 600 µL of acetonitrile, respectively, and the 
extracts reduced to complete dryness under a gentle stream of N2 at 
60°C before reconstitution in 500 µL of 85 /15 ammonium formate 
(20 mM, pH 2.8) / acetonitrile:methanol:formic acid (80:20:0.1, 
v/v/v). 

2.7. Metabolic Profiling 
  Extracts of plasma (100 µL) and feces (50 µL) samples and the 
urine sample (100 µL) were spiked with non-labeled ACT-541468 
and injected into an Agilent 1200 (Santa Clara, CA, USA) HPLC 
system. Chromatography was performed using a Phenomenex 
Gemini-NX C18 column (5 µm, 250 x 4.6 mm, 110 Å, Phenomenex 
Inc., Torrance, CA, USA) and mobile phases A (20 mM ammonium 
formate, pH 2.8 adjusted with formic acid) and B (8:2 (v/v) mixture 
of acetonitrile and methanol containing 0.1 % (v/v) formic acid). 
The same gradient method (flow rate 1 mL/min, total run time 85 
min) was used for all matrices: 15% mobile phase B for 2 min; 
increase to 28% over 18 min; increase to 50% over 40 min, increase 
to 95% over 8 min and maintain for 5 min; and decrease to 15% 
over 1 min and retain for 11 min. The HPLC eluent was collected 
as a series of fractions every 36 seconds over the full length of the 
HPLC run and fractions were stored at -80°C prior to AMS analy-
sis.  
 Radioactivity levels (disintegrations per minute (dpm)) of 14C in 
plasma, feces, and urine fractions were analyzed with AMS using a 
single-stage accelerator mass spectrometer-250 (NEC, Tokyo, Ja-
pan) as previously described [16]. The lower level of quantification 
for HPLC fractions was determined from the background AMS 
measurement of the pre-dose samples and applied to the raw HPLC 
fraction data generated on each AMS wheel (range: 0.0001-0.0011 
dpm/fraction). These values translate to the lowest reportable values 
for a certain time slice (i.e., at 70.2-70.8 min) of the composite 
samples, being 0.025 % of AUC in plasma, and 0.003 % and 0.006 
% of excreted 14C in urine and feces, respectively. Upon completion 
of the initial plasma profile, several convoluted regions of interest 
between 15 and 35 min appeared, with different co-eluting 14C 
peaks. To gain a higher resolution within this range and to facilitate 
metabolite identification, it was decided to perform an additional 
HPLC run with both non-labeled ACT-541468-spiked and unspiked 
plasma samples and to fractionate the plasma extract at a shorter 
time interval (12 vs 36 seconds per fraction). The fractions col-
lected during the chromatography of the unspiked pooled plasma 
sample were stored at −80°C and were used for metabolite identifi-
cation. 
 The 14C content of each fraction was plotted against the reten-
tion time of the fraction to generate reconstructed 
radiochromatograms. Peaks within the metabolite profiles were 
assigned manually and quantified by summation of the total 14C 
content of the individual fractions within each region. 

2.8. Metabolite Identification 
  Pooled plasma, urine, and feces samples were sent to A&M 
(A&M Labor für Analytik GmbH, Bergheim, Germany) for me-
tabolite identification by HPLC-MS. To be able to compare AMS 
with HPLC-MS data, sample work-up and the chromatographic 
method at A&M were similar to those used at Xceleron. However, 
in order to obtain higher signal intensities, the HPLC column was 
switched from a Phenomenex Gemini-NX C18 column 250 x 4.6 

mm (flow rate 1000 µL/min) to a Luna C18(2) 100Å, HPLC-
column 250 x 2 mm, 3 µm (flow rate 190 µL/min), and at 20 min 
the eluent composition was 30% mobile phase B instead of 28% 
mobile phase B. Retention times of ACT-541468 and other refer-
ence compounds (M1 to M5) were sufficiently close to allow bridg-
ing between the two chromatographic systems (data not shown). 
 The mass spectrometric analysis was performed with a QExac-
tive mass spectrometer with a HESI-source MS interface (Thermo 
Scientific, Waltham, MA, USA). The mass spectrometer was 
equipped with a quadrupole device followed by an orbitrap-
detector, which directly monitored and recorded molecular ion 
spectra generated in the ion source. The detector measured mass 
spectra with a resolution up to 140 000. This allowed resolving 
adjacent mass peaks which differed by only a few mTh, and deter-
mining the exact mass of a peak. 
 For all mass spectrometric analyses, the positive ionization 
mode was applied. The electrospray ion source voltage was set to 
4.0 kV and the heated capillary temperature to 400° C. The scan-
event cycle consisted of a full-scan mass spectrum and an all ion 
fragmentation (AIF) product ion scan or a targeted MS/MS product 
ion scan at mass resolving powers that varied from 35,000 to 
70,000 in plasma and to 140,000 in urine and feces. A mass range 
of 250 to 680 Th was usually applied, in some experiments the 
mass range was extended to 980 Th to detect conjugates of higher 
molecular weight. 
 A method was applied that used alternating high resolution 
molecular ion scan by MS1-spectra (Orbitrap only), and product ion 
scan of all molecular ions (AIF) simultaneously. To confirm some 
of the metabolite structures derived from the MS1 and AIF mass 
spectra, especially for isomers, targeted MS/MS product ion spectra 
were recorded for all metabolites in separate runs. The AIF-product 
ion spectra were recorded by fragmentation of all molecular ions 
without separation and by measuring all fragment ions with high 
resolution in the Orbitrap. Targeted MS/MS product ion spectra 
were recorded by selecting the target molecular ions in the quad-
rupole mass analyzer of the QExactive mass spectrometer with unit 
resolution, fragmentation of the selected molecular ions, and meas-
uring of the high-resolution mass spectra in the Orbitrap-analyzer. 
To identify metabolites in the plasma sample, firstly, an HPLC-MS 
molecular ion chromatogram was searched for potential phase-I and 
phase-II metabolites. If the observed high-resolution m/z ratio for 
one compound was within ± 2.5 mTh of the calculated mass, the 
mass spectrum was further investigated; otherwise the potential 
metabolite structure was rejected. In a second step, the experimental 
mass spectrum of the potential metabolite was compared to the 
calculated mass spectrum. If the characteristic 13C- and 37Cl-isotope 
peaks were observed, the respective signal was accepted as a drug-
related metabolite. Finally, AIF product ion spectra and/or targeted 
MS/MS spectra were used to deduce the structures of found me-
tabolites. The same strategy was applied to the urine and feces 
samples with the difference that the HPLC-MS ion chromatograms 
were searched not only for phase-I and phase-II metabolites but 
also for previously identified metabolites in plasma (for urine) and 
plasma and urine (for feces). 

3. RESULTS 
3.1. Metabolite Profiling and Peak Assignment for 14C-ACT-
541468-related Material 
 The extraction efficiencies after protein precipitation of the 
plasma samples were 94.8 and 102.7% for the original (i.e., lower 
resolution) and higher resolution HPLC fractionation runs, respec-
tively. The extraction efficiency from the feces samples was lower 
but with 83.8% still acceptable. The overall recovery of 14C from 
the HPLC system following injection of plasma and feces extracts 
was within the specified limits (80 to 120%) with recoveries of 118 
and 98.8% of the injected 14C, respectively, while the recovery of 
the pooled urine sample was 112%. The radiochromatogram of the 
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original run of the pooled plasma sample is shown in Fig. (2). 
Analysis of the radiochromatogram showed that unchanged parent, 
i.e.,14C-ACT-541468, represented 20.9% of the total radioactivity 
in plasma and was the second most abundant species in the profile. 
The other major peaks observed were in regions P3, P8, and P11 
accounting for 17.9, 28.9, and 12.7% of total 14C, respectively. 
Regions P8 and P11 were tentatively identified as metabolites M3 
and M1, respectively, based on retention times (Fig. 2). The addi-
tional high resolution HPLC run with shorter fractionation (12 s 
versus 36 s) (regions P1 to P6) showed additional distinct peaks. 
The two most substantial new regions in the radiochromatogram 
were the extended plasma regions (EP)5 and EP6, closely aligned 
with region P3 in the original plasma profile both in terms of HPLC 
retention time and combined 14C recoveries (Fig. 2). EP5 and EP6 
had total 14C recoveries equivalent to 14.5 and 2.80% of the original 
profile, respectively. None of the other regions within the profile 
amounted to > 5% of the original profile. 
  No unchanged 14C-ACT-541468 was detected in the urine ra-
diochromatogram (Fig. 3). The most significant regions were iden-
tified as U4, U6, U7, and U10, representing 19.1, 32.7, 11.0, and 
17.0% of the recovered 14C, respectively, and representing 5.33, 
9.13, 3.07, and 4.74% of the total 14C dose, respectively, recovered 
in urine.  
 The metabolite profile of feces contained a total of 15 inte-
grated regions, including 9 between 15 and 35 min. Some areas of 
the feces radiochromatogram (Fig. 3) were not baseline resolved. 
Therefore, there may be additional un-identified peaks within these 
regions (a threshold of 0.5% of the total 14C recovered in each pro-
file was set for peak assignment). Less than 0.5% of 14C recovered 
eluted at the retention time of the parent, indicating that little to no 
unchanged parent is excreted in feces. The largest region in the 
fecal profile was region F14, representing 15.3% of the total 14C 
recovered, which represents 8.66% of the administered dose.  

