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Abstract

Background: The histamine H3 receptor has emerged as one of the most promising targets of novel pharmaco-
therapy for narcolepsy. Studies now aim to investigate the optimal dose of enerisant, a novel H3 antagonist/inverse
agonist, for the treatment of excessive daytime sleepiness in patients with narcolepsy.

Methods: We conducted two phase 2, fixed-dose, double-blind, randomized, placebo-controlled trials in patients
with narcolepsy. The first phase 2 study (Study 1) was conducted to investigate the efficacy and safety of enerisant at
dosages of 25, 50, and 100 mg/day administered for 3 weeks based on the results of a phase 1 study conducted on
healthy volunteers. The primary endpoint was mean sleep latency in maintenance of wakefulness test (MWT), and
the secondary endpoint was the total score on the Epworth Sleepiness Scale (ESS). The dosages of enerisant in the
second phase 2 study (Study 2) were set at 5 and 10 mg/day based on the simulation of receptor occupancy results
from positron emission tomography study.

Results: Forty-six and fifty-three patients were randomized in Study 1 and Study 2, respectively. The efficacy of
enerisant was partially confirmed in Study 1 with ESS; however, the doses were not tolerated, and there were many
withdrawals due to adverse events (mainly insomnia, headache, and nausea). The doses in Study 2 were well toler-
ated, with a lower incidence of adverse events in Study 2 than in Study 1, although the efficacy could not be con-
firmed with MWT and ESS in Study 2.

Conclusions: The optimal dose of enerisant could not be determined in these two studies. Although enerisant has a
favorable pharmacokinetic profile, it is thought to have large interindividual variabilities in terms of efficacy and safety,
suggesting the necessity of tailored dosage adjustments.

Trial registration: ClinicalTrials.gov identifier: NCT03267303; Registered 30 August 2017 (Study 2).

Japic identifier: JapicCTI-142529; Registered 7 May 2014 (Study 1) and JapicCTI-173689; Registered 30 August 2017,
https://www.clinicaltrials.jp/cti-user/trial/ShowDirect.jsp?clinicalTrialld=29277 (Study 2).
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of work performance and quality of life [1], as well as
sleepiness-related driving accidents. Currently, several
drugs, including modafinil/armodafinil, methylpheni-
date, pemoline, and sodium oxybate, are available for
the treatment of narcolepsy. However, these drugs have
drawbacks, such as abuse potential, problems in cardiac
safety, tolerability, and adherence issues; furthermore,
some patients are refractory to these drugs [2]. Therefore,
new pharmacotherapies with different mechanisms and
improved safety are desirable.

The histamine H3 receptor has emerged as one of the
most promising targets of novel pharmacotherapy for
narcolepsy. Histaminergic neurons are located down-
stream of the orexin system, the dysfunction of which
is involved in the mechanism of narcolepsy, and the
histamine H3 receptor in the central nervous system
has a critical role in the regulation of sleep—wake cycles
by modulating histaminergic tones as an autoreceptor
[3]. To date, many histamine H3 receptor antagonists/
inverse agonists with diverse scaffolds have been syn-
thesized, and some have been tested in clinical trials [4].
Among these, pitolisant was approved for the treatment
of excessive daytime sleepiness (EDS) or cataplexy asso-
ciated with narcolepsy in 2016 in Europe and in 2019 in
the United States [5]. There have been no reports on the
dose—response relationship of pitolisant for the treat-
ment of EDS or cataplexy in patients with narcolepsy.
The drug is approved for a wide range of doses, from 4.5
to 36 mg/day, with recommendations of patient-specific
dose adjustments based on efficacy, safety, and drug—
drug interaction (DDI) risks. Thus, the appropriate dose
of histamine H3 receptor antagonists/inverse agonists
to exert wake-promoting effects and the relationship
between histamine H3 receptor occupancy and effi-
cacy for the treatment of narcolepsy has not been fully
established.

