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Abstract
Background and Objective Daridorexant is a dual orexin receptor antagonist in clinical development for insomnia. As dari-
dorexant is cleared mainly via cytochrome P450 (CYP) 3A4, the effect of hepatic impairment on the pharmacokinetics (PK), 
metabolism, and tolerability of daridorexant was evaluated. Sleep disorders are common in patients with liver cirrhosis and, 
therefore, sleep-promoting drugs with a better tolerability than currently available would be preferable, a premise that dual 
orexin receptor antagonists may fulfill.
Methods This was a single-dose, open-label, phase I study. Subjects with mild (Child–Pugh A, N = 8) or moderate (Child–
Pugh B, N = 8) liver cirrhosis and matched healthy control subjects (N = 8) received 25 mg of daridorexant orally. Blood 
samples were collected for 72 h post-dose for PK assessments of daridorexant and three major metabolites.
Results Compared with healthy subjects, patients showed a decrease in total daridorexant area under the plasma concentra-
tion–time curve from zero to infinity (AUC 0-inf) and maximum plasma concentration with a geometric mean ratio (GMR, 
90% confidence interval [CI]) of 0.51 (0.28–0.92) and 0.50 (0.35–0.72) in Child–Pugh A and 0.74 (0.39–1.41) and 0.42 
(0.29–0.60) in Child–Pugh B patients, respectively. Furthermore, the median time to reach maximum plasma concentra-
tion was slightly delayed (1.0 h [90% CI 0.0–2.0] in Child–Pugh A patients and 0.5 h [90% CI 0.0–1.5] in Child–Pugh B 
patients), while for Child–Pugh B patients, a doubling in half-life was observed (GMR [90% CI]: 2.09 [1.32–3.30]). Con-
sidering the high plasma protein binding (> 99%) and a 1.9-fold to 2.3-fold increase in the unbound fraction in patients, 
the PK of unbound daridorexant was also assessed. Compared with healthy subjects, Child–Pugh B patients had a higher  
AUC 0-inf (GMR [90% CI] 1.60 [0.93–2.73]), a lower apparent plasma clearance (GMR [90% CI] 0.63 [0.37–1.07]), and the 
same doubling in the half-life observed for total daridorexant, whereas maximum plasma concentration and apparent volume 
of distribution were not different. Unbound daridorexant PK in Child–Pugh A patients did not differ from healthy subjects. In 
addition, the metabolic ratios (parent to metabolite), i.e., a marker of CYP 3A4 activity, of the two most abundant daridorex-
ant metabolites were higher in patients with liver cirrhosis compared with healthy subjects. All treatment-emergent adverse 
events were transient and of mild or moderate intensity and no other treatment-related effects were apparent.
Conclusions No safety issue of concern was detected following administration of 25 mg of daridorexant in the study popula-
tion. Moderate liver cirrhosis causes impaired hepatic clearance of unbound daridorexant, which prolongs the half-life. A 
25-mg dose of daridorexant should, therefore, not be exceeded in Child–Pugh B patients. A dose adjustment is not required 
in Child–Pugh A patients, while avoidance of daridorexant in patients with Child–Pugh C cirrhosis is recommended.
Clinical Trial Registration ClinicalTrials.gov ID: NCT03713242.

Extended author information available on the last page of the article

1 Introduction

Orexins A and B were detected in 1998 and identified as 
peptides binding to two G-protein-coupled receptors [1]. 
Orexin A and B are peptides synthesized by orexin neurons, 

which originate in the lateral hypothalamic area and poste-
rior hypothalamus and project into the entire central nervous 
system (CNS) excluding the cerebellum [2]. Importantly, 
they activate the monoaminergic and cholinergic nuclei in 
the brainstem and hypothalamus and thereby regulate sleep 
and wakefulness. Orexins act on orexin receptors, G-protein-
coupled transmembraneous proteins that increase the intra-
cellular calcium level when activated by binding orexin A 
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Key Points 

Daridorexant, a potent and selective dual orexin receptor 
antagonist being developed to treat insomnia, has been 
shown to have a desired effect on sleep onset and sleep 
maintenance in phase II and III studies.

Previous phase I studies have demonstrated that darido-
rexant is mainly metabolized by cytochrome P450 3A4.

By evaluating the tolerability and pharmacokinetics 
of total and unbound daridorexant (as well as of three 
major metabolites) following oral administration of 25 
mg of daridorexant in healthy subjects and patients with 
mild and moderate hepatic impairment (Child–Pugh A 
and B), this study enabled dosing recommendations for 
patients with liver cirrhosis.

The study shows the importance of determining the 
pharmacokinetics of the unbound fraction of highly 
protein-bound drugs in patients with liver cirrhosis.

[M3]), the corresponding aldehyde (ACT-776537 [M1]), 
and ACT-1016-3307 (M10) (Fig. 1). Preclinical experiments 
have shown that cytochrome P450 (CYP) 3A4 accounts for 
approximately 90% of total turnover in vitro with only minor 
contributions from other enzymes [12, 17].