3.2. Metabolite Identification 
 A total of 77 metabolites were identified as summarized in Ta-
ble 1. Structures and molecular weights of all metabolites are dis-
played in Supplemental Tables S1-S3. In all three matrices, 
metabolites with a relative abundance down to 0.1% of the total 
intensity of the ion chromatogram were investigated. The basic 
mass spectrometric fragmentation of ACT-541468 was the cleavage 
of the central amide bond yielding two fragments that were denoted 
as “amine” part and “acid” part of the molecule (Fig. 4). A similar 
fragmentation was observed for most metabolites. The measured 
masses of the spectrometric fragments in comparison to the frag-
ments of ACT-541468 gave first information about the metabolic 
reactions that occurred. The nomenclature of the metabolites de-
pends on whether they had previously been identified in preclinical 
experiments (= M-metabolites) or were newly identified in the pre-
sent study in humans (= A-metabolites). 
 In addition to parent compound, 30 metabolites were identified 
in plasma, including 12 phase II metabolites which all were 
glucuronides. The major peaks in the radiochromatogram were P3, 
P8, and P11, and it was confirmed that P8 and P11 correspond to 
M3 and M1, respectively, although P8 also contained M4. Five 
metabolites could be assigned to peak P3: A2, M8, M9, M10, and 
M29, of which M10 appeared to be the most abundant. Assuming 
equal specific mass spectrometric responses of the metabolites A2, 
M8, M9, M10, and M29 in fractions that make up peak P3 (frac-
tions from both the original (lower resolution) and high-resolution 
runs were investigated), it was estimated that 7.9 to 9.0% of the 
total radioactivity in the plasma sample was M10. The majority of 
plasma metabolites were formed via one of the following metabolic 
reactions:  
1) demethylation of the methoxy-group, e.g., formation of M4. 

2) oxidation of the benzylic position to the alcohol M3 and fur-
ther oxidation to the aldehyde M1 and to the acid M2, e.g., 
formation of M3  M1  M2. 

3) oxidative cleavage of the pyrrolidine ring at the C-atom adja-
cent to the nitrogen leading to the formation of an aldehyde in-
termediate, which generated a 6-membered ring via cyclization 
with the benzimidazole moiety, e.g., formation of M5. 

4) oxidation of the triazolyl-phenyl moiety (at different posi-
tions), e.g., formation of M11 or A7, in which the exact site of 
oxidation could not be established and, therefore, for all me-
tabolites with an oxidation in the triazolyl-phenyl moiety, the 
exact substitution site is not known.  

 There were 2 metabolites (A8 and A9, both < 1% of total 
radioactivity in the radiochromatogram) detected in plasma which 
were not formed directly by the reactions described above. A8 is a 
metabolite, in which the chlorine atom of ACT-541468 is 
substituted by a hydroxy-group. The structure was confirmed by its 
exact mass and by its product ion spectrum. A9 is a partially 
degraded ACT-541468 in which the acid part of the molecule is 
removed. The elemental composition of A9 was confirmed by the 
exact mass spectrum but the given structure is speculative. Fig. (5) 
provides a scheme of all plasma metabolites and their structural 
dependence whereas the HPLC-MS chromatogram is shown in 
Supplemental Fig. (S1).  
 Of the 28 metabolites detected in urine in addition to traces of 
parent compound, 5 metabolites (M33-M36 and M39) were not 
present in plasma, whereas 7 metabolites (M6, M11, A1, A6, A7, 
A8, and A9) that were found in plasma were not found in urine 
(Table 1). In addition to the glucuronide metabolites observed in 
plasma, the urine sample contained the only doubly glucuronidated 
metabolite (M35) and the only sulphated metabolite identified 
(M39). The major peaks in the urine radiochromatogram were U4, 
U6, U7, and U10. U4 contained the metabolites A4, A5, M17, M37, 
and M38; U6 the metabolites A2, A52, M8, M9, M10, and M29; 
U7 the metabolites, M7, M12, M30, and M40, whereas U10 con-
tained only M2. In the HPLC-MS chromatogram, A4, M10, and 
M30 were the most abundant metabolites in peaks U4, U6, and U7, 
respectively. In summary, the only metabolite excreted at ≥ 5% of 
the total administered dose into urine was M10 (9.1%). The HPLC-
MS chromatogram of the urine sample is shown in Supplemental 
Fig. (S2). 
 In feces, parent drug (relative peak area of 0.9%) and 60 me-
tabolites were identified. Of these 60 metabolites, 43 were only 
present in feces and were not detected in plasma or urine (Table 1). 
The major peaks in the feces radiochromatogram were F5, F6, F9, 
F12, and F14, which accounted for 9.5, 12.1, 10.6, 14.8, and 15.3% 
of total radioactivity, respectively. F5 contained the metabolites A8, 
A12, A14, A21, A24, A25, A30, A31, A32, A33, A34, A38, A39, 
A47, A50, and M10; F6 contained the metabolites A15, A22, A 35, 
A40, A41, A48, M7, and M40; F9 contained the metabolites A17, 
A23, M12, and M13; F12 contained the metabolites M3 and M4, 
whereas F14 contained M2 and M11. Based on relative peak areas 
in the feces HPLC-MS chromatogram, only metabolites M2, M4, 
M7, and A6 each accounted for > 5% of total radioactivity, with 
only M2 (13% in urine and feces) accounting for > 10% of total 
radioactivity. In the feces sample two metabolic reactions not pre-
viously observed in plasma and urine were identified: oxidation of 
the benzimidazole moiety, which can take place at different posi-
tions, e.g., A10 and A11. From the product ion spectra of the me-
tabolites, these new oxidation sites could not be distinguished, but 
the retention times differed significantly. The other new metabolic 
reaction was the addition of water (e.g., A48). The HPLC-MS 
chromatogram of the feces sample is shown in Supplemental Fig. 
(S3). 
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EP = extended plasma fractioning; P = plasma; UV = ultraviolet 

Fig. (2). Radiochromatograms of pooled plasma from 6 subjects who received a single oral dose of 50 mg ACT-541468 and 250 nCi of 14C-ACT-541468. The 
upper panel represents the radiochromatogram of the original run using 36 s fractioning whereas the lower panel was obtained following the high-resolution run 
using 12 s fractioning. The peaks with a dotted blue line represent the UV chromatogram of non-labeled M3, ACT-541468, and M1, spiked as retention time 
markers into the sample. 
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F = feces; U = urine; UV = ultraviolet 

Fig. (3). Radiochromatograms of pooled feces (upper panel) and urine (lower panel) from 6 subjects who received a single oral dose of 50 mg ACT-541468 
and 250 nCi of 14C-ACT-541468. The peaks with a dotted blue line represent the UV chromatogram of non-labeled ACT-541468, spiked as retention time 
marker into the sample. 
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Fig. (4). Basic fragementation of ACT-541468. The cleavage of the central amide bond yielded two fragments denoted as “amine” part and “acid” part of the 
molecule. 

Table 1. Short description, molecular formula, calculated molecular ion mass [MH]+, and retention time of ACT-541468 and its 77 
metabolites. 

Metabolite Description Molecular Formula Calculated [MH]+ (Th) RT (min) Matrix 

ACT-541468 Parent C23H23ClN6O2 451.1644 56.4 P / F / U 

A1 Parent + 2O C23H23ClN6O4 483.1542 28.8 F 

A2 M4 + O + glucuronidation C28H29ClN6O9 629.1757 24.6 P / U 

A3 Parent + 2O + glucuronidation C29H31ClN6O10 659.1863 21.4 P / U 

A4 M4 + O + glucuronidation C28H29ClN6O9 629.1757 18.9 P / U 

A5 Parent + 2O + glucuronidation C29H31ClN6O10 659.1863 18.8 P / U 

A6 M4 + O C22H21ClN6O3 453.1436 32.9 P / F 

A7 Parent + O C23H23ClN6O3 467.1593 39.9 P / F 

A8 P - Cl + OH C23H24N6O3 433.1983 23.7 P / F 

A9 Metabolite of the amine-part of parent C14H17ClN2O2 281.1051 14.9 P 

A10 Parent + O C23H23ClN6O3 467.1593 32.6 F 

A11 Parent + O C23H23ClN6O3 467.1593 50.0 F 

A12 M4 + O C22H21ClN6O3 453.1436 23.8 F 

A13 M4 + O C22H21ClN6O3 453.1436 43.7 F 

A14 Parent + 2O C23H23ClN6O4 483.1542 24.3 F 

A15 Parent + 2O C23H23ClN6O4 483.1542 26.2 F 

A16 Parent + 2O C23H23ClN6O4 483.1542 29.4 F 

A17 Parent + 2O C23H23ClN6O4 483.1542 32.9 F 

A18 Parent + 2O C23H23ClN6O4 483.1542 34.7 F 

A19 Parent + 2O C23H23ClN6O4 483.1542 35.8 F 

A20 Parent + 2O C23H23ClN6O4 483.1542 42.7 F 

A21 Parent-acid + O C23H21ClN6O5 497.1334 22.3 F 

A22 Parent-acid + O C23H21ClN6O5 497.1334 28.5 F 

A23 Parent-acid + O C23H21ClN6O5 497.1334 33.4 F 

A24 M4 + 2O C22H21ClN6O4 469.1385 23.3 F 

A25 M4 + 2O C22H21ClN6O4 469.1385 24.1 F 

A26 M4-Aldehyde C22H19ClN6O4 451.128 55.1 F 

A27 M4-Acid + O C22H19ClN6O5 483.1178 15.0 F 

A28 Parent + 3O C23H23ClN6O5 499.1491 18.4 F 

A29 Parent + 3O C23H23ClN6O5 499.1491 18.9 F 

Table (1) contd…. 
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Metabolite Description Molecular Formula Calculated [MH]+ (Th) RT (min) Matrix 