Enerisant, [1-(4-{3-[(2R)-2-methylpyrrolidin-1-yl] pro-
poxy} phenyl)-1H-pyrazol-4-yl] (morpholin-4-yl) metha-
none, is an antagonist/inverse agonist of histamine H3
receptor synthesized by Taisho Pharmaceutical Co.,
Ltd (Tokyo, Japan) [6]. In vitro studies have shown that
enerisant is a potent, highly selective, and competitive
antagonist for the histamine H3 receptor, with a more
than 3,000-fold selectivity over other histamine receptor
subtypes [6]. Notably, enerisant does not have any affin-
ity for ol receptors, unlike pitolisant [7]. Enerisant is
rarely metabolized in humans, and up to 90% of the dose
is excreted as an unchanged form through urine by 48 h
after administration. These findings suggest that DDI
do not occur even when enerisant is used in combina-
tion with cytochrome P450 (CYP) inhibitors or induc-
ers, unlike other histamine H3 receptor antagonists
[8]. Therefore, it is possible that enerisant has superior
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pharmacokinetic (PK) profiles than pitolisant. In addition,
because of higher receptor selectivity and superior PK
profiles, enerisant can be a suitable tool to determine the
appropriate dosage of histamine H3 receptor antagonists/
inverse agonists for the treatment of narcolepsy. Enerisant
demonstrated tolerability at doses of 50 and 100 mg for
7 days in a multiple ascending dose (MAD) study of Japa-
nese healthy individuals. In a MAD study conducted on
healthy individuals in the United States, tolerability up to
150 mg for 10 days was confirmed [Unpublished data].

The aim of this report was to investigate the optimal
dose of enerisant for the treatment of EDS in patients
with narcolepsy. In the 1st phase 2 study (Study 1) for
patients with narcolepsy, the dose was decided based on
the result of a phase 1 study and nonclinical studies, and
in the 2nd phase 2 study (Study 2), the dose was chosen
according to the results of the histamine H3 receptor
occupancy study using positron emission tomography
(PET) ligand on healthy subjects [9].

Methods

Study design

Study 1

This multicenter, randomized, placebo-controlled,
double-blind, parallel-group comparative phase 2 study
was conducted at 19 sites in Japan (Fig. 1a). Study 1
consisted of four consecutive periods: a preobservation
period (2 weeks), treatment period A (3 weeks), treat-
ment period B (6 weeks), and a postobservation period
(1 week). Treatment period A was designed to evalu-
ate the safety and efficacy of enerisant in patients with
narcolepsy, whereas treatment period B was designed
mainly to evaluate the safety of enerisant. The target
sample size of each group (enerisant 25, 50, 100 mg,
and placebo groups) was set at 12, 12, 9, and 12 partici-
pants, respectively, for a total of 45 participants, con-
sidering that narcolepsy is a rare disease and this was
an exploratory study.

Study 2

Study 2 was designed after Study 1 was completed. This
multicenter, randomized, placebo-controlled, double-
blind, parallel-group comparative phase 2 study was con-
ducted at 19 sites in Japan and 4 sites in Korea (Fig. 1b).
Study 2 consisted of three consecutive periods: a preob-
servation period (2 weeks), a treatment period (3 weeks),
and a postobservation period (1 week). The treatment
period was designed to evaluate the safety and efficacy of
enerisant in patients with narcolepsy. The target sample
size was set at 16 participants/group with a total of 48
participants, considering the feasibility in patients with
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Fig. 1 Study design for Study 1 (a) and Study 2 (b)
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the rare disease and the exploratory evaluations of effi-
cacy and safety as the study objective.

Patients

Study 1

Eligible patients, aged 16—64 years, had received a diag-
nosis of narcolepsy with/without cataplexy based on the
second edition of the International Classification of Sleep
Disorders (ICSD-2) [10]. Patients who reported daytime
dozing off for at least 4 days and 7 times within 7 days,
calculated from their sleep diaries in the preobservation
periods, were considered eligible. Exclusion criteria were
patients with an apnea hypopnea index of > 15, periodic
limb movement with an arousal index of > 10 on baseline
overnight polysomnography (PSG), sleep latency (SL)
of >20 min at any session, or mean SL of > 11 min at 4
sessions on baseline MW T. These criteria items were set
with reference to the criteria of the phase 3 study on the
use of modafinil in patients with narcolepsy that was pre-
viously conducted in Japan, or other relevant studies on
pitolisant and JZP-110 (NCT01638403) [11-13]. Patients
with complications of organic brain diseases, epilepsy,
obstructive respiratory diseases, sleep disorders other
than narcolepsy, or significant cardiovascular disease
were also excluded. Throughout the study period, the use
of drugs that may affect the efficacy and safety assessment
of enerisant, such as central nervous system stimulants,
anxiolytics, most antidepressants (only clomipramine

was allowed to be used at a fixed dose during the study
period if the drug was used for cataplexy prior to enroll-
ment in the study), and antihistamines, was prohibited.
Only 5 participants used clomipramine during the study
(2, 2, 0, and 1 subject in the 25 mg, 50 mg, 100 mg, and
placebo groups, respectively).