In patients with liver cirrhosis, benzodiazepines or benzo-
diazepine-like drugs (z-drugs) are particularly problematic 
because of the risk of developing hepatic encephalopathy 
[18, 19]. As sleep disorders are common in this population, 
sleep-promoting drugs with a better tolerability would be 
preferable. As DORAs could fulfill this premise, the phar-
macokinetics (PK), metabolism, and tolerability of darido-
rexant in patients with mild (Child–Pugh A) or moderate 
(Child–Pugh B) liver cirrhosis were investigated. Thereby, 
the influence of plasma protein binding on the PK of dari-
dorexant was investigated specifically.

2  Methods

2.1  Clinical Study

This single-center, open-label, single-dose, phase I study 
was planned to be conducted with patients from all three 
Child–Pugh categories (mild [Group A], moderate [Group 
B], and severe [Group C]; N = 8 per group) as well as control 
subjects with normal hepatic function (Group D; matched to 
the group with the most severe hepatic impairment; N = 8) 
[20, 21]. Screening assessments were performed between 1 
and 28 days prior to dosing.

The subjects stayed in the clinic until 24 h post-dose PK 
blood sampling and safety assessments had been performed, 
upon which they could be discharged based on their medical 
condition. An end of study (EOS) examination took place 
72 h after dosing for subjects with hepatic impairment (48 
h post-dose for healthy subjects). For safety considerations, 
dosing in subjects with mild (Group A), moderate (Group 
B), and severe (Group C) hepatic impairment was to be stag-
gered, thus dosing of Group A started first. After an interim 
analysis of PK, safety, and tolerability data of at least six 
subjects with hepatic impairment from the previous group, 
dosing of the next group was started.

The study (ClinicalTrials.gov identifier: NCT03713242) 
was conducted at the University Hospital Basel, Basel, 
Switzerland, and was approved by both the National Health 
Authority of Switzerland (Swissmedic) and the local ethics 
committee (Ethikkommission Nordwest- und Zentralschweiz, 
Basel, Switzerland). The study adhered to the Declaration of 
Helsinki and was conducted according to good clinical prac-
tice. Prior to any study procedure, written informed consent 
was obtained from each participant after adequate explanation 
of the objectives, methods, and potential hazards of the study.

or B. Orexin receptors are distributed in the entire CNS, but 
are found with a high density in the paraventricular nucleus 
of the thalamus, the locus coeruleus, and the dorsal raphe 
nucleus of the brainstem [2–4]. Two orexin receptors have 
been described, orexin-1 and orexin-2  (OX1 and  OX2 recep-
tors), which are expressed at similar sites in the CNS [2, 5]. 
While  OX1 receptors have a higher affinity for orexin A than 
B,  OX2 receptors have a similar affinity for both orexins [6].

Considering that the main function of orexins is to pro-
mote wakefulness [2], the blocking of orexin receptors has 
become a target of intense interest for the development of 
novel sleep medications [7, 8]. Accordingly, suvorexant, the 
first-in-class dual orexin receptor antagonist (DORA) was 
approved by the US Food and Drug Administration and the 
Japanese Health Authorities as a hypnotic agent in 2014, 
while lemborexant has been approved more recently [5].

Daridorexant (ACT-541468) is a DORA for which sev-
eral phase I and II trials have been published and phase 
III trials have been concluded, wherein daridorexant was 
well tolerated with positive effects on sleep parameters and 
without next-morning residual effects [9–16]. Daridorexant 
has an absolute bioavailability of 62% and a terminal half-
life (t½) of approximately 8 h. Following administration of 
14C-labeled daridorexant, the cumulative recovery of radio-
activity from feces and urine was 85%, with fecal excretion 
being the major route of elimination [15]. Daridorexant is 
heavily metabolized in the liver with more than 70 identified 
metabolites [17]. In plasma, the most abundant metabolites, 
which do not significantly contribute to the pharmacological 
effect, are a mono-oxidized benzylic alcohol (ACT-776063 
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2.2  Subjects and Treatment

Healthy subjects (Group D) were defined as such based on 
physical examination, medical history, 12‐lead electrocar-
diogram (ECG), routine hematology, clinical chemistry, and 
urinalysis and were matched to subjects in the group with 
the most severe hepatic impairment studied regarding sex, 
age (± 10 years difference allowed), body weight, and height 
(± 15% difference allowed). The minimum creatinine clear-
ance (according to the Cockcroft–Gault formula) for inclu-
sion was stratified by age and was > 80 mL/min for subjects 
< 50 years of age, > 70 mL/min for subjects 50–60 years of 
age, and > 60 mL/min for subjects 61–75 years of age [22]. 
Subjects with clinical evidence of any disease or any surgi-
cal or medical condition with a potential to interfere with 
the absorption, distribution, metabolism, or excretion of the 
study drug except for those related to liver cirrhosis (e.g., 
herniotomy, cholecystectomy allowed) were not enrolled in 
the study. Further, subjects with active diseases of the CNS, 
chronic symptoms of pronounced constipation or diarrhea, 
symptoms of a clinically relevant illness, recent gastroin-
testinal bleeding, history of stroke, myocardial infarction, 
clinically relevant stenosis of the vessels supplying the 
brain, tense ascites, or pleural effusion were excluded from 
study participation. Abdominal sonography was carried out 
to grade ascites and to exclude the presence of hepatocel-
lular carcinoma. Liver cirrhosis was diagnosed based on a 
liver biopsy in all subjects. Subjects with encephalopathy 
grade > 2 were excluded from the study. Concomitant use 
of medication was prohibited in healthy subjects except for 
hormonal contraceptives and medications for the treatment 
of adverse events (AEs). Patients with hepatic impairment 
could continue taking their regularly prescribed medica-
tions, except for medication that might influence results of 