A30 Parent + 3O C23H23ClN6O5 499.1491 22.1 F 

A31 Parent + 3O C23H23ClN6O5 499.1491 22.5 F 

A32 Parent + 3O C23H23ClN6O5 499.1491 22.8 F 

A33 Parent + 3O C23H23ClN6O5 499.1491 23.1 F 

A34 Parent + 3O C23H23ClN6O5 499.1491 24.1 F 

A35 Parent + 3O C23H23ClN6O5 499.1491 28.5 F 

A36 M4 + 3O C22H21ClN6O5 485.1335 15.6 F 

A37 M4 + 3O C22H21ClN6O5 485.1335 20.8 F 

A38 Parent + H2O + O C23H25ClN6O4 485.1699 23.2 F 

A39 Parent + H2O + O C23H25ClN6O4 485.1699 24.6 F 

A40 Parent + H2O + O C23H25ClN6O4 485.1699 26.5 F 

A41 Parent + H2O + O C23H25ClN6O4 485.1699 27.1 F 

A42 Parent + H2O + O C23H25ClN6O4 485.1699 30.6 F 

A43 Parent + H2O + O C23H25ClN6O4 485.1699 32.6 F 

A44 Parent + H2O + 2O C23H25ClN6O5 501.1648 15.6 F 

A45 Parent + H2O + 2O C23H25ClN6O5 501.1648 17.8 F 

A46 Parent + H2O + 2O C23H25ClN6O5 501.1648 18.4 F 

A47 Parent + H2O + 2O C23H25ClN6O5 501.1648 22.7 F 

A48 M4 + H2O C22H23ClN6O3 455.1593 27.2 F 

A49 M4 + H2O + O C22H23ClN6O4 471.1542 18.3 F 

A50 M4 + H2O + O C22H23ClN6O4 471.1542 23.0 F 

A51 M4 + H2O + 2O C22H23ClN6O5 487.1492 18.8 F 

A52 Glucuronide of parent + O C29H31ClN6O9 643.1914 26.0 P 

M1 Parent-aldehyde C23H21ClN6O3 465.1436 66.7 P / F / U 

M2 Parent-acid C23H21ClN6O4 481.1386 46.5 P / F / U 

M3 Parent + O C23H23ClN6O3 467.1593 41.6 P / F / U 

M4 Des-methylated parent C22H21ClN6O2 437.1487 40.7 P / F / U 

M5 Parent + O C23H23ClN6O3 467.1593 37.3 P / F / U 

M6 Glucuronide of parent + O C29H31ClN6O9 643.1914 30.0 P 

M7 M4 + O C22H21ClN6O3 453.1436 27.4 P / F / U 

M8 Glucuronide of parent + O C29H31ClN6O9 643.1914 26.0 P / U 

M9 M4-glucuronide C28H29ClN6O8 613.1808 25.4 P / U 

M10 Parent + 2O C23H23ClN6O4 483.1542 24.9 P / F / U 

M11 Parent + O C23H23ClN6O3 467.1593 46.5 P / F 

M12 M4 + O C22H21ClN6O3 453.1436 29.6 P / F / U 

M13 M4-Acid C22H19ClN6O4 467.1229 33.0 P / F / U 

M17 M4 + O + glucuronidation C28H29ClN6O9 629.1757 18.7 P / U 

M21 Parent-acid + O C23H21ClN6O5 497.1334 20.7 P / F / U 

M29 M5-glucuronide C29H31ClN6O9 643.1914 25.4 P / U 

M30 M3-glucuronide C29H31ClN6O9 643.1914 29.0 P / U 

M33 M4 + 2O + glucuronidation  C28H29ClN6O10 645.1706 12.7 U 

M34 Parent + 3O + glucuronidation  C29H31ClN6O11 675.1812 12.6 U 

M35 M4 + O + 2x glucuronidation C34H37ClN6O15 805.2078 18.4 U 

M36 Parent + 3O C23H23ClN6O5 499.1491 18.8 F / U 

M37 M4 + 2O C22H21ClN6O3 469.1385 18.6 P / F / U 

M38 Parent + 2O + glucuronidation C29H31ClN6O10 659.1863 19.1 P / U 

M39 Sulphate of parent + O  C23H23ClN6O6S 547.1161 34.3 U 

M40 Parent + 2O C23H23ClN6O4 483.1542 27.4 P / F / U 

P, plasma, F, feces; U, urine; O, oxidation; RT, retention time; 2O, double oxidation; 3O, triple oxidation.  
The nomenclature of the metabolites depends on whether they had previously been identified in preclinical experiments (M-metabolites) or were newly identified in the present study 
(A-metabolites). 
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Fig. (5). Structural dependency of plasma metabolites of ACT-541468. This scheme serves as an illustration of the chemical interrelationships between metabo-
lites without claiming knowledge about the exact sequence of metabolic steps.  
Notes: 
1) The exact site of oxidation in the triazol-phenyl-moiety is not known for A7 and M11 and the same is true for the glucuronides M6, M8, and A52.  
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tabolites is not known, only either A7 or M11 can be the predecessor of A6. 
 
 
 When comparing AMS and HPLC-MS data, the percentages of 
the sum of all peaks not assigned in the radiochromatogram after 
metabolite identification were low: in plasma, 94.1 % of radioactiv-
ity was assigned to a region (P1-P11), of which all peaks in the 
HPLC-MS profile could be assigned to metabolites. In urine, 89.9 
% of radioactivity was assigned to a region (U1-U10), of which 
99.4% of the peaks in the HPLC-MS profile could be assigned to 
metabolites. In feces, 92.6 % of radioactivity was assigned to a 
region (F1-F15), of which all peaks in the HPLC-MS profile could 
be assigned to metabolites. Comparison of AMS and HPLC-MS 
data for plasma, urine, and feces are provided in supplemental Ta-
bles S4, S5, and S6, respectively.  

4. DISCUSSION 
 As part of the FIH study, an oral dose of ACT-541468 was 
given together with an orally administered microtracer amount of 
14C-labeled ACT-541468 to investigate the excretion pathways and 
metabolism. In this paper we describe the complex metabolism of 
ACT-541468, a compound that is in clinical development for the 
treatment of insomnia.  

 When comparing the PK of radioactivity of 14C-labeled ACT-
541468 in plasma (i.e., total radioactivity) to those of non-labeled 
ACT-541468, values for Cmax and AUC of 14C-labeled ACT-
541468 were 3- to 4-fold greater and the t½ was 4-fold longer, sug-
gesting that ACT-541468 is extensively metabolized in humans [5]. 
To characterize this metabolism, samples collected at different time 
points and from all 6 participating subjects were pooled to yield 
single cross-subject plasma, urine, and feces samples [15]. Metabo-
lites with a relative abundance as low as 0.1% of the total intensity 
in the HPLC-MS chromatogram could be identified.  
 Following oral administration of 14C-labeled ACT-541468, the 
mass balance results of the FIH study indicated that the cumulative 
recovery of radioactivity in feces and urine was 56.6 and 27.9 %, 
respectively [5]. Results from the present study demonstrate that 
absorbed ACT-541468 is virtually completely excreted in the form 
of metabolites and only small amounts of parent were found in 
feces and urine.  
 ACT-541468 was extensively metabolized and most observed 
metabolic reactions were oxidative transformations that occurred in 
successive steps. The 3 major excretion pathways accounting for 
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approximately 63% (supplemental Table S7, supplemental Fig. S4) 
of total radioactivity were: 
a) Formation of M2 via the cascade M3  M1  M2, i.e., modi-

fication of the benzylic position to the alcohol M3, followed 
by further oxidation to the aldehyde M1 and the acid M2, 

b) Formation of M5 by cleavage of the pyrrolidine ring, which 
led to the formation of an aldehyde intermediate which gener-
ated a 6-membered ring via cyclization with the benzimidazole 
moiety, 

c) Formation of M4 by demethylation of the methoxy-group. 
 Phase II conjugation reactions, i.e., mainly glucuronidation, 
were also observed. Preclinical experiments have shown that cyto-
chrome P450 (CYP) 3A4 accounted for 89% of total turnover in 
vitro with only minor contributions from other enzymes [17]. Other 
dual orexin receptor antagonists, suvorexant and almorexant, are 
also extensively metabolized, mainly by CYP3A4, with 17 and 47 
metabolites identified, respectively [18, 19].  
 Of the 77 metabolites identified in the present study, 25 were 
already known from preclinical experiments. It is currently un-
known whether the 52 newly discovered metabolites represent hu-
man-specific metabolites or were not detected in animals because of 
differences in the sensitivity of the metabolic profiling methods 
employed. For animal metabolic profiling HPLC-MS was applied, 
while AMS used for the clinical study provided greater sensitivity. 
 In human plasma, 3 major circulating metabolites (defined as 
≥10% of total drug-related exposure (AUC) [2] were identified: 
M3, the product of oxidation of the benzylic position to the benzyl 
alcohol moiety, M1, containing the benzaldehyde moiety, generated 
by further oxidation of the benzyl alcohol present in M3, and M10, 

formed either from M3 by oxidative cleavage of the pyrrolidine 
ring at C5 followed by cyclization of the aldehyde intermediate 
onto the benzimidazole moiety, or from parent via M5, wherein the 
first step is the oxidative cleavage of the pyrrolidine core followed 
by cyclization and only then the benzylic methyl group is oxidized 
to the benzylic alcohol moiety (ion chromatograms and high-
resolution mass spectra of ACT-541468 and its major metabolites 
M1, M3, and M10 are provided in the supplemental material Figs. 
S5-S8). Based on preclinical work, these 3 major metabolites show 
much lower affinity to orexin receptors than the parent drug and, 
thus, do not appear to contribute to a significant extent to the phar-
macological effect of ACT-541468 (Idorsia Pharmaceuticals Ltd, 
data on file). In addition, M3 and M10 are strong P-gp substrates 
and are therefore unlikely to cross the blood-brain barrier (Idorsia 
Pharmaceuticals Ltd, data on file). Future clinical studies will need 
to investigate the PK of these metabolites in humans following oral 
administration of ACT-541468.  
 During the course of structural elucidation, it turned out that the 
initial chemical structure of M5 and additional 15 derivatives (A3, 
A14, A17, A19, A25, A33, A36, A37, M7, M10, M17, M21, M29, 
M37, M38, and M40) had to be updated, because the initially en-
visaged 5-membered pyrrolidine scaffold, oxidized at carbon atom 
5, surprisingly represented an unstable hemiaminal. This intermedi-
ate rearranged most probably via the given aldehyde to the pro-
posed structure for M5 (structure assigned by 1D and 2D nuclear 
magnetic resonance spectroscopy; details of this structural rear-
rangement will be published separately) containing the thermody-
namically more stable 6-membered ring annulated to the benzimi-
dazole moiety (Fig. 6 depicts the structural rearrangement). To the 
best of our knowledge, this transformation from a 5- to a 6-
membered ring has not been described before. 
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 Most of the metabolites identified in urine were also observed 
in plasma except for M33, M34, M35, and M39. These compounds 
were all phase II metabolites (the 3 glucuronides M33, M34, and 
M35 and the only sulphate M39). Due to their polarity and molecu-
lar weight, these metabolites are good substrates for renal elimina-
tion, which explains their very low abundance in plasma, i.e., below 
the detection limit employed in this study. 
 In feces, 42 metabolites were identified that had not been de-
tected in plasma or urine. This could be explained by their low 
abundance in plasma and urine, or by the fact that these metabolites 
are products of extensive first-pass metabolism and were excreted 
into the bile before reaching the general circulation. An additional 
role of the microflora in their generation can also not be excluded. 
 It should be noted that the quantification of some metabolites 
was hampered by the co-elution in groups of metabolites. There-
fore, from the radiochromatograms (based on analysis of the plasma 
extract by HPLC, with subsequent AMS analysis of HPLC frac-
tions) it was not always possible to determine the abundance of 
every single metabolite separately. Instead, the relative abundance 
based on the highly sensitive HPLC-MS methodology was calcu-
lated assuming similar ionization efficiency of the different metabo-
lites. The latter is not necessarily the case as the HPLC-MS ioniza-
tion and detection strongly depend on the physicochemical proper-
ties of the detected molecules [20] and, thus, the results from re-
gions with co-eluting metabolites should be interpreted with cau-
tion.  