Study 2

Eligible patients were aged 16—64 years at the time of
informed consent, with a confirmed diagnosis of narco-
lepsy type 1 or type 2 based on the third edition of the
International Classification of Sleep Disorders (ICSD-3)
[14]. Patients with symptoms of EDS occurring at least
4 days and 7 times within 7 days in the preobservation
periods were eligible for participation. To enroll patients
with a milder severity of narcolepsy, the exclusion cri-
teria on MWT were changed from Study 1; patients
with mean SL=0 min at any session or>20 min in at
least two of the four sessions on baseline MWT were
excluded. Other exclusion criteria were patients with
an apnea hypopnea index of> 15, periodic limb move-
ment associated arousal index of > 10, or total sleep time
of <360 min on baseline PSG. Patients with complica-
tions of organic brain diseases, epilepsy, obstructive res-
piratory diseases, sleep disorders other than narcolepsy,
and significant cardiovascular disease were also excluded.
Throughout the study period, the use of drugs that may
affect the efficacy and safety assessment of enerisant,
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such as central nervous system stimulants, anxiolytics,
antidepressants (including clomipramine), and antihista-
mines, was prohibited.

Treatments

Study 1

Patients were randomized in a 1:1:1:1 ratio to receive
enerisant at 25, 50, and 100 mg or placebo once daily in
the morning during treatment period A. For treatment
period B, patients in the enerisant 25, 50, and 100 mg
groups continued to take the same dose, whereas patients
in the placebo group were grouped in a 1:1:1 ratio to
receive enerisant at 25, 50, or 100 mg. The doses were
set at 25, 50, and 100 mg based on the safety and phar-
macokinetic findings in healthy volunteers confirmed
in the phase 1 study [Unpublished data]. Participants
were randomized by the stratified block randomization
method with the presence or absence of cataplexy as the
stratification factor. Randomization was performed by an
independent company using a computer-generated list
of random numbers. Throughout the study, the patients,
site investigators, and raters remained blinded. For safety
reasons, allocation to the enerisant 100 mg group was
terminated in the middle of the study.

Study 2

Patients were randomized in a 1:1:1 ratio to receive ener-
isant at 5 and 10 mg or placebo once daily in the morn-
ing. Participants were randomized by the stratified block
randomization method with the country of origin as the
stratification factor. Randomization was performed by an
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independent company using a computer-generated list
of random numbers. Throughout the study, the patients,
site investigators, and raters remained blinded. Adequate
efficacy can be expected at 5 and 10 mg, according to the
results of the intracerebral histamine H3 receptor occu-
pancy study of healthy individuals [9] (Fig. 2). Based
on a PET study using Rhesus monkeys, it was expected
that > 90% occupancy of the H3 receptor by enerisant pro-
motes arousal. This is consistent with a previous report
showing that up to 90% of human H3 receptor occupancy
by MK-7288 has shown efficacy for EDS due to obstruc-
tive sleep apnea [15]. The duration of H3 receptor occu-
pancy at a rate of 90% was expected to range between
10 and 17 h with enerisant 5 and 10 mg administration,
respectively. Thus, the doses were expected to maintain
daytime wakefulness without night-time insomnia.

Outcomes

Efficacy

The efficacy outcomes included the objective and subjec-
tive measures of EDS. The primary endpoint for efficacy
was a change from baseline to week 3 (the end of period
A) in the mean SL of the four MWT sessions in Study 1
and Study 2, respectively. MWT consisted of four 20-min
periods with a 2-h interval among respective sessions.
This 20-min protocol was the standard method used in
multiple previous trials, ensuring an objective assess-
ment of sleepiness in patients with narcolepsy [16]. SL
was defined as the time from lights out to the first three
consecutive epochs of stage N1 or one epoch of any other
stage of sleep as measured by electroencephalogram [17].
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Fig. 2 Simulation of H3 receptor occupancy after enerisant administration. The time-course of histamine H3 receptor occupancy after a single
oral administration of enerisant was simulated, and the time to maintain 90% of H3 receptor occupancy was calculated. In the simulation,
pharmacokinetic data obtained from the enerisant single ascending dose study and the pharmacodynamics data obtained from the H3 receptor
occupancy study of enerisant [9] were used. Phoenix WinNonlin (ver.6.2) and Microsoft Excel 2010 were used as the analysis software