the trial (e.g., CYP3A4 inhibitors or inducers). Subjects 
with a history (healthy subjects only) or clinical evidence 
of alcoholism or drug abuse were excluded from participa-
tion. Furthermore, consumption of grapefruit and/or Seville 
orange fruit and juice was not permitted from screening until 
the EOS visit. Smoking was restricted during the in-clinic 
stay, as was drinking of alcoholic beverages from at least 48 
h prior to clinic admission until EOS.

A single oral dose of 25 mg of daridorexant was 
selected as it represents the mid-range dose investigated 
in the phase III studies (i.e., 10, 25, and 50 mg were evalu-
ated) and was shown to be well tolerated and efficacious 
based on data from previous phase I and II studies, allow-
ing for an accurate investigation of the single-dose PK, 
tolerability, and safety [9–11]. Subjects remained fasted 
from at least 10 h prior to study drug administration until 2 
h thereafter. Fluid intake was not allowed from 1 h before 
until 1 h after study drug administration. Each subject 
received a single oral dose of 25 mg of daridorexant in the 
morning, which was administered with 240 mL of water. 
The subjects remained in bed in a sitting position from 
approximately 5 min before until 2 h after intake of the 
study drug, except for the measurement of vital signs and 
ECG assessments (conducted in the supine position).

2.3  Blood Sampling and Bioanalysis

PK blood samples (3 mL) were collected into potassium 
ethylenediamine-tetra acetic acid-containing tubes from 
an indwelling catheter or by direct venipuncture pre-dose 
and at scheduled intervals at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 
5, 6, 8, 10, 12, 24, and 48 h (healthy subjects) or up to 72 h 
post-dose (patients with liver cirrhosis). For determination 

Fig. 1  Chemical structure of daridorexant and its major metabolites. 
M3 is a primary alcohol formed by hydroxylation of the methyl group 
at the benzimidazole ring. This reaction is catalyzed mainly by CYP 
3A4. M3 is the origin of M1, which is formed by oxidation of the 

primary alcohol to the corresponding aldehyde, and of M10, which 
is also obtained by an oxidative rearrangement of metabolite M5. 
Adapted from Muehlan et al. [17]
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of the extent of plasma protein binding of daridorexant, 
blood samples were taken at 1 h and 3 h post-dose, i.e., in 
the range covering the expected time to maximum plasma 
concentration (tmax) of daridorexant.

Plasma concentrations of daridorexant and metabolites 
(M1, M3, and M10) were measured using two validated 
liquid chromatography coupled to tandem mass spectrom-
etry (LC-MS/MS) assays [14, 15]. The limit of quantifica-
tion (LOQ) was 0.5 ng/mL for daridorexant and 2.0 ng/
mL for the three metabolites of daridorexant with both 
methods covering a range up to 2000 ng/mL. The inter-
batch precision for daridorexant was ≤ 6.0% and the accu-
racy was − 1.4% to 3.6%. The inter-batch precision for the 
three metabolites together was ≤ 4.6% and the accuracy 
was − 3.3 to 3.6%.

The unbound fraction (Cu/C) of daridorexant in plasma 
was determined using an equilibrium dialysis followed 
by analysis with a validated LC-MS/MS method slightly 
adapted from the one described above. Triplicate 200-µL 
aliquots of each plasma sample were subjected to rapid 
equilibrium dialysis (Thermo Fisher Scientific, Waltham, 
MA, USA) against 350 µL of fortified phosphate-buffered 
saline (PBS) on an orbital shaker at 450 rpm incubated 
at 37 °C for 5 h. After dialysis, a 50-μL aliquot of the 
donor compartment was diluted with 50 μL of PBS, while 
a 50-μL aliquot of the receiver compartment was diluted 
with 50 μL of blank plasma, to generate samples with the 
same analytical matrix. The LC-MS/MS method was linear 
in the concentration range of 0.1–400 ng/mL with an LOQ 
of 0.1 ng/mL. The inter-batch precision was ≤ 5.0% with 
an inter-batch accuracy of − 5.0% to 5.0%.