CONCLUSION 
  Using the innovative approach of integrating the administration 
of a microtracer in combination with AMS into a FIH study, the 
human metabolism of ACT-541468 has been elucidated already 
very early in the clinical development of this compound. It was 
shown that ACT-541468 is extensively metabolized in humans to at 
least 77 metabolites predominantly by oxidative transformations. 

LIST OF ABBREVIATIONS 
ADME = Absorption, Distribution, Metabolism, and Excretion 
AIF = All Ion Fragmentation 
AMS = Accelerator Mass Spectrometry 
AUC = Area Under the Curve 
dpm = Disintegrations Per Minute 
EP = Extended Plasma Regions 
FIH = First-In-Humans 
HPLC = High Performance Liquid Chromatography 
MS = Mass Spectrometry 
PK = Pharmacokinetics 
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Pharmacokinetics and Pharmacodynamics of the Dual Orexin
Receptor Antagonist Daridorexant in Japanese

and Caucasian Subjects
Clemens Muehlan, MSc,* Rob Zuiker, MD,† Pierre Peeters, PhD,†

Racheal Rowles, MRes,* and Jasper Dingemanse, PhD*

Abstract:
Purpose/Background: Daridorexant is a dual orexin receptor antago-
nist in development for the treatment of sleep disorders. Thus far, it has
not yet been studied in Japanese subjects. Study objectives were to evaluate
the pharmacokinetics (PK), pharmacodynamics (PD), and safety of single-
and multiple-dose administration of daridorexant in healthy Caucasian and
Japanese subjects.
Methods/Procedures: This was a double-blind, placebo-controlled,
randomized study. Subjects received once-daily doses of daridorexant (25
or 50 mg) or placebo for 5 days. Pharmacokinetics and safety were inves-
tigated using standard assessments. To assess PD effects, a battery of tests
(saccadic peak velocity, body sway, adaptive tracking performance, and vi-
sual analog scales for alertness, mood, and calmness), known to be sensi-
tive to sleep-promoting drugs was used.
Findings/Results: On day 1, PK variables were similar between Cauca-
sian and Japanese subjects. On day 5, slight accumulation occurred in Jap-
anese but not in Caucasian subjects, resulting in a higher maximum
concentration (1403 vs 1006 ng/mL) and area under the curve (8256 vs
6306 ng·h/mL) at a dose of 50 mg, whereas values for time to maximum
concentration and half-lifewere similar. Daridorexant dose-dependently re-
duced vigilance, attention, visuomotor coordination, and postural stability.
Pharmacokinetic effects were detectable within 1 hour after drug adminis-
tration and returned to baseline 4 to 8 hours postdose. Overall, Japanese
showed slightly larger PD effects and reported more adverse events than
Caucasians. The most frequently reported were somnolence, fatigue, and
headache. Changes in other safety assessments were unremarkable.
Implications/Conclusions: The PK, PD, and safety profile of daridorexant
were similar in Japanese and Caucasian subjects.

Key Words: daridorexant, ACT-541468, orexin receptor antagonist,
pharmacokinetics, pharmacodynamics, safety, Caucasian, Japanese,
ethnicity, insomnia

(J Clin Psychopharmacol 2020;40: 157–166)

P ossible effects of ethnicity on the efficacy and safety of drugs
have been under investigation in drug development for a long

time. A survey of the participation of ethnic groups in clinical tri-
als and ethnicity-related labeling among the 185 new chemical en-
tities approved between 1995 and 1999 by the Food and Drug
Administration showed that an overwhelming majority (88%) of
enrolled subjects were Caucasian, but ethnicity could only be

determined for 47% of subjects.1 According to Evelyn et al,1 in
less than 50% of the labels, a statement regarding ethnicity was in-
cluded and in only 1 a different initial dose for a specific ethnic
group was recommended. Nowadays, the influence of ethnicity
is an integral part of any drug development program because it
has become increasingly clear that ethnic differences might be
present with regard to pharmacokinetics (PK) or pharmacodynamics
(PD) of a drug that may warrant dose adjustment.2,3 Further specific
studies often need to be performed if pharmaceutical companies de-
sire to market their products in Eastern Asian countries. One of such
studies is described in the present report: a comparative PK, PD, and
safety study of daridorexant in Japanese and Caucasian subjects.

Daridorexant (ACT-541468) is a new dual orexin receptor
antagonist (DORA) in development for the treatment of insom-
nia.4,5 The physiochemical properties of daridorexant including
the molecular weight and chemical structure have been published
previously.4 The sleep disorder insomnia may be defined as dif-
ficulty falling asleep and/or staying asleep. It is estimated that
approximately 30% of people in theWestern world have 1 or more
symptoms of insomnia.6,7 The presence of insomnia reduces a
person's quality of life and is associated with numerous health
problems.6–9 The pathophysiology of insomnia is unknown, but
several risk factors have been identified such as age and sex with
insomnia beingmore prevalent inwomen and the elderly.6 Ethnicity
may also play a role, as in the Eastern Asian populations of China
and Japan the prevalence of insomnia is only 15% to 21%.10,11

Symptomatic treatment of insomnia may be through pharmacother-
apy12,13 or nonpharmacologically.14

Dual orexin receptor antagonists are the newest class of
drugs that has become available to physicians for treating patients
with insomnia, of which almorexant was the first to be investi-
gated in man15 and suvorexant the first to be approved for market-
ing.16 The neuropeptides orexin A and B are important regulators
of wake and rapid eye movement sleep.17,18 These neuropeptides
exert their actions via binding to orexin-1 and orexin-2 receptors,
which are both inhibited by daridorexant and thus promote sleep
in animals and humans.4,19

During the initial clinical pharmacology program, after
single-ascending dose administration (5–200 mg), including a
microtracer administered orally and intravenously, the PK of
daridorexant was characterized by quick absorption and elimi-
nation, with median time to reach maximum plasma concentra-
tion (tmax) of 0.8 to 2.8 hours, mean terminal half-life (t1/2) of
5.9 to 8.8 hours, clearance of 5.0 L/h, and volume of distribution
of 31 L. The absolute bioavailability was 62%, and the increase in
exposure over the dose range tested was close to dose propor-
tionality.5 Daridorexant is a substrate of the cytochrome P450
isoenzyme 3A4,20,21 and presence of a high-fat high-calorie meal
decreased the maximum plasma concentration (Cmax) by 24% and
delayed tmax by approximately 2 hours without affecting the area
under the curve (AUC) and t1/2.

20 After multiple-dose administra-
tion, no relevant accumulation occurred.19,20
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The 3 major metabolites identified in plasma (M1, M3, and
M10) showmuch lower affinity to orexin receptors than the parent
drug and do not appear to contribute to a significant extent to the
pharmacological effect of daridorexant.21 The exposure to these
metabolites was also investigated in the present study because it
allowed multiple-dose characterization.

MATERIALS AND METHODS

Subjects
The eligibility of the subjects was determined during a

screening process to ensure good health, that the subject satisfied
all inclusion criteria, and that they did not meet any of the exclu-
sion criteria. Standard safety assessments as physical examination,
vital signs, electrocardiogram (ECG) recording, and clinical

chemistry were part of this process. Subjects had to be healthy
Caucasian or Japanese, male or female (1:1 sex ratio) between
20 and 50 years of age with a body mass index (BMI) between
18 and 26 kg/m2. Japanese subjects were required to be of native
Japanese descent (all 4 grandparents had to be Japanese), not to
have been away from Japan for more than 10 years and have a
Japanese lifestyle.

Japanese subjects were contacted with the help of a recruit-
ment company (UK Chiken Services Ltd, Great Sampford,
United Kingdom) that is specialized in the recruitment of Asian
subjects into clinical trials. All involved UK Chiken staff were
trained on the standard operating procedures of the contract research
organization, to work alongside the clinical team of the contract re-
search organization during study conduct. UK Chiken provided a
24-hours translator service and freshly cooked Japanese meals on
a daily basis during the study. In addition, a Japanese-speaking

TABLE 1. Summary of Demographic Characteristics

Japanese Caucasian

25 mg
Daridorexant

(n = 9)

50 mg
Daridorexant

(n = 8)
Placebo
(n = 4)

25 mg
Daridorexant

(n = 8)

50 mg
Daridorexant

(n = 8) Placebo (n = 4)

Male, n (%) 4 (44.4) 4 (50.0) 2 (50.0) 4 (50.0) 4 (50.0) 2 (50.0)
Female, n (%) 5 (55.6) 4 (50.0) 2 (50.0) 4 (50.0) 4 (50.0) 2 (50.0)
Age, mean (SD),
range, y