Inoue et al. BMC Psychiatry (2022) 22:141

The secondary endpoints included changes from the
baseline to the end of the study in the Epworth Sleepiness
Scale (ESS), a patient-reported measure of EDS, change
from baseline to the end of the study in SL of each MWT
session, sleep parameters on overnight PSG at the end
of the study, and the weekly number of episodes of nar-
colepsy-related symptoms (i.e., sleep paralysis and cata-
plexy) reported in patients’ sleep diaries.

Safety

The following safety endpoints were assessed: adverse
events (AEs), body weight, laboratory tests, vital signs,
12-lead electrocardiogram (ECG), suicidality evalu-
ated using Columbia-Suicide Severity Rating Scale
(C-SSRS), and dependency evaluated using a dependency
questionnaire.

Statistics

For both studies, the full analysis set (FAS) was used as
the primary analysis set. Regarding the secondary analy-
sis set, the per protocol set (PPS) was used for the effi-
cacy evaluation, whereas the safety analysis set (SAS) was
used for the safety evaluation.

The FAS included patients who received at least one
dose of the study drug and had at least one set of efficacy
data. The PPS included patients without any serious pro-
tocol violations who had available primary endpoint data.
The SAS included patients who received at least one dose
of the study drug.

Patients’ demographics and other baseline characteris-
tics (MWT and ESS) were summarized using descriptive
statistics. Primary and secondary efficacy endpoint data
were presented as mean values and standard deviations.
The least-squares mean differences were compared with
the placebo, and the associated 95% confidence inter-
vals were calculated using analysis of covariance with
the baseline as the covariate in Study 1 and using anal-
ysis of covariance with the baseline and country (Japan
or Korea) as covariates in Study 2. Missing data were not
imputed, and data were not adjusted for multiplicity. The
two-sided significance level was set at 5%. Statistical anal-
yses were performed using SAS (SAS Institute, Tokyo,
Japan) version 9.2 in Study 1 and version 9.4 in Study 2.

Results

Study population and characteristics

Study 1

Among the 104 study candidates (range for patient
recruitment and follow-up: June 14, 2014 to April 6,
2016), 46 were randomized and allocated to the investiga-
tional product group (Fig. 3a). The most common reason
for screening failures was not meeting eligibility criteria
(n=48). Among the 46 participants who received the
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investigational product (FAS), 13 withdrew during treat-
ment period A due to AEs (7 participants in the 25 mg
group, 3 in the 50 mg group, and 2 in the 100 mg group)
and other reason (1 participant in the placebo group).
Among the 33 patients who completed treatment period
A, 4 withdrew during treatment period B due to AEs (2
participants in the placebo/enerisant 50 mg group, and 2
in the placebo/enerisant 100 mg group).

Demographics and the other baseline characteristics of
the FAS are summarized by treatment groups (Table 1).
No statistically significant difference was observed in any
baseline characteristics among the treatment groups.
The mean age was 27.2+5.5 years, body weight was
63.07£11.70 kg, body mass index was 23.28 +3.64 kg/
m?, and duration of disease was 1.8242.71 years. The
mean SL on MWT was 2.63+2.00 min, and the ESS
score was 18.4+3.2, without apparent differences
between the groups.

Study 2

Of the 136 study candidates (range for patient recruit-
ment and follow-up: October 31, 2017 to December 13,
2018), 53 were randomized and allocated to the inves-
tigational product group (Fig. 3b). The most common
reason for screening failures was not meeting eligibility
criteria (n="70). Among the 53 participants who received
the investigational product (FAS), 5 withdrew from the
study due to AEs (3 participants in the enerisant 5 mg
group and 1 in the placebo group) and other reason (1
participant in the placebo group).

Demographic and other baseline characteristics for
FAS are summarized for respective treatment groups
(Table 1). No statistically significant difference among
treatment groups was observed in any baseline variables.
The mean age was 27.5£9.3 years, body weight was
63.61 £14.24 kg, body mass index was 23.55+4.49 kg/
m?2, and duration of disease was 2.08+2.56 years. The
percentage of patients diagnosed with narcolepsy type 1
was 37.7% and that of patients with narcolepsy type 2 was
62.3%. Mean SL on MWT was 5.01 +2.90 min, and the
ESS score was 17.343.4, without apparent differences
between the groups.