2.4  Pharmacokinetic Evaluations and Statistics

PK parameters of daridorexant (total and unbound) and of 
the three major daridorexant metabolites were obtained by 
a non-compartmental analysis using Phoenix WinNonlin 
(Version 8.0; Certara, Princeton, NJ, USA). Measured indi-
vidual plasma concentrations were used to directly obtain 
maximum plasma concentration (Cmax) and tmax. Unbound 
daridorexant concentrations were derived from the measured 
individual total daridorexant concentrations and the respec-
tive mean of Cu/C measured at 1 h and 3 h post-dose for each 
subject. Area under the plasma concentration–time curve 
(AUC) from time zero to infinity (AUC 0-inf) was calculated 
by combining AUC from zero to time t of the last concen-
tration above the LOQ according to the linear trapezoidal 
rule and AUC extra obtained by Ct/λz (AUC extra). The Ct was 
the last plasma concentration above the LOQ and λz was 
the terminal elimination rate constant determined by log-
linear regression analysis of the plasma concentrations of 
the terminal elimination phase. The t½ was calculated as 
ln(2)/λz. Concentrations below LOQ were entered as zero 

and included in the calculation of means. For plasma pro-
tein binding, Cu/C was expressed as a percentage. Metabolic 
ratios (MRs) were calculated as the ratio of AUC 0–48h of total 
daridorexant and AUC 0–48 of the respective metabolite [23]. 
The PK parameters Cmax, AUC, apparent plasma clearance 
(CL/F, with F indicating bioavailability), apparent volume 
of distribution (Vz/F), and t½ as well as Cu/C were sum-
marized using geometric means and their two-sided 95% 
confidence interval (CI). Median and range values were used 
for tmax. Differences in Cmax, AUC, CL/F, Vz/F, t½, and Cu/C 
between healthy subjects and hepatic impairment groups 
were explored using their geometric mean ratios and 90% 
CI with healthy subject results as the reference. Differences 
between treatments for tmax were explored using the non-
parametric Wilcoxon signed rank test and Hodges–Lehmann 
estimates of the median of differences and their 90% CIs. 
Correlations between the free fraction of daridorexant and 
the Vz/F or the α1-acid glycoprotein (α1-AGP) plasma level 
were investigated with Spearman’s correlation analysis. The 
sample size of eight subjects per group was based on empiri-
cal considerations.

2.5  Safety Assessments

The safety and tolerability of the study drug were evaluated 
throughout the study on the basis of reported AEs, results of 
physical examination, assessment of body weight, vital signs 
(blood pressure and pulse rate), 12-lead ECGs, and clinical 
laboratory tests (hematology, clinical chemistry [including 
α1-AGP], coagulation, and urinalysis) and were analyzed 
descriptively. The Karolinska Sleepiness Scale (KSS) was 
used to assess the alertness of the subjects 24 h post-dose 
[24].

3  Results

3.1  Demographics

Overall, 24 subjects (11 male, 13 female) were included 
in three groups and completed the study as per protocol 
between January 2019 and February 2020. Based on the 
results of the interim PK data analysis following investi-
gation of the subjects with moderate hepatic impairment, 
i.e., doubling in  t½ compared with healthy subjects (see 
Table  2), no subjects with severe hepatic impairment 
(Group C) were dosed. Chronic alcohol abuse and chronic 
hepatitis C virus infection were identified as the primary 
etiology for liver cirrhosis in most patients. The three 
groups were well matched for age, body weight, height, 
and body mass index (Table 1). Six subjects (6/8 [75.0%]) 
in Group A and eight subjects (8/8 [100%]) in Group B 
reported stable use of concomitant medications for the 
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treatment of hepatic and other metabolic disorders. All 
concomitant medications were compliant with the study 
requirements.

3.2  Pharmacokinetics

The plasma concentration–time profile of total daridorexant 
in healthy subjects (Group D) was characterized by a Cmax 

of 846 ng/mL (geometric mean) attained at a median tmax 
of 1.0 h (Fig. 2 and Table 2). The AUC 0–inf was 6707 ng·h/
mL, and the t½ was 11.0 h. In addition, a CL/F of 3.73 L/h 
and a Vz/F of 59.0 L was observed (Table 2). Compared 
with healthy subjects, a decrease in Cmax [geometric mean 
(90% CI)] of daridorexant by 50% (0.35–0.72) in Group A 
and by 58% (0.29–0.60) in Group B was observed (Table 2). 
The median tmax was reached later in patients with hepatic 

Table 1  Characterization of the 
subjects

BMI body mass index, N number of subjects in the corresponding group, n number of subjects in the con-
sidered situation, SD standard deviation
a Total score of Child–Pugh classification on day −1
b Measured at screening

Characteristic Group A (mild hepatic impair-
ment, N = 8)

Group B (moderate hepatic 
impairment, N = 8)

Group D 
(healthy, N 
= 8)

Sex, n (%)
 Male 5 (62.5) 3 (37.5) 3 (37.5)
 Female 3 (37.5) 5 (62.5) 5 (62.5)

Race, n (%)
 White 7 (87.5) 8 (100) 7 (87.5)
 Black or African 

American
1 (12.5) 1 (12.5)

Child–Pugh  scorea, n (%)
 Score 5 8 (100)
 Score 7 6 (75.0)
 Score 8 1 (12.5)
 Score 9 1 (12.5)

Age [years]
 Mean (SD) 51.6 (9.5) 56.4 (10.9) 54.3 (13.5)
 Range 33–60 40–67 31–68