32.1 (8.7),
21–49

28.1 (3.7),
23–34

31.5 (6.2),
25–39

24.6 (2.1),
21–27

25.1 (2.4),
21–29

29.0 (12.0),
22–47

Weight, mean (SD),
range, kg

61.6 (7.7),
52.2–73.0

59.7 (5.8),
52.0–67.7

59.7 (9.8),
46.4–68.7

74.2 (8.7),
67.3–91.4

72.6 (10.1),
55.3–81.3

67.3 (12.1),
58.5–84.9

Height, mean (SD),
range, cm

164 (7.1),
153–174

163 (8.5),
147–176

167 (9.1),
156–174

180 (7.8),
165–189

181 (9.1),
165–198

172 (8.3),
166–184

BMI, mean (SD),
range, kg/m2

22.9 (1.5),
19.9–24.7

22.4 (2.1),
19.2–25.8

21.2 (1.6),
19.0–22.6

23.1 (2.3),
20.5–25.7

22.0 (2.6),
18.4–26.0

22.7 (2.1),
20.5–25.0

TABLE 2. Summary of Pharmacokinetic Variables of Daridorexant on Day 1 and Day 5

Parameter

Japanese Caucasian

25 mg (n = 8) 50 mg (n = 8) 25 mg (n = 8) 50 mg (n = 8)

tmax, h Median (range) Day 1 1.10 (0.5–3.0) 1.25 (0.5–3.0) 1.25 (1.0–2.0) 0.75 (0.5–2.0)
Median (range) Day 5 1.85 (1.0–3.7) 1.00 (1.5–3.0) 1.00 (1.0–2.0) 2.25 (2.0–4.0)

Cmax, ng/mL Geom mean (95% CI) Day 1 737 (519–1047) 1183 (974–1439) 740 (491–1116) 1215 (883–1673)
Arithm mean (SD) 788 (269) 1209 (248) 815 (353) 1284 (404)

Geom mean (95% CI) Day 5 977 (739–1292) 1403 (1147–1715) 903 (588–1387) 1006 (856–1387)
Arithm mean (SD) 1029 (373) 1437 (325) 996 (406) 1022 (197)

AUC0–24, ng·h/mL Geom mean (95% CI) Day 1 3871 (2632–5692) 6756 (5792–7880) 4449 (2984–6633) 5741 (4725–6976)
Arithm mean (SD) 4237 (1873) 6857 (1275) 4869 (2019) 5885 (1460)

Geom mean (95% CI) Day 5 5242 (3816–7200) 8256 (6439–10,584) 4673 (3017–7237) 6306 (5000–7954)
Arithm mean (SD) 5564 (1955) 8631 (3183) 5199 (2340) 6528 (1892)

t1/2, h Geom mean (95% CI) Day 1 8.7 (8.1–9.4) 7.2 (5.7–9.0) 7.6 (5.4–10.9) 6.0 (4.2–8.5)
Arithm mean (SD) 8.7 (0.8) 7.4 (2.0) 8.3 (3.5) 6.5 (2.8)

Geom mean (95% CI) Day 5 8.2 (7.1–9.6) 6.8 (5.2–8.9) 7.2 (5.1–10.2) 5.6 (4.3–7.2)
Arithm mean (SD) 8.3 (1.6) 7.1 (2.3) 7.8 (3.4) 5.9 (1.8)

AI, based on AUC0–24 Geom mean (95% CI) 1.5 (1.1–3.2) 1.3 (0.9–2.6) 1.1 (0.9–1.3) 1.1 (0.8–1.4)
Arithm mean (SD) 1.5 (0.7) 1.3 (0.5) 1.1 (0.1) 1.1 (0.2)

Data are expressed as geometric mean (95% CI) and arithmetic mean (SD), except for tmax, which is expressed as median (range). The AI was estimated
by the geometric mean ratio of AUC0–24 on day 5/day 1.

Arithm indicates arithmetic; geom, geometric.
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physician was present at site to assist with the informed consent
process and screening activities. The Japanese subjects were re-
cruited from all over Europe.

Subjects could not participate in the study if they had a history
or clinical evidence of any disease and/or existence of any surgical
or medical condition, which might affect the PK of daridorexant, if
they were smoker and/or consumed greater than or equal to 800 mg
of caffeine per day, if they were treated with any medication within
2 weeks (or 5 t1/2 whichever was longer) before first study drug ad-
ministration, or if they had a modified Swiss Narcolepsy Scale
(mSNS22) total score of less than 0 at screening or history of narco-
lepsy or cataplexy. Females of childbearing potential were required
to have a negative pregnancy test at screening and on day −1 aswell
as to use a reliable method of contraception from screening until
90 days after last study drug intake.

Study Design
This was a single-center, double-blind, placebo-controlled,

randomized study. Oral doses of 25 and 50 mg were investigated

consecutively each in a new group of subjects, 8 Japanese/
Caucasian subjects received daridorexant, and 2 Japanese/
Caucasian subjects received matching placebo. Study drug
was administered once daily under fasted conditions in the
morning for 5 days (clinicaltrials.gov, NCT03101189).

This study was conducted at the Centre for Human Drug
Research (CHDR), Leiden, the Netherlands, in full conformance
with the principles of the Declaration of Helsinki and with the
applicable laws and regulations of the Netherlands. The protocol
and informed consent form were reviewed and approved by an
independent ethics committee (Foundation Beoordeling Ethiek
Biomedisch Onderzoek, Assen, The Netherlands; approval num-
ber, NL60227.056.17) and the Dutch health authorities before
study start. Each subject signed the informed consent form be-
fore the first study assessment.

Pharmacokinetic Assessments and Bioanalysis
Serial blood samples for the measurement of daridorexant

and 3 major metabolites (M1, M3, and M10) were collected on

FIGURE 1. Arithmetic mean (SD) plasma concentration-time profiles of daridorexant after oral administration of 25 and 50 mg daridorexant
once daily for 5 days to Japanese and Caucasian subjects in the fasted state (n = 8 per group). Study drug administration for 5 days.
Pharmacokinetic profiles were established on day 1 and day 5; the values at 24 hours, 48 hours, 72 hours, and 96 hours are predose.
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day 1 from predose until 24 hours (= predose day 2) postdose,
predose on days 3 and 4, and from predose until 48 hours after
the last study drug administration on day 5. The plasma concentra-
tions of the 4 analytes were measured using 2 validated liquid
chromatography methods with tandem mass spectrometric detec-
tion, 1 each for parent compound and the metabolites. Details of
the method for measuring the parent compound daridorexant were
previously published.5 In the present study, the interbatch preci-
sion was 5.0% or less, whereas the interbatch accuracy was in
the range from 0.6% to 0.8%. The metabolites and the internal
standards, deuterated analogs of each metabolite, were extracted
by protein precipitation using a mixture of acetonitrile and 2.5%
1 M hydrochloride acid (1:1, vol/vol). After protein precipitation,
the samples were centrifuged for 20 minutes at 3250g and 4°C,
120 μL of the supernatants were transferred into a microtiter plate,
and aliquots of 5 μLwere injected onto the high-performance liquid
chromatography column. The chromatographic system consisted
of a pump and an analytical column (Kinetex column C18,
50 � 3.0 mm, inner diameter of 2.6 μm; Phenomenex, Torrance,

CA). Mobile phases to elute the column consisted of water contain-
ing 0.1% formic acid (v/v) and acetonitrile containing 0.1% formic
acid (v/v). Mass spectrometric detection was performed with an
API 4000 mass spectrometer (AB Sciex, Brugg, Switzerland)
operating in electron spray-ionization positive-ion mode. Sam-
ples were quantified using peak area ratios. The method was lin-
ear in the concentration range of 2.0 to 2000 ng/mL with a limit
of quantification of 2.0 ng/mL. In the present study, the perfor-
mance of the method was characterized by an interbatch preci-
sion of 7.2% or less and an interbatch accuracy in the range
from −1.4% to 3.3% when taking all 3 analytes together.

For PK analysis, concentrations below the limit of quantifi-
cation were set to 0. The PK variables Cmax and tmax; the exposure
during a dose interval, that is, the AUC from time 0 to 24 hours
(AUC0–24h); and t1/2 were determined noncompartmentally
using Phoenix WinNonlin (version 6.4; Pharsight Corporation,
Mountain View, CA). These PK variables were determined on
day 1 and day 5 for daridorexant and on day 5 for the metabo-
lites M1, M3, and M10. The accumulation index (AI) of

TABLE 3. Exploration of the Effect of Ethnic Group on the PK of Daridorexant (Without and With Correction for Body Weight)

Dose Day Statistics Cmax, ng/mL·kg AUC0–24, ng·h/mL·kg

Effect of ethnic group on daridorexant exposure parameters
25 mg 1 n 16 16

Ratio of geometric means (J/C) 0.995 0.870
90% CI of the ratio 0.6656–1.4882 0.575–1.315

P value 0.933 0.562
5 n 16 16

Ratio of geometric means (J/C) 1.081 1.121
90% CI of the ratio 0.739–1.583 0.750–1.677

P value 0.721 0.623
50 mg 1 n 16 16

Ratio of geometric means (J/C) 0.973 1.176
90% CI of the ratio 0.736–1.287 0.978–1.415

P value 0.869 0.143
5 n 16 16

Ratio of geometric means (J/C) 1.395 1.309
90% CI of the ratio 1.151–1.690 1.01–1.686

P value 0.0086* 0.0821
Effect of ethnic group on daridorexant exposure parameters after correction for body weight
25 mg 1 N 16 16

Ratio of geometric means (J/C) 0.839 0.734
90% CI of the ratio 0.539–1.307 0.471–1.141

P value 0.498 0.237
5 n 16 16

Ratio of geometric means (J/C) 0.912 0.946
90% CI of the ratio 0.6100–1.3656 0.621–1.440

P value 0.695 0.820
50 mg 1 n 16 16

Ratio of geometric means (J/C) 0.803 0.970
90% CI of the ratio 0.603–1.070 0.816–1.154

P value 0.200 0.768
5 n 16 16

Ratio of geometric means (J/C) 1.151 1.0801
90% CI of the ratio 0.928–1.426 0.820–1.421

P value 0.267 0.628

J indicates Japanese (test); C, Caucasian (reference).

*P < 0.05.
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daridorexant was calculated based on exposure (AUC0–24h day

5/AUC0–24h day 1).