Efficacy

Study 1

Regarding the primary endpoint, the change in mean
SL on MWT was 0.53+2.75 min in the 25 mg group,
0.33+£3.72 min in the 50 mg group, —0.16 =2.73 min in
the 100 mg group, and —0.88 +=2.40 min in the placebo
group. No statistically significant difference was observed
between the placebo and enerisant groups (Table 2). The
MWT outcomes in the narcolepsy subgroups with and
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Fig. 3 Disposition of subjects for Study 1 (a) and Study 2 (b)

without cataplexy in Study 1 are provided in Supplemen-
tary Table S1.

With regard to one of the secondary efficacy end-
points, the mean change from the baseline total ESS
score was—8.0+7.0 in the 25 mg group,—8.3+5.8
in the 50 mg group,—4.2+6.2 in the 100 mg group,
and — 1.5+ 3.5 in the placebo group (Table 3). The total
ESS score decreased from week 1 to the end of treat-
ment period A in the enerisant 50 mg group, and a simi-
lar trend was observed in the other enerisant groups.
The mean change in the total ESS score was statisti-
cally higher in the 50 mg group than in the placebo
group (p=0.037) (Fig. 4). Results of the other secondary

efficacy endpoint, cataplexy incidence, are provided in
Supplementary Table S2.

Study 2

For the primary efficacy endpoint, the change in mean
SL on MWT was 0.73+3.42 min in the 5 mg group,
0.66 & 3.44 min in the 10 mg group, and 0.22+4.90 min
in the placebo group (Table 2). The MWT outcomes in
patients with narcolepsy type 1 and type 2 in Study 2 are
provided in Supplementary Table S2. As a secondary effi-
cacy endpoint, the mean change in the total ESS score
was — 4.3+ 6.8 in the 5 mg group, — 3.6 £ 4.6 in the 10 mg
group, and—3.9+5.1 in the placebo group (Table 3,
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Table 2 Primary endpoint outcomes: MWT changes from baseline in Study 1 and Study 2
Group Study 1 Study 2
Enerisant Enerisant Enerisant Placebo Enerisant Enerisant Placebo
25mg 50mg 100 mg 5mg 10 mg
(n=4) (n=10) (n=7) (n=11) (n=14) (n=18) (n=16)
SL at baseline 2124177 3224245 2464154 264+2.06 540+3.04 5084249 456+324
(min)
SL at week 3 (min)  3.50+£4.69 3804452 2534+1.85 1.65+1.98 543+4.41 5744473 4.84+520
Change from 053+2.75 033+£3.72 —0.16£273 —0.88+£240 0.73£342 0.66+3.44 022+4.90
baseline to week
3 (min)
Difference 1.54 1.50 0.77 - 043 0.41 -
compared with [—2.00,—5.08] [—1.19,—4.18] [—2.16,—3.70] [—245,—3.31] [—230,—3.13]
placebo [95% Cl]
p value 0.380 0.263 0.59%4 0.765 0.761
mean=£SD
Cl confidence interval, SD standard deviation, SL sleep latency, MWT maintenance of wakefulness test
Table 3 Secondary endpoint outcomes: ESS changes from baseline in Study 1 and Study 2
Group Study 1 Study 2
Enerisant Enerisant Enerisant Placebo Enerisant Enerisant Placebo
25mg 50 mg 100 mg 5mg 10 mg
(n=11) (n:13) (n:9) (n:12) (n:16) (n:18) (n:17)
Baseline 193+£25 194+26 180+34 16.7£4.0 168+36 178+3.8 172+2.8
Week 3? 112455 11154 138448 152+54 127176 142448 132454
Change from —80£70 —83458 —42+462 —154+35 —43+68 —36+46 —3945.1
baseline to
week 3°
Difference —47[-94,—-00] —48[-94,——-03] —-18[-66,—30] - —05[—43,—34] 05[-33,—-43] -
compared with
placebo [95%
@]
p value 0.050 0.037* 0.463 0.811 0.794
mean £ SD

SD standard deviation, Cl confidence interval, ESS, Epworth Sleepiness Scale

? Includes data from subjects who discontinued before the completion of 3 weeks of dosing

Fig. 4). In the 5 mg and 10 mg groups, there was no sta-
tistically significant difference compared with the placebo
group in either mean SL on MW'T or ESS score. Results
of the other secondary efficacy endpoint, cataplexy inci-
dence, are provided in Supplemental Table S2.