Weight  [kg]b

 Mean (SD) 84.0 (23.1) 84.1 (11.3) 80.6 (7.02)
 Range 51.3–117.0 66.8–104.0 67.5–92.3

Height [cm]
 Mean (SD) 172.5 (12.4) 167.9 (10.1) 170.4 (5.6)
 Range 152.6–186.0 153.0–183.0 162.0–180.0

BMI [kg/m2]
 Mean (SD) 27.9 (5.8) 29.9 (4.0) 27.9 (3.3)
 Range 20.5–35.0 22.7–35.0 22.8–32.9

Albumin [g/L]b

 Mean (SD) 39.7 (1.9) 33.1 (2.8) 38.0 (2.5)
 Range 37.0–41.0 28.0–37.0 35.0–41.0

α1-Acid glycoprotein [g/L]b

 Mean (SD) 0.65 (0.27) 0.56 (0.11) 0.84 (0.17)
 Range 0.31–1.07 0.43–0.73 0.63–1.13

Bilirubin [μmol/L]b

 Mean (SD) 10.0 (5.2) 16.2 (10.5) 7.41 (5.2)
 Range 3.8–20.5 5.4–36.5 3.4–19.7

Prothrombin time [%]b

 Mean (SD) 87.5 (11.4) 79.4 (12.3) 100.9 (7.6)
 Range 71.0–104.0 65.0–97.0 90.0–111.0
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impairment than in healthy subjects, i.e., median difference 
(90% CI) was 1.0 h (0.0–2.0) in Group A and 0.5 h (0.0–1.5) 
in Group B. The AUC 0-inf was decreased by 49% (0.28–0.92) 
and 26% (0.39–1.41) compared with Group D in Groups A 
and B, respectively. The elimination phase was character-
ized by an unchanged  t½ in Group A [geometric mean ratio 
0.98 (0.62–1.55)] and by a 2.1-fold (1.32–3.30) increase in 
Group B. In Groups A and B, the CL/F as well as the Vz/F 
of daridorexant were increased compared with Group D; 
CL/F by 1.97-fold (1.09–3.58) and 1.35-fold (0.71–2.58) 
and Vz/F by 1.93-fold (1.34–2.78) and 2.04-fold (1.37–3.03), 
respectively. 

The Cu/C of daridorexant in healthy subjects at 1 h and 3 
h post-dose was 0.18% and 0.15%, respectively (Table 2). An 
increase in Cu/C by 1.9-fold in Group A and by 2.3-fold in 
Group B was measured (average of Cu/C measured 1 h and 
3 h post-dose). Spearman’s correlation was run to determine 
the relationship between Cu/C and total daridorexant Vz/F 
as well as α1-AGP plasma levels, which revealed a positive 
correlation with Vz/F (r = 0.844, p < 0.0001; Fig. 3a) and a 
negative correlation with α1-AGP (r = −0.888, p < 0.0001; 
Fig. 3b).

The plasma concentration–time curve (Fig. 4) and the 
PK parameters of unbound daridorexant in subjects with 
mild hepatic impairment (Group A) and healthy subjects 
were similar with only a delay in tmax apparent (Table 2). 
In subjects with moderate hepatic impairment (Group B), 

Cmax remained unchanged compared to healthy subjects, 
while an increase in AUC 0–inf by 1.6-fold (0.93–2.73), a 
decrease in unbound CL/F by 37% (0.36–1.07), and a 2.1-
fold (1.32–3.30) prolongation in t½ could be observed.

Similar to healthy subjects, M3 was also the most 
predominant plasma metabolite in patients with hepatic 
impairment, followed by M1 and M10 ( Table 1 of the 
Electronic Supplementary Material [ESM]). As shown in 
Fig. 5 and Figs. 1, 2 of the ESM, the concentration–time 
profiles of all three metabolites generally matched the pro-
file of the parent as Cmax and AUC tended to be lower in 
patients with liver cirrhosis compared with healthy sub-
jects. In addition, t½ was prolonged in patients with moder-
ately impaired liver function compared with subjects with 
mildly impaired or normal liver function. The MRs for 
the most abundant metabolites M1 and M3 were higher in 
patients with liver cirrhosis compared with healthy sub-
jects (Table 1 of the ESM).

3.3  Safety and Tolerability

The only AEs reported during the study were somnolence 
(once in Group A [1/8, i.e., 12.5%] and twice in Group B 
[2/8, i.e., 25.0%]; all of moderate intensity), nausea (once 
in Group A [1/8, i.e., 12.5%]; mild in intensity), and an 
asymptomatic slightly prolonged QTcB interval without 

Fig. 2  Plasma concentration–
time profile of total daridorex-
ant. The concentration data 
were obtained after an oral dose 
of 25 mg and are presented as 
mean ± standard deviation. The 
calculated pharmacokinetic 
parameters are given in Table 2
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clinical relevance (once in Group B [1/8, i.e., 12.5%]; mild 
in intensity, 72 h [at EOS] after administration of study 
treatment). No AEs were reported in healthy subjects. All 
AEs were considered by the investigator as drug related 

and resolved without sequelae and without need for treat-
ment. No serious AEs, no AEs leading to discontinuation, 
or clinically relevant treatment-related changes in clinical 
laboratory, vital signs, body weight, and ECG variables 