Pharmacodynamic Assessments
The central nervous system depressant effects of daridorexant

were assessed using a validated test battery (Neurocart; CHDR,
Leiden, the Netherlands) as previously described.5,23 Assessments
have been proven sensitive toDORAs5,24 and included body sway,
saccadic peak velocity, adaptive tracking performance, and subjec-
tive alertness, mood, and calmness. A training session was part of
the screening process, and on day 1 and day 5, the different PD tests
were performed predose and at 0.5, 1, 2, 3, 4, 6, 8, and 10 hours
after study drug intake.

Safety Assessments
Tolerability and safety were investigated by recording of vital

signs (blood pressure, pulse rate, body temperature), 12-lead
ECG, adverse events (AEs), physical examination, and clinical
laboratory variables (clinical chemistry, hematology, urinalysis,
virus serology, drugs of abuse and alcohol screen, and pregnancy
test for women of childbearing potential).

Furthermore, the mSNS22 and a brief motor questionnaire
were used to screen for the occurrence of behavioral symptoms
that may be associated with narcolepsy. The mSNS was com-
pleted by the subjects at screening, whereas the brief motor ques-
tionnaire was completed 24 hours postdose after (each) study drug
administration and at end of study.

Statistical Analyses
The PK variables were summarized using descriptive statis-

tics. Differences between Japanese and Caucasian subjects for
AUC0–24h,Cmax, and t½were explored using the ratio of geometric
means and its 90% confidence interval (CI) with Caucasians as
reference. Differences between ethnic groups for tmax were ex-
plored using the median difference and its 90% CI.

A priori, a relative difference in geometric means between
the 2 ethnic groups of approximately 25% for both Cmax and
AUC0–24 could be detected with a power of 80%.

Contrasts for each PD endpoint were reported along with
95% CI. For analysis of the PD effects, subjects receiving pla-
cebo were grouped. Effects on the PD variables were analyzed
by mixed model with dose, time, and dose by time as fixed ef-
fects, with subject as random effect, and with the baseline
value as covariate. Pharmacodynamic effects were also

FIGURE 2. Arithmetic mean (SD) plasma concentration-time profiles of daridorexant and its metabolites on day 5 after oral administration of
50mg daridorexant once daily for 5 days to Japanese and Caucasian subjects in the fasted state (n = 8 per group). The insert shows the first
12 hours after study drug administration.
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assessed on the basis of mean changes from baseline (±SD)
over the 10-hour period. Safety and tolerability data were
analyzed descriptively.

RESULTS

Subjects
Of the 41 enrolled subjects, 21 were Japanese (11 females

and 10 males) and 20 were Caucasian (10 males and females).
The Japanese and Caucasian subjects had a mean (range) age of
30.0 (21–49) years and 25.9 (21–47) years, respectively. The average
body weight of the Japanese subjects was lower (60.5 kg vs 71.5 kg),
whereas the BMI was similar (22.4 kg/m2 vs 22.3 kg/m2) when
compared with Caucasian subjects (Table 1). All 41 subjects
who were enrolled received at least 1 dose of study treatment
and thus were included in the safety analysis. On day 1, 1 female
Japanese subject (on 25 mg) decided to prematurely discontinue
the study because she experienced AEs of somnolence and
short-lasting sleep paralysis of moderate intensity. This subject
was excluded from the PK and PD analyses because pivotal as-
sessments were missing. This subject was replaced to complete
the Japanese group. Another female subject (Caucasian on
25 mg) discontinued the study on day 5 (after last dosing) be-
cause of symptoms of gastroenteritis. All other subjects completed
the study as per protocol.

Pharmacokinetics
The PK parameters and plasma concentration-time profiles

of daridorexant after multiple-dose oral administration of 25 or
50 mg once daily to healthy young Japanese and Caucasian adults
in the morning in the fasted state are shown in Table 2 and

Figure 1, respectively. In both dose groups, daridorexant was
quickly absorbed with median tmax values of about 1 to 2 hours.
After attainment of Cmax, plasma concentrations of daridorexant
quickly decreased in a biphasic manner. The terminal elimination
phase was characterized by a geometric mean t½ ranging from 7.2
to 8.7 hours in Japanese subjects and from 6.0 to 7.6 hours in
Caucasian subjects.

Visual inspection of the daridorexant trough concentrations
indicated that steady state was reached within 2 to 3 days
(Fig. 1). On day 5, values for median tmax and geometric mean
t½ were largely similar when compared with day 1 for both ethnic
groups. After multiple-dose administration, accumulation was
minimal in Caucasian subjects as evidenced by values for mean
AI (based on AUC0–24) of 1.1 for both doses, whereas the mean
AI ranged from 1.3 to 1.5 in Japanese subjects.

A similar trend for higher exposure to daridorexant in
Japanese was observed when comparing male Japanese and
Caucasian subjects and female Japanese and Caucasian sub-
jects. However, when Cmax and AUC values were corrected
for body weight, the slightly higher exposure to daridorexant
(day 5 at 50 mg) in Japanese versus Caucasian subjects was no
longer statistically significant (Table 3).

Plasma concentrations of parent daridorexant were higher
than those of the metabolites (Fig. 2). On day 5 and in both eth-
nic groups, Cmax values of the metabolites were lower com-
pared with parent compound, with the highest Cmax observed
for M3, followed by M1 and M10 (Table 4). Median tmax values
and the elimination t½ were longer for all 3 metabolites when
compared with parent compound. However, exposure as mea-
sured by AUC0–24h was similar for M3 and parent compound
in both ethnic groups but lower for the other 2 metabolites.
Similar to parent drug, exposure to all 3 metabolites tended to

TABLE 4. Summary of Pharmacokinetic Variables of theMetabolitesM1,M3, andM10AfterOral Administration ofDaridorexant onDay 5

Parameter

Japanese Caucasian

25 mg (n = 8) 50 mg (n = 8) 25 mg (n = 8) 50 mg (n = 8)

tmax, h M1 Median (range) 4.5 (2.5–8.0) 4.0 (1.5–8.0) 6.0 (1.5–8.0) 5.0 (3.0–8.0)
M3 Median (range) 2.5 (1.5–4.0) 2.5 (1.5–4.2) 1.8 (1.0–4.0) 3.0 (1.8–4.0)
M10 Median (range) 3.0 (1.8–5.7) 3.0 (2.0–4.2) 3.0 (1.5–4.0) 3.7 (3.0–6.2)

Cmax, ng/mL M1 Geom mean (95% CI) 197 (168–230) 355 (322–393) 169 (137–210) 251 (220–285)
Arithm mean (SD) 200 (38) 358 (41) 174 (43) 253 (39)

M3 Geom mean (95% CI) 481 (413–560) 825 (737–924) 427 (348–523) 553 (496–616)
Arithm mean (SD) 488 (86) 832 (111) 438 (103) 557 (74)

M10 Geom mean (95% CI) 81 (67–96) 144 (106–194) 63 (56–70) 99 (80–122)
Arithm mean (SD) 82 (17) 152 (53) 63 (9) 102 (25)

AUC0–24, ng·h/mL M1 Geom mean (95% CI) 3238 (2608–4021) 5485 (4791–6280) 2791 (1998–3900) 3708 (3109–4422)
Arithm mean (SD) 3333 (847) 5546 (861) 2977 (1062) 3783 (851)

M3 Geom mean (95% CI) 5080 (3813–6768) 8533 (7309–9963) 4657 (3217–6742) 5923 (4925–7125)
Arithm mean (SD) 5335 (1705) 8663 (1615) 5043 (2030) 6053 (1368)

M10 Geom mean (95% CI) 937 (770–1141) 1700 (1146–2523) 740 (603–909) 1090 (784–1514)
Arithm mean (SD) 960 (227) 1863 (793) 760 (184) 1165 (465)

t1/2, h M1 Geom mean (95% CI) 12.3 (9.8–15.5) 10.8 (8.5–13.6) 12.0 (8.4–17.1) 9.6 (7.4–12.4)
Arithm mean (SD) 12.8 (4.1) 11.1 (3.1) 12.9 (5.1) 10.0 (3.2)

M3 Geom mean (95% CI) 11.4 (9.3–14.0) 9.8 (7.3–13.2) 10.7 (7.7–15.0) 8.7 (6.9–11.0)
Arithm mean (SD) 11.8 (3.0) 10.4 (3.7) 11.5 (4.4) 9.0 (2.6)

M10 Geom mean (95% CI) 10.4 (8.8–12.3) 9.9 (7.7–12.5) 9.7 (7.3–12.7) 8.0 (6.4–10.0)
Arithm mean (SD) 10.6 (2.2) 10.2 (2.8) 10.1 (3.3) 8.2 (2.2)

Data are expressed as geometric mean (95% CI) and arithmetic mean (SD), except for tmax, which is expressed as median (range).

Arithm indicates arithmetic; geom, geometric.
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be higher in Japanese when compared with Caucasian subjects,
and this was most notable in the 50-mg dose group (Table 4).

Pharmacodynamics
At doses of 25 and 50 mg, the f indings revealed dose-

dependent maximum mean (SD) effects on the objective

PD variables saccadic peak velocity, adaptive tracking,
and body sway (Fig. 3, Table 5). The onset of effect on
the objective PD measures was within 1 hour after study
drug administration, with the maximum mean effect observed
at around 1 to 2 hours postdose and return to baseline at ap-
proximately 4 to 8 hours postdose, with more pronounced

FIGURE 3. A, Effect of daridorexant on body sway and saccadic peak velocity after administration of 25 and 50 mg daridorexant or placebo
once daily for 5 days to Japanese and Caucasian subjects in the fasted state. Data are expressed as arithmetic mean (SE) change from
baseline (n = 8/2 active/placebo per group). B, Effect of daridorexant on adaptive tracking and VAS alertness after administration of 25 and
50mg daridorexant or placebo once daily for 5 days to Japanese and Caucasian subjects in the fasted state. Data are expressed as arithmetic
mean (SE) change from baseline (n = 8/2 active/placebo per group). VAS, visual analog scale.
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effects observed at 50 mg. No clear differences between day 1
and day 5 were observed.

When compared with Caucasian subjects, small differences
in the effects of daridorexant on the objective PD variables in
Japanese subjects were noted. Occasionally, the maximum ef-
fect occurred earlier and was larger in Japanese subjects. This
was mainly observed for body sway, saccadic peak velocity,
and adaptive tracking in the 25-mg dose group (Figs. 3A, B).