Safety

Study 1

In treatment period A, AEs were reported in 83.3%
(10/12), 69.2% (9/13), 100.0% (9/9), and 41.7% (5/12) of
the participants in the 25 mg, 50 mg, 100 mg, and pla-
cebo groups, respectively (Table 4). There was a signifi-
cant difference in the incidence rate of AEs among the
treatment groups (p=0.021). The most common AEs

were insomnia-related in all the enerisant groups. In
treatment period A, insomnia-related AEs were reported
by 58.3% (7/12), 30.8% (4/13), 88.9% (8/9), and 8.3%
(1/12) of the participants in the 25 mg, 50 mg, 100 mg,
and placebo groups, respectively. Other common AEs
(those reported by at least 2 patients in any treatment
group) were headache [25.0% (3/12) in the 25 mg group,
30.8% (4/13) in the 50 mg group, 22.2% (2/9) in the
100 mg group, and 0% (0/12) in the placebo group] and
nausea [25.0% (3/12) in the 25 mg group, 7.7% (1/13) in
the 50 mg group, 22.2% (2/9) in the 100 mg group, and
0% (0/12) in the placebo group]. There was no dose-
dependent increase in the incidence of these AEs. AEs
leading to discontinuation in treatment period A were



Inoue et al. BMC Psychiatry (2022) 22:141

Page 9 of 13

ESS

6

4

2
3
g8 o — ——
a
£ 42
o O
§ =4 p=0.794
fe) p=0.811
£ 6
oS
Sc p = 0.463
S -8
(]
<
o
B 10 =0.037*
% p = 0.050 p=0.

-12
25mg 50 mg 100 mg 5mg 10 mg
Study 1 Study 2
Enerisant Treatment group
Fig. 4 Secondary endpoint outcomes: total ESS score changes in Study 1 and Study 2. 95% confidence interval

Table 4 Adverse eventsin Study 1 and Study 2

Group Study 1 Study 2
Enerisant 25 mg Enerisant 50 mg Enerisant 100 mg Placebo Enerisant5mg Enerisant 10 mg Placebo
(n=12) (n=13) (n=9) (n=12) (n=17) (n=18) (nh18)
Any AE 10(83.3) 9(69.2) 9(100.0) 5@17)  12(706) 9(50.0) 5(27.8)
Serious AEs 0 0 0
Discontinuations due to AEs 7 (58.3) 3(23.0) 2(222) 0 3(17.6) 1(5.6)
Most common AEs (> 10% of patients in any group)
Headache 3(25.0) 4(30.8) 2(22.2) 0 4(235) 3(16.7) 1(5.6)
Nausea 3(25.0) 1(7.7) 2(222) 0 2(11.8) 201 2(11.0)
Insomnia® 7(58.3) 4(30.8) 8(88.9) 1(83) 4(23.5) 3(16.7) 0
Dizziness 0 1(7.7) 0 0 3(17.6) 0 0
Dysmenorrhea 0 0 0 0 0 2(11.1) 0
Palpitations 1(83) 2(154) 0 1(83) 0 0 0
Nasopharyngitis 0 0 0 2(167) 0 1(5.6) 0
Parosmia 2(16.7) 0 0 0 0 0 0

@ MedDRA PT: insomnia, initial insomnia, and middle insomnia

AE adverse event

reported by 58.3% (7/12), 23.1% (3/13), 22.2% (2/9),
and 0% (0/12) of the participants in the 25 mg, 50 mg,
100 mg, and placebo groups, respectively. From these
results, it was speculated that there was a tolerability
problem with enerisant. In particular, independent data
monitoring of the first 23 patients revealed that many
of the participants showing insomnia-related AEs were
in the 100 mg group. Given this, we decided not to

continue allocation to the 100 mg group. However, AEs
leading to death and other severe AEs were not reported
in this study, and all of the AEs were mild to moderate
in severity (data not shown). Additionally, in other safety
variables (laboratory test values, vital signs, 12-lead
ECG, and C-SSRS), there were no clinically significant
abnormalities or notable trends after dosing.
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Study 2