Table 2  Pharmacokinetic parameters of total and unbound daridorexant

AUC 0–48 area under the plasma concentration–time curve from time zero to 48 h, AUC 0–inf area under the plasma concentration–time curve from 
time zero to infinity, CI confidence interval, CL/F apparent total plasma clearance, Cmax maximum plasma concentration, Cu/C ratio of free to 
total plasma concentrations, h hours, N number of subjects, t½ terminal half-life, tmax time to reach maximum plasma concentration, Vz/F appar-
ent volume of distribution
a Data are geometric means (and 95% CI) or for tmax the median (and range)
b Data are ratios of geometric means (A/D, B/D; and 90% CI) or for tmax the median differences (A–D, B–D; and 90% CI)
c N = 6 as AUC 0–inf (and derived parameters CL/F and Vz/F) were not reliable  for some subjects (as the extrapolated AUC represented more 
than 20% of AUC 0–inf)

Parameter [unit] Group  Aa (mild hepatic 
impairment, N = 8)

Group  Ba (moderate 
hepatic impairment,  
N = 8)

Group  Da (healthy, N = 8) Group A/Db Group B/Db

Daridorexant (total)
Cmax [ng/mL] 423 (245–730) 352 (283–437) 846 (697–1027) 0.50 (0.35–0.72) 0.42 (0.29–0.60)
tmax [h] 2.00 (0.50–3.00) 1.25 (0.50–4.00) 1.00 (0.50–1.50) 1.00 (0.00–2.00) 0.50 (0.00–1.50)
AUC 0–inf [ng*h/mL] 3402 (1507–7683) 4957c (2879–8535) 6707 (4857–9263) 0.51 (0.28–0.92) 0.74c (0.39–1.41)
AUC 0–48 [ng*h/mL] 3154 (1452–6851) 4502 (3094–6550) 6358 (4747–8514) 0.50 (0.29–0.85) 0.71 (0.41–1.22)
t½ [h] 10.7 (7.0–16.5) 22.9 (12.7–41.3) 11.0 (8.5–14.2) 0.98 (0.62–1.55) 2.08 (1.32–3.30)
CL/F [L/h] 7.35 (3.25–16.59) 5.04c (2.93–8.68) 3.73 (2.70–5.15) 1.97 (1.09–3.58) 1.35c (0.71–2.58)
Vz/F [L] 114 (69.9–185) 120c (88.4–163) 59.0 (45.98–75.76) 1.93 (1.34–2.78) 2.04c (1.37–3.03)
Cu/C (1 h post-dose) [%] 0.30 (0.18–0.51) 0.40 (0.34–0.48) 0.18 (0.15–0.23) 1.63 (1.14–2.31) 2.21 (1.55–3.14)
Cu/C (3 h post-dose) [%] 0.33 (0.23–0.45) 0.37 (0.32–0.43) 0.15 ((0.11–0.21) 2.12 (1.60–2.81) 2.39 (1.81–3.17)
Daridorexant (unbound)
Cmax [ng/mL] 1.34 (0.95–1.90) 1.37 (1.16–1.61) 1.46 (1.26–1.68) 0.92 (0.72–1.18) 0.94 (0.74–1.20)
tmax [h] 2.00 (0.50–3.00) 1.25 (0.50–4.00) 1.00 (0.50–1.50) 1.00 (0.00–2.00) 0.50 (0.00–1.50)
AUC 0–inf [ng*h/mL] 10.8 (5.56–20.9) 18.4c (10.2–33.2) 11.5 (9.66–13.8) 0.90 (0.57–1.54) 1.60c (0.93–2.73)
t½ [h] 10.7 (7.1–16.2) 22.9 (12.7–41.4) 11.0 (8.5–14.2) 0.98 (0.62–1.53) 2.09 (1.32–3.30)
CL/F [L/h] 2315 (1196–4481) 1357c (753–2444) 2167 (1815–2588) 1.07 (0.65–1.76) 0.63c (0.36–1.07)
Vz/F [L] 35,648 (24,232–52,440) 32,429c (22,475–46,791) 34,312 (29,391–40,058) 1.04 (0.77–1.41) 0.95c (0.68–1.31)

Fig. 3  Correlation of the free 
fraction of daridorexant with the 
apparent volume of distribution 
(Vz/F) of total daridorexant (a) 
and with the plasma α1-acid 
glycoprotein level (b). The cor-
relation coefficient r is 0.844 for 
a and −0.888 for b 
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Fig. 4  Plasma concentra-
tion–time profile of unbound 
daridorexant. The concentration 
data were obtained after an oral 
dose of 25 mg and are presented 
as mean ± standard deviation. 
The calculated pharmacokinetic 
parameters are given in Table 2

Fig. 5  Plasma concentration–
time profile of the daridorex-
ant metabolite M3. M3 is a 
primary alcohol formed by 
hydroxylation of the methyl 
group at the benzimidazole ring 
system. CYP 3A4 is the main 
CYP involved in this reaction. 
Data are presented as the mean 
± standard deviation
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were observed. Furthermore, no change in the KSS score 
was evident 24 h post-dose when compared to measure-
ments at baseline in any of the three treatment groups.