When measuring effects on the subjective variable alertness
(mood and calmness not shown) as assessed by the corresponding
visual analog scale, administration of daridorexant resulted in
slightly different effects in the 2 ethnic groups. In Japanese, effects
on subjective alertness at 25 and 50 mg were similar to the effects
observed in the placebo group, whereas Caucasians at 25 and
50 mg showed a more pronounced decrease in alertness when
compared with placebo (Fig. 3B, Table 5).

Some small differences between male and female subjects
with respect to the PD effects of daridorexant were noted; however,
no clear trend for an influence of sex on the PD of daridorexant
could be observed (data not shown).

Safety and Tolerability
During the study, a total of 164 treatment-emergent AEswere

reported, which are summarized in Table 6. The AEs of special in-
terest such as somnolence, fatigue, disturbance in attention, and
sleep paralysis occurred in general more frequently in Japanese
than Caucasian subjects. Two female Japanese subjects in the
25-mg dose group reported sleep paralysis on day 1 and day 5.
The first subject discontinued the study on day 1, and the second
subject completed the study without any further AEs. No serious
AEs or AEs of severe intensity occurred during the study. Of the
164 AEs, 4 were rated as moderate in intensity, whereas the re-
mainder was rated as mild by the investigator. In total, 138 AEs
including all cases of somnolence and sleep paralysis were con-
sidered as related to study treatment. No clear differences between

males and females in either ethnic group were noted regarding
reporting of AEs.

No clinically relevant changes occurred during the study
with respect to physical examination, vital signs, ECG recordings,
and clinical laboratory variables.

DISCUSSION
This was a double-blind, placebo-controlled study compar-

ing the PK, PD, safety, and tolerability of daridorexant in Japanese
and Caucasian healthy subjects. It was the first study in the clini-
cal development of daridorexant specifically designed to explore
effects of ethnicity on the PK, PD, and safety profile of the drug.

After single-dose administration on day 1 of the study, the
PK properties of daridorexant were similar between Japanese
and Caucasian subjects. The significantly higher accumulation
in Japanese subjects (mean AI of 1.3 and 1.5 at 25 and 50 mg in
Japanese vs 1.1 at both doses in Caucasians) was mainly caused
by a more pronounced accumulation in 1 Japanese subject in each
group with individual AI values of 2.6 and 3.2 at 25 and 50 mg,
respectively. The higher exposure in these subjects did not trans-
late into stronger PD effects or higher AE incidence. Notably, de-
creasedCmax values were observed, specifically on day 5 at 50 mg
in most Caucasian subjects, which could not readily be explained.
In vitro studies and results from a clinical drug-drug interaction
study20 have not shown any signs of (auto)-induction potential
of daridorexant, which in theory could explain the observed lower
Cmax values after multiple dosing. Furthermore, in a previous
multiple-dose study using doses of 10 to 75 mg once daily,
AUC values were similar on both day 1 and day 5 with no appar-
ent accumulation, which is in line with the findings observed in
Caucasian subjects in the present study.19 Based on the low num-
ber of subjects, it can be assumed that the observed lower Cmax

values on day 5 when compared with day 1 in the 50-mg Cauca-
sian dose group represent a chance finding.

TABLE 5. Effect of Daridorexant on Body Sway, Saccadic Peak Velocity, Adaptive Tracking, and VAS Alertness After Administration of
25 and 50 mg of Daridorexant or Placebo Once Daily for 5 Days to Japanese and Caucasian Subjects in the Fasted State

Placebo 25 mg 50 mg Placebo 25 mg 50 mg

n 4 8 8 4 8 8

Parameter Japanese Caucasian

Body sway, mm (SD) Day 1 3 138 172 −3 79 185
27 194 110 90 84 63

Day 5 −23 101 389 4 67 94
60 106 314 47 98 86

Saccadic peak velocity, degree/s (SD) Day 1 −38 −76 −64 −12 −27 −60
43 32 70 23 45 32

Day 5 −22 −76 −87 −21 −31 −63
14 81 18 31 37 63

Adaptive tracking, % (SD) Day 1 1 −5 −13 1 −1 −9
2 6 7 2 4 9

Day 5 −1 −6 −16 0 −4 −7
3 6 8 1 5 10

VAS alertness, % (SD) Day 1 −3 −4 −2 −2 −5 −7
6 3 3 5 8 5

Day 5 −4 −4 −5 −1 −8 −5
5 4 6 4 7 4

Presented are mean maximum (SD) changes from baseline.

VAS indicates visual analog scale.
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Similar to reported findings with almorexant,25 the inter-
subject variability of PK parameters observed in the present study
was high. The 90% CI values of the ratio of the geometric means
for AUC, Cmax, and t½ were mostly outside the standard limits for
bioequivalence (0.80–1.25), and thus, because of the high vari-
ability, the small PK differences between the 2 ethnic groups seem
to be coincidental and not clinically relevant.

Although BMI values of the 2 ethnic groups were similar
(Table 1), the Caucasian subjects were on average approximately
11 kg heavier than the Japanese subjects of the same dose group.
After exploration of the exposure parameters Cmax and AUC after
correction for body weight, the slightly higher exposure to
daridorexant (at 50 mg) in Japanese versus Caucasian subjects
was no longer present (Table 3).

It should be noted that a similar interindividual variability
in combination with no relevant PD differences between Japa-
nese and Caucasian subjects was also reported for the DORA
almorexant.25 Based on an extensive literature review pub-
lished by Kim et al,26 ethnic differences in drug-binding to
plasma proteins that could contribute to differences in exposure
cannot be completely excluded. Plasma protein binding to albu-
min and α1-acid glycoprotein is one of the most crucial factors
affecting drug PK,26 and it has been shown that East Asians
may have a higher unbound fraction of drugs when compared
with Caucasians.26,27

It is interesting to note that, despite the reported similar PK,
the starting dose of suvorexant is 20 mg in Japan, whereas it is
10 mg in the United States. This, however, is most likely due to
insufficient available data on the 10-mg dose in the Japanese pop-
ulation at the time of registration.28

Higher exposure to the 3 major metabolites M1, M3, and
M10was observed in Japanese versus Caucasian subjects, and this
is most notable in the 50-mg dose group. Although these metab-
olites are antagonists at orexin-1 and orexin-2 receptors, their
potency is 8.1- to 1545-fold lower than that of the parent com-
pound.21 Furthermore, these metabolites are substrates of
P-glycoprotein (Idorsia Pharmaceuticals Ltd, data on file).
P-glycoprotein is an integral part of the blood-brain barrier and

prevents compounds from entering the brain.29,30 Taken together,
these data indicate that the major metabolites of daridorexant do
not play a role in the pharmacological actions of daridorexant,
and hence, the higher exposure to the metabolites observed in Jap-
anese subjects is not of clinical importance.

In this study, the subjects performed a battery of objective
and subjective PD tests to assess the effects of daridorexant on
motor and cognitive functions of the central nervous system, that
is, reduced vigilance and attention, as well as visuomotor coordi-
nation and postural stability. In both ethnic groups, administration
of daridorexant caused an increase in body sway and a decrease in
saccadic eye movement and adaptive tracking, whereas results on
subjective alertness were inconsistent. The observed effects were
slightly greater and maximum mean PD effects occurred earlier
in Japanese subjects, most notably in the 25-mg dose group. Be-
cause exposure to daridorexant in the 25-mg dose group was sim-
ilar in both ethnic groups, the observed differences in PD are
unlikely attributable to differences in PK. Differences could rather
be linked to the inherent variability of these PD measurements
when assessed in small cohorts of 8 subjects, as shown by the
large SDs in Figure 3 and Table 5. Another explanation is that
Japanese subjects are slightly more sensitive to the pharmaco-
logical actions of daridorexant. Such increased sensitivity of
Asians has been shown for antipsychotic drugs leading to the
use of lower doses.31 Greater PD effects in the 50-mg dose
group could possibly also be related to the somewhat higher expo-
sure to daridorexant measured in these subjects when compared
with Caucasian subjects. Overall, the observed differences in the
onset of effects, maximum response, and duration of effects on
objective variables between Japanese and Caucasian subjects were
small. Differences on the visual analog scale subjective alertness
could be attributed to the unusual placebo response observed in
Japanese, with effects similar to those observed in subjects in
the active treatment group (Fig. 3, Table 5).

Also, possibly related to the hypothesized increased sensitiv-
ity to daridorexant and/or to the somewhat higher exposure to
daridorexant measured in Japanese subjects is the increased fre-
quency of reporting by these subjects when compared with

TABLE 6. Summary of Treatment-Emergent AEs After Oral Administration of Daridorexant

Preferred Term

Japanese Caucasian

25 mg (n = 9) 50 mg (n = 8) Placebo (n = 4) 25 mg (n = 8) 50 mg (n = 8) Placebo (n = 4)

AEs n AEs n AEs n AEs n AEs n AEs n

Total AEs/subjects with at least 1 AE 37 9 46 8 7 2 29 7 42 8 3 2
Somnolence 23 9 36 8 4 2 8 5 22 7 1 1
Fatigue 4 3 1 1 7 4 4 4
Headache 1 1 2 2 1 1 7 4 1 1
Feeling cold 1 1 1 1 3 3
Nausea 1 1 4 3
Disturbance in attention 3 2 1 1
Dizziness 1 1 1 1
Sleep paralysis 2 2
Dry mouth 1 1 1 1
Oropharyngeal pain 1 1 1 1
Back pain 2 2
Insomnia 2 2
Limb discomfort 2 2

Presented are AEs reported in more than 1 subject, shown by frequency. Placebo subjects are analyzed together. Adverse events that occurred only once
are not shown but are counted under total AEs per dose.
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Caucasian subjects of AEs of special interest, that is, those related
to the pharmacological action of daridorexant (blockade of orexin
receptors) such as somnolence, sleep paralysis, and insomnia, but
not fatigue. It should be noted that AEs occurred after study drug
administration in the morning on an empty stomach, during a busy
day with a very dense schedule and only limited time to rest
between assessments.