AEs were reported by 70.6% (12/17), 50.0% (9/18), and
27.8% (5/18) of the participants in the 5 mg, 10 mg, and
placebo groups, respectively (Table 4). The most com-
mon AEs (those reported by at least 2 participants in any
treatment group) were insomnia-related (4 participants
in the 5 mg group and 3 in the 10 mg group), headache
(4 participants in the 5 mg group, 3 in the 10 mg group,
and 1 in the placebo group), nausea (2 participants each
in the 5 mg, 10 mg, and placebo groups), dizziness (3
participants in the 5 mg group), and dysmenorrhea (2
participants in the 10 mg group). AEs leading to dis-
continuation of the study drugs were reported by 17.6%
(3/17) and 5.6% (1/18) of the participants in the 5 mg and
placebo groups, respectively. AEs leading to death and
other severe AEs were not reported. All AEs were mild
to moderate in severity (data not shown). Additionally, in
other safety variables (laboratory test values, vital signs,
12-lead ECG, and C-SSRS), there were no clinically sig-
nificant abnormalities or notable trends after dosing.
Overall, enerisant at doses of 5 and 10 mg was well toler-
ated, and its safety was confirmed.

Discussion

Two phase 2 dose-finding studies were conducted to
evaluate the efficacy and safety of enerisant in patients
with narcolepsy. The efficacy of enerisant was partially
confirmed in Study 1, which used higher doses (25, 50,
and 100 mg/day), but could not be confirmed in Study 2,
which used lower doses (5 and 10 mg/day). The higher
doses were not sufficiently tolerated, and there were
many withdrawals due to AEs (mainly insomnia, head-
ache, and nausea). In contrast, in Study 2, both doses (5
and 10 mg/day) were well tolerated, with a lower inci-
dence of AEs reported in Study 2 than in Study 1.

In Study 1, the highest dose was set at 100 mg, because
it was tolerated in a previous MAD study conducted on
healthy adults, and the lowest dose was set at 25 mg, as
the estimated potential effective dose from the results
of nonclinical pharmacology studies conducted on cyn-
omolgus monkeys [unpublished data]. Contrary to the
results of the MAD study, none of the 25-100 mg/day
doses were sufficiently tolerated in patients with narco-
lepsy. The AEs were similar between the MAD study and
Study 1, and insomnia was the most frequently reported
AE. However, the frequency of insomnia and the rate of
withdrawal due to the occurrence of AEs (overall) were
much higher in Study 1 than in the MAD study.

Although the precise reason for the higher frequency of
insomnia with enerisant treatment in patients with nar-
colepsy than in healthy subjects is unknown, it may be
ascribed to a difference in the activities of histaminergic
neurons. Indeed, it has been reported that patients with
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narcolepsy had a 94% greater number of tuberomammil-
lary nucleus histaminergic neurons compared with non-
narcoleptic controls [18]. Given this, it is conceivable that
sensitivity to H3 receptor antagonists may differ between
patients with narcolepsy and healthy adults, possibly
leading to the difference in tolerability to enerisant.

In Study 1, the changes in the ESS score among all
the enerisant groups seemed to be larger, and a signifi-
cant difference compared with the placebo group was
seen in the 50 mg/day group, suggesting that ener-
isant has the potential to improve daytime sleepiness
in patients with narcolepsy. On the other hand, the
changes in mean SL on MWT in the enerisant groups
were small and did not show statistical difference
compared with those in the placebo group. Discrep-
ancies between these two endpoints have been shown
in many reports [19, 20]. MW is an objective index
of the inability to maintain wakefulness, whereas ESS
is a subjective self-reported index of sleepiness [19].
Thus, differences in the characteristics of these meas-
ures might have contributed to the discrepancy in the
results. ESS was authorized as a primary endpoint in
the EU pitolisant study [21]; thus, ESS could be reliable
to evaluate daytime sleepiness in clinical trials with
H3 receptor antagonists. Notably, the average base-
line MWT in Study 1 was 2.6 min, which is lower than
the previously reported baseline SLs on MWT in the
modafinil and pitolisant clinical trials [21, 22]. There-
fore, it is possible that patients with more severe symp-
toms were recruited in Study 1 than in the previously
conducted trials, possibly hampering efficacy detec-
tion of enerisant due to the “floor effect”