4  Discussion

The study’s objectives were to assess the PK and metabolism 
and to describe the tolerability of daridorexant in subjects 
with liver cirrhosis in comparison with healthy subjects. 
Daridorexant is a Biopharmaceutical Classification System 
class IIb drug with a solubility of 256 mg/L at pH 5.0 and 37 
°C and a high permeability (22.6 ×  10−6 cm/s) [3]. The drug 
is rapidly absorbed (tmax of 1 h in healthy subjects in this 
study), has a bioavailability of 62% [15], is highly protein 
bound (> 99%) [3, 25], has a volume of distribution at steady 
state of 31 L in healthy subjects [15], and is eliminated with 
a t½ of approximately 8 h [5]. PK results in healthy sub-
jects in this study are in line with previous studies in which 
25 mg daridorexant was administered, especially with the 
data shown by Muehlan et al. [16], wherein a similarly aged 
population was studied. In that study, similar to the current 
findings, a t½ of 10 h was observed, whereas in studies in 
healthy young subjects the t½ tended to be shorter.

The drug is extensively metabolized and only traces 
of the parent drug are eliminated by the kidney or in 
feces [15]. Three major metabolites have been detected 
in plasma, M3, M1, and M10 (Fig. 1). M3 is a primary 
alcohol formed by hydroxylation of the methyl group at the 
benzimidazole ring [17]. This reaction is mainly catalyzed 
by CYP3A4 [12] and may, therefore, be used as a marker 
of CYP3A4 activity. M3 is the origin of the aldehyde M1, 
which is generated by oxidation of the benzyl alcohol. 
M10 results from hydroxylation of the methyl group at 
the benzimidazole ring and by an oxidative rearrange-
ment reaction [17]. These three metabolites have also been 
observed in the current study, both in healthy subjects and 
in patients with liver cirrhosis.

Liver cirrhosis can affect many aspects of a drug’s PK; 
it can delay the rate of absorption, increase bioavailabil-
ity owing to portosystemic shunts (PSS), increase Vz/F 
owing to reduced protein binding, and impair drug clear-
ance owing to reduced hepatic blood flow and decreased 
hepatic drug metabolism [26]. Delayed absorption of 
orally administered drugs, as observed in the current 
study with daridorexant, is a well-known phenomenon in 
patients with liver cirrhosis [27–29]. Typically, the amount 
of drug absorbed remains unchanged, but gastric emptying 
and the intestinal passage may be delayed [30]. As proki-
netic drugs can reverse this effect, delayed absorption has 
a functional and not an organic cause [31], which may be 
due to impaired secretion and/or function of prokinetic 
hormones [30, 32].

Owing to the presence of PSS, bioavailability could 
increase from 62% in healthy subjects to 100% in patients 
with liver cirrhosis, which should cause an increase in 
Cmax and AUC [33]. Based on a previous study, it can be 
assumed that the shunt index (the percentage of portal 
blood circumventing the liver) is approximately 15% in 
Child–Pugh A patients and 30% in Child–Pugh B patients 
[33]. As shown in Table 2, for total plasma daridorexant, 
the opposite of what was expected was observed, namely a 
decrease in Cmax and AUC in both groups of patients with 
liver cirrhosis compared with healthy controls. Reduced 
exposure to the total (protein-bound and unbound) drug 
has been reported for other highly protein-bound drugs in 
patients with liver cirrhosis and is explained below [34]. 
The lack of increase in Cmax of total and unbound darido-
rexant suggests that PSS had little influence on the PK of 
daridorexant. This can be explained by the already high 
bioavailability of daridorexant in healthy controls, by the 
limited shunt index in patients with Child–Pugh A and B 
cirrhosis, and by assuming that, in contrast to systemic 
metabolism, pre-systemic metabolism of daridorexant is 
mainly intestinal and not hepatic. The drug is metabo-
lized by CYP3A4 by approximately 90% [12], which has a 
high intestinal expression [35]. In contrast to hepatic pre-
systemic metabolism, PSS should not affect the intestinal 
pre-systemic metabolism.