The analysis of the other safety data did not reveal any clin-
ically significant findings, and it can be concluded that adminis-
tration of daridorexant at doses of 25 and 50 mg was safe and
well tolerated in this study in healthy Japanese and Caucasian sub-
jects. Future studies will need to establish the safety of this com-
pound in patients after longer duration of treatment and explore
the possible development of dependence or abuse liability.

In conclusion, administration of 25 and 50 mg daridorexant
in Japanese and Caucasian subjects was safe and well tolerated.
The PK and PD profiles were largely similar in both groups.
However, consistent with the somewhat higher exposure to
daridorexant measured in Japanese subjects, slightly greater
and earlier maximum PD effects, and more AEs potentially related
to the pharmacological action of daridorexant were observed in all
Japanese subjects when compared with Caucasians (17 Japanese vs
12 Caucasian subjects with at least 1 AE of somnolence). The need
for a possible dose adjustment for daridorexant in Japanese subjects
will be investigated in future clinical trials in patients with insomnia.
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4 DISCUSSION AND CONCLUSIONS 

Five essential components of the clinical pharmacology program of daridorexant (single-

dose clinical pharmacology, multiple-dose clinical pharmacology, ADME, and 

characterization of daridorexant in the elderly and in Japanese subjects) constitute this 

dissertation [1-5]. 

Following oral administration, daridorexant is quickly absorbed and cleared from plasma 

with a terminal t½ of approximately 8 h [1,2,4,5]. These properties are optimal for a sleep-

promoting drug, and, in addition, daridorexant has shown a profile in which PK and PD 

are in accordance, i.e., for a certain dose the extent and duration of effects are explained by 

its PK profile, demonstrated by the observed dose-response relationship for PD variables 

in Phase 1 studies, and for sleep parameters evaluated in Phase 2 [1,2,4-7]. The PK/PD 

profile does not change upon multiple dosing, reflective of the absence of auto-induction, 

auto-inhibition, accumulation, or presence of long-lived active metabolites [2,5].  

Notably, in the entry-into-human trial of daridorexant, besides the collection of 

comprehensive data on safety, tolerability, PK, and PD, a microtracer approach was 

incorporated to accelerate development of this compound. Essentially, investigation of 

ADME properties and an absolute bioavailability study were included, utilizing an orally 

and i.v. administered 14C-labeled microtracer and AMS. To my knowledge, such a wealth 

of data has not yet been generated in a first-in-human study with a drug active on the CNS. 

It was shown that daridorexant is extensively metabolized, with excretion of drug-related 

material (i.e., metabolites) into feces as the major elimination pathway [1,3], and drug 

effects are solely elicited by the parent compound without any relevant contribution from 

the 3 major human metabolites [3,5].  

It has been shown that exposure, i.e., AUC and residual next-morning concentrations, and 

terminal t½ increased slightly in elderly relative to younger subjects [2,4,7]. This is likely 

due to the reduced intrinsic clearance (CYP3A4 metabolic activity) associated with 

increased age [8,9]. However, the observed higher concentrations in the elderly are still 

compatible with the same dosing recommendations in adult and elderly subjects based on 
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the very similar safety profile of daridorexant and, in particular, the absence of residual 

next-morning effects following administration of 25 and 50 mg in both adult and elderly 

subjects in Phase 2 [6,7]. Other intrinsic factors such as special populations, e.g., 

administration of daridorexant to patients with impaired liver and renal function were also 

investigated and results of these studies as well as results from a population PK model are 

expected to be published in 2021. 

It must be noted that the entire clinical pharmacology program for daridorexant comprised 

18 studies, and, obviously, these additional studies generated an amount of data which can 

only be mentioned briefly in the context of this dissertation. Some studies investigated 

extrinsic factors such as the DDI potential and the effect of food on the PK of daridorexant 

[10-12]. Daridorexant has been determined as CYP3A4 substrate but without any 

perpetrator DDI regarding CYP3A4 in humans. However, interactions with inhibitors or 

inducers of CYP3A4 must be taken into account (also discussed further below). Food 

affected absorption of daridorexant (slight delay) without modifying overall exposure. 

An interaction study with ethanol revealed no relevant changes in PK parameters following 

co-administration of daridorexant and ethanol. As expected, following the co-

administration of a sleep-promoting drug with ethanol, reinforced drug actions were 

observed on the evaluated PD battery [12]. 

US regulators require additional safety studies (e.g., human abuse potential, effects on 

simulated driving performance, and evaluation of the potential for QT liability) of 

daridorexant, which have been performed and results will soon be published. Safety and 

tolerability of daridorexant were investigated in all clinical pharmacology as well as in the 

Phase 2 studies. The data generated contribute to the overall favorable benefit/risk balance 

of the drug (at the expected clinical doses of 25 and 50 mg). Special attention was given to 

the potential of residual next-morning effects [6,7]. 

Breathing problems, specifically in overweight people, are often associated with insomnia-

related symptoms, and thus, regulatory authorities expect corresponding safety studies in 

such populations. Therefore, 2 respiratory safety studies were conducted, in which 
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daridorexant did not show any clinically meaningful effect on nighttime respiratory 

function in subjects with moderate chronic obstructive pulmonary disease (COPD) or 

obstructive sleep apnea (OSA) [13,14]. 

The clinical pharmacology program initially selected a dose range of 5 to 50 mg to be 

further investigated in patient trials. However, only the doses of 25 and 50 mg consistently 

provided the desired PD effects, i.e., improved sleep characteristics in terms of onset, 

extent, and duration of sleep in Phase 2 [6,7]. 

The studies presented and the therapeutic concept also have some limitations. Early PK, 

PD, and safety of a drug are typically investigated in relatively small numbers of subjects, 

e.g., typically in 8-10 healthy subjects per dose group, as was the case in the studies 

discussed. Therefore, pharmacovigilance experience with daridorexant is limited, 

specifically at a high exposure following administration of supratherapeutic doses (75 mg 

daridorexant and above were only administered to healthy subjects). Thus, information 

about overdose, rare adverse reactions, or intoxication in patients is currently lacking, 

which highlights the shortcomings of studying drug effects in healthy subjects. 

With regard to the therapeutic concept, potential risks associated with ORAs are 

narcolepsy-like symptoms, e.g., cataplexy, which can be described as a sudden and 

transient episode of muscle weakness accompanied by full conscious awareness, typically 

triggered by emotions such as laughing [15]. It has been shown in a recent preclinical paper 

that narcolepsy-like symptoms can be caused by the acute blockage of the orexin signaling 

pathway in mice following treatment with high doses of ORAs [16]. However, 

translatability and clinical relevance of these results remain unclear and the potential risk 

of narcolepsy-like symptoms requires further research [17]. Regarding the PK interaction 

potential, daridorexant and the other ORAs are all lipophilic drugs that are metabolized 

hepatically, mainly by CYP3A4, resulting in a propensity for interactions with CYP3A4 

inhibitors (e.g., nutrients) and inducers. For example, a dedicated interaction study 

evaluating the effect of grapefruit juice on the PK of ORAs is currently lacking, and thus, 

caution must be advised to patients who consume grapefruit or grapefruit juice, since the 
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duration of the inhibitory effect of grapefruit juice can last 24 h, and repeated juice 

consumption can potentially result in a cumulative increased exposure to ORAs [18].  

As discussed in Chapter 2, the differences in terminal t½ (12 h for suvorexant, 55 h for 

lemborexant, 6–10 h for daridorexant, and 2–3 h for seltorexant, see Figure 4-1), are 

considered relevant, since the ideal sleep drug should have fast onset and a duration of 

action that does not last longer than a night (> 8 h); thus, the t½ should be relatively short 

and accumulation upon multiple dosing must be avoided [19]. 

Figure 4-1 Cmax-normalized concentration-time profiles of suvorexant, 
lemborexant, daridorexant, and seltorexant 

 
The data on the basis of which these profiles were constructed are taken from [20] for suvorexant, [21] for lemborexant, 
[1] for daridorexant, and [22] for seltorexant. The terminal elimination half-life is 12, 55, 6, and 2.5 h, respectively. 
Cmax = maximum plasma concentration. 

Finally, as mentioned in Chapter 1, it is currently unclear whether selective antagonism of 

OX2R (seltorexant) or dual antagonism of orexin receptors (suvorexant, lemborexant, and 

daridorexant) is preferable when treating patients suffering from insomnia. Head-to-head 

comparisons between the different ORAs will shed more light on these questions. 

Based on the available information about suvorexant and lemborexant (published 

literature, clinical trial registers), it is expected that clinicians are eagerly waiting for the 
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approval of daridorexant in order to investigate new indications and treatment concepts by 

means of investigator-initiated trials. This is specifically relevant for Europe, since 

daridorexant will be the first ORA submitted for approval to the European authorities [23].  

Moreover, with daridorexant, it was shown for the first time that a sleep drug can improve 

daytime functioning in insomniac patients [23]. Daytime functioning was assessed based 

on the Insomnia Daytime Symptoms Impacts Questionnaire (IDSIQ), a specific and 

validated PRO instrument covering a range of concepts pertaining to emotional, physical, 

and mental issues, collectively addressing the facets of daytime functioning that have been 

shown to be relevant to patients [24]. 

Soon, dedicated studies will show whether targeting orexin signaling will have the potential 

to be a treatment option in indications other than insomnia. For example, the available 

ORAs have already been investigated in subjects with AD dementia and ISWRD, and more 

data are expected to emerge in the coming years in indications such as fibromyalgia, 

trauma-related insomnia, bipolar disorder, delirium, diabetes, hypertension, shift work, and 

opioid use disorder [25-34]. 

In conclusion, daridorexant is an example of an integrated PK-PD approach to accelerate 

the drug development process that has long been advocated [35]. The integrated PK-PD 

approach utilized in the described clinical pharmacology studies characterized the 

relationship between dose and response at an early stage, thereby helping to facilitate the 

design of the next study. 

Following successful completion of the large Phase 3 program, the totality of the gathered 

data is currently under review by the FDA to obtain marketing approval in the US [23]. 

Thorough review by the regulatory bodies will determine which dose of daridorexant (25 

or 50 mg) is considered to provide the best benefit-risk profile for patients suffering from 

insomnia, and thus will be recommended for marketing authorization. 
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