When we planned Study 2, the doses were set at a
much lower level based on the low tolerability in Study
1, and patients with relatively larger SLs on MW T were
included, taking the floor effect into consideration. In
particular, we simulated the doses in Study 2 based on
the time-course of cerebral H3 receptor occupancy of
enerisant in healthy adults obtained in a PET study [9].
The receptor occupancy simulation employed in Study
2 indicated that the dose of 5 mg occupies H3 recep-
tor by more than 90% for 10 h after administration.
Likewise, the maximum dose was set at 10 mg, which
occupies H3 receptor by more than 90% for 17 h. Thus,
5 mg was speculated not to induce insomnia theoreti-
cally, and AEs, including insomnia, were expected to be
markedly reduced at 10 mg. According to our simula-
tion, all doses used in Study 1 were estimated to occupy
H3 receptor by more than 90% for 24 h, which might
have led to the high incidence of insomnia, even at the
lowest dose (25 mg/day).

As expected, there was a reduction in the frequency
of AEs (including insomnia) and fewer withdrawals



Inoue et al. BMC Psychiatry (2022) 22:141

due to AEs in Study 2 than in Study 1, despite the
small number of patients in both the 5 mg and 10 mg
groups with insomnia-related AEs. On the other hand,
although some patients showed some improvement in
MWT or ESS, the efficacy expected from the recep-
tor occupancy simulation was not observed in either
of these two measures in Study 2. The variations in the
efficacy and safety of enerisant among patients might
indicate the existence of individual sensitivity to this
drug. Given this, both efficacy and tolerability could
not be fully predicted only from the receptor occu-
pancy simulation of enerisant, and individual differ-
ences in patients need to be considered.

As enerisant is rarely metabolized by CYP, individual
differences in its plasma concentration have been spec-
ulated to be relatively low [8]. Therefore, we initially
speculated that the optimal fixed dose for patients with
narcolepsy would be in the range of 5-100 mg. However,
contrary to our hypothesis, the efficacy and safety were
significantly different among patients, including differ-
ences in tolerability between healthy adults and patients
with narcolepsy. As such, the optimal dose could not be
determined in the fixed-dose studies.

As for pitolisant, the approved dose ranges widely
from 4.5 to 36 mg, and patient-specific dose adjustment
is recommended considering the efficacy, safety, and
influences of drugs metabolized by CYPs [23]. There-
fore, interindividual variabilities in terms of efficacy and
safety may be common between H3 receptor antago-
nists, independent of their pharmacological or phar-
macokinetic profiles. In addition, doses of pitolisant up
to 36 mg, taken once daily, show efficacy and are toler-
ated [24]. In our study, sufficient efficacy and tolerabil-
ity at higher doses of enerisant were observed in some
patients, but any firm conclusions on this aspect can-
not be drawn in this study. The differences in the results
between pitolisant and enerisant possibly stem from the
differences in the study design (e.g., dose-titration design
vs. fixed-dose design).

The detailed mechanisms of histamine action remain
unclear; however, it is noteworthy that even enerisant,
which has a better PK profile than pitolisant, showed
large individual differences in efficacy and tolerability.
In addition to differences in sensitivity to AEs between
healthy adults and patients with narcolepsy, changes
in histaminergic neuronal activities may differ even
among patients with narcolepsy, both qualitatively and
quantitatively. This may explain the large individual
differences in the efficacy and safety of H3 receptor
antagonists. Because H3 receptor antagonists exert
their effect by increasing histamine release and sub-
sequent stimulation of postsynaptic H1 receptor, the
determination of H1 receptor occupancy with released
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histamine by H3 receptor antagonists would help clar-
ify this issue.

As the first limitation, the present study possibly
had sampling bias coming from the additional inclu-
sion/exclusion criteria items (i.e. the weekly frequency
of daytime dozing off or SL on MWT at the baseline)
for precisely evaluating the effect of study drugs. As
the second limitation, especially in Study 1 many par-
ticipants discontinued treatment due to AEs, and the
limited number of patients who underwent post-treat-
ment MW T made it difficult to interpret the results on
efficacy.

Conclusions

In the present two studies, it was not possible to deter-
mine the optimal dose of enerisant for the treatment of
EDS in patients with narcolepsy. As enerisant showed
large interindividual variability in its efficacy and safety
despite its favorable PK profile, tailored dosage adjust-
ments based on individual efficacy and safety would be
required. We hope that future studies reveal the effi-
cacy and safety of enerisant for the treatment of narco-
lepsy and other neuropsychiatric disorders for which H3
receptor antagonists can be indicated.
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