The Vz/F of total daridorexant was increased two-fold in 
both groups of patients with liver cirrhosis compared with 
healthy subjects. Although bioavailability of daridorexant 
could be increased in patients with liver cirrhosis, this poten-
tial increase is not a sufficient explanation for this finding. 
A more likely explanation is the reduced plasma protein 
binding of daridorexant observed in patients with liver cir-
rhosis. Daridorexant showed a plasma protein binding of 
> 99%, which is in line with previously published data in 
humans and experimental animals [3, 25]. Importantly, in 
both groups of patients with liver cirrhosis, the unbound 
fraction was approximately doubled compared with healthy 
controls. The positive linear correlation of the unbound frac-
tion of daridorexant with Vz/F of total daridorexant supports 
the assumption that the observed increase in Vz/F in patients 
is due to reduced plasma protein binding. Furthermore, the 
negative correlation of the plasma α1-AGP level with the 
free fraction of daridorexant suggests that daridorexant binds 
at least partially to α1-AGP. Postulated mechanisms contrib-
uting to the decreased binding of lipophilic drugs to plasma 
proteins in patients with liver cirrhosis include a decrease in 
the plasma concentration of binding proteins (mainly albu-
min and α1-AGP), changes in the binding characteristics 
of plasma proteins, and competition with endogenous com-
pounds (e.g., bile acids, bilirubin), which can displace drugs 
from binding sites [36, 37]. As shown in Table 1, patients 
with liver cirrhosis had lower albumin and α1-AGP plasma 
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levels depending on the severity of hepatic impairment. In 
addition, it is well known that patients with liver cirrhosis 
have elevated plasma bile acid levels compared with healthy 
subjects owing to PSS [33]. Decreases in plasma levels of 
drug-binding proteins and/or drug displacement from bind-
ing sites are associated with reduced total plasma drug con-
centration and the increased free fraction of protein-bound 
drugs, whereas the free drug concentrations may remain 
unaltered [38–40]. The decreased plasma protein binding 
capacity observed in subjects with liver cirrhosis, therefore, 
plays an important role in the apparent decrease in total dari-
dorexant exposure.

However, as it is the unbound rather than protein-bound 
drug in plasma that achieves equilibrium with the unbound 
drug at site(s) of drug action and elimination [41], the PK 
of unbound daridorexant has to be considered. Indeed, the 
decrease in hepatic metabolic capacity in subjects with liver 
cirrhosis only becomes apparent if unbound daridorexant 
plasma PK parameters are explored. In contrast to the total 
drug, for unbound daridorexant no significant differences 
in Cmax and Vz/F between patients with liver cirrhosis and 
control subjects were detected. In addition, patients with 
Child–Pugh B liver cirrhosis showed a significant increase 
in AUC 0–inf with a corresponding decrease in CL/F compared 
with healthy controls. As Vz/F was not different between 
patients with Child–Pugh B liver cirrhosis and control sub-
jects, the prolonged t½ of daridorexant in these patients is 
explained by the reduced CL/F of daridorexant. The same 
explanation was given for the prolonged half-life of erythro-
mycin [39] and diazepam [42] in patients with liver cirrhosis.

Considering the bioavailability of 62% in healthy sub-
jects, daridorexant is a low clearance drug whose hepatic 
clearance is mainly controlled by metabolism and not by 
liver perfusion [26]. Several studies have described a 
decrease in the activity and/or protein expression of CYPs 
in livers of patients with liver cirrhosis [43–45]. In these 
studies, the CYP3A4 protein expression was reduced by 
70–80% [43, 44] and the activity in isolated microsomes 
by 40–60% [43, 45]. In vivo studies assessing the PK of 
the CYP3A model substrate midazolam after intravenous 
administration showed a reduction in midazolam clearance 
by 50–70% in patients with Child–Pugh B and C liver cir-
rhosis [34, 46]. These data match with the observed decrease 
in the formation of M1 and M3 in patients with moderate 
cirrhosis compared with healthy controls, whose AUC 0–48h 
were decreased by 49% and 35%, respectively. This is also 
shown by the MR of M1 and M3, which may be used as an 
estimate of CYP3A4 activity. The MR of M1 was approxi-
mately doubled in patients with mild hepatic impairment 
and tripled in patients with moderate hepatic impairment.

Overall, a single oral dose of 25 mg of daridorexant 
was well tolerated both by healthy control subjects and by 
patients with liver cirrhosis, while the safety profile was 

similar to that observed in other studies [14, 16]. Impor-
tantly, all AEs (e.g., somnolence) in the present study were 
reported by subjects with hepatic impairment, which might 
be explained by the increased susceptibility of patients with 
liver cirrhosis caused by the underlying liver disease and 
associated encephalopathic effects [19, 47].

5  Conclusions

The PK of unbound daridorexant shows expected altera-
tions in patients with moderate liver cirrhosis compared 
with control subjects: a reduced CL/F, explained mainly by 
impaired hepatic CYP3A4 activity, an increase in AUC 0–inf, 
and impaired elimination velocity, but no increase in Cmax. 
No such changes were observed in patients with mild cir-
rhosis. No safety issue of concern was detected following 
administration of 25 mg of daridorexant in subjects with 
mild and moderate hepatic impairment as well as in healthy 
subjects. All AEs were transient and of mild/moderate inten-
sity. Based on these data, a dose adjustment is not required 
in subjects with mild hepatic impairment. In subjects with 
moderate hepatic impairment, a dose of 25 mg should not 
be exceeded, considering the prolonged t½ of daridorexant. 
As patients with severe hepatic impairment were not stud-
ied, daridorexant should not be used in such patients. The 
study shows the importance of quantifying the free drug 
concentrations in the assessment of the PK of drugs with 
high plasma protein binding in patients with liver cirrhosis.
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