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Abstract
Izuforant is a selective, and potent histamine H4 receptor (H4R) antagonist 
developed to treat atopic dermatitis (AD). There is an unmet medical need for 
therapeutic agents to control inflammation and pruritus. Izuforant is a strong 
candidate for this task based on the findings of non- clinical studies showing that 
inhibition of the histamine- mediated signaling pathway via H4R by izuforant re-
sults in decreased pruritus and inflammation. This study aimed to evaluate the 
clinical pharmacokinetic (PK) and pharmacodynamic (PD) profiles of izuforant. 
Dose- block- randomized, double- blind, placebo- controlled, single-  and multiple 
ascending dose studies were conducted in 64 healthy volunteers. For the sin-
gle ascending dose (SAD) study, 10–600 mg izuforant was administered to the 
designated groups. For the multiple ascending dose (MAD) study, 100–400 mg 
izuforant was administered to three groups. The clinical pharmacokinetic (PK) 
profile of izuforant was evaluated using plasma and urine concentrations. Blood 
sampling for the PD assay, which measured imetit- induced eosinophil shape 
changes (ESC), was also conducted. A one- compartment PK model described the 
distribution and elimination profiles of izuforant. An imetit- induced ESC inhibi-
tion test was established and validated for PD evaluation as a measure of the H4R 
antagonistic effect. ESC inhibition was observed even at doses as low as 10 mg; 
however, this inhibition became stronger and lasted longer as the dose increased. 
All izuforant doses were well tolerated, and no discontinuations due to adverse 
events (AE) or deaths were reported.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Izuforant is a selective, and potent histamine H4 receptor (H4R) antagonist de-
veloped to treat atopic dermatitis (AD). Inhibition of the histamine- mediated 
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INTRODUCTION

Izuforant (JW Pharmaceutical Co. Gyeonggi- do, Korea) is 
a potent histamine H4 receptor (H4R) antagonist newly 
developed for oral administration in the treatment of at-
opic dermatitis (AD). Histamine is mainly involved in 
the pathophysiology of allergic diseases, such as asthma, 
allergic rhinitis, and AD, in regulating T helper lympho-
cytes, and mediating mast cell activation.1 H4R is coupled 
to Gα/io proteins and is expressed by various immune 
cells, especially antigen- presenting and Th2- type T cells 
involved in allergic immune responses.2–10

The stimulation of H4R by chemokines results in the che-
motaxis of leukocytes to sites of inflammation, mediating 
the histamine response.11,12 Histamine enhances adhesion 
molecule expression, cell shape changes, and cytoskeletal 
rearrangement via H4R, leading to increased eosinophil mi-
gration. Eosinophils are inflammatory cells whose immune 
regulatory functions are modulated by histamine. Changes 
in eosinophils' shape result in the cytoskeleton's forma-
tion, providing directionality and force for cellular migra-
tion.13,14 Furthermore, histamine- induced H4R stimulation 
increases mast cell recruitment and induces immune re-
sponse amplification and chronic inflammation.1

Pruritus is a common clinical symptom related to skin 
diseases such as AD.15,16 Among the mediators of pruritus 
in AD, histamine induces pruritus by binding to histamine 
receptors on sensory nerve fibers.17 However, cytokines 
and neuropeptides other than histamines also affect pru-
ritus in AD; consequently, pruritus in AD is difficult to re-
solve with antihistamines.18,19

Atopic dermatitis is a common chronic inflammatory 
skin disease accompanied by intense pruritus and un-
sightly lesions.20 Scratching and persistent itchiness, the 
main clinical symptoms of AD, reduce skin barrier func-
tion and impair patients' quality of life.20–22 There is a lack 
of effective systemic treatment options to control chronic 
symptoms in patients with moderate- to- severe ADs.23–25 
Therefore, there is an unmet medical need for therapeutic 
agents that can effectively relieve both inflammation and 
pruritus in clinical settings.

In our earlier work, izuforant showed selective bind-
ing affinity to H4R and concentration- dependent inhib-
itory effects on eosinophil shape changes (ESC) induced 
by imetit, which mimics the histamine effect in trig-
gering eosinophil changes and has an agonistic effect 
on H4R in the human whole- blood assay with IC50 of 
65.1–72.2 nM.13 The affinity (pKi) of izuforant at mouse 
and rat histamine receptor subtypes was 6.83 and 5.36 
for H4R, with lower pKi values observed for other his-
tamine receptor (unpublished data). Inhibitory effects 
were also observed in an antigen- specific Th2 type im-
mune response, subsequently reducing Th2 cytokine- 
related skin inflammation and dermal thickness in the 
ear in a mouse model of epicutaneous sensitization and 
oxazolone- mediated AD (unpublished data). Izuforant 
also produced markedly lower mean scratching behav-
ior when orally administered in a murine model of IgE- 
mediated pruritus compared with other antihistamines 
(unpublished data).

Therefore, izuforant has the potential to effectively 
control inflammation and pruritus. This study aimed to 

signaling pathway through H4R, as observed in non- clinical studies of izuforant, 
controls both pruritus and inflammation. Currently, in clinical settings, there is 
an unmet medical need for a therapeutic agent that can control both inflamma-
tion and pruritus. Izuforant is considered a strong candidate for this task.
WHAT QUESTION DID THIS STUDY ADDRESS?
This first- in- human study assessed the safety, tolerability, pharmacokinetics, and 
pharmacodynamics of izuforant administered as either a single or multiple as-
cending doses in healthy Korean volunteers, compared with placebo.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
All izuforant doses tested were safe and well tolerated by the study participants. 
Linear kinetics best described the PK profile of izuforant. izuforant inhibited 
imetit- induced eosinophil shape changes, resulting in full inhibition lasting over 
24 h at high doses, suggesting that izuforant is a potent H4R antagonist. The clini-
cal PK and PD characteristics of izuforant suggest that the drug could be used as 
a once- daily dosing regimen in further clinical studies.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Our study, in addition to a non- clinical study, may accelerate further develop-
ment of izuforant for treating patients with AD.
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explore the clinical pharmacokinetic and pharmacody-
namic characteristics of izuforant and the safety and toler-
ability profiles of izuforant administered to healthy adult 
volunteers in single ascending dose (SAD) and multiple 
ascending dose (MAD) studies.

METHODS

Study population

Healthy male Korean subjects aged 19–55 years with body 
mass indices between 18.5 and 28.0 kg/m2 were enrolled in 
this study. After voluntarily signing the informed consent 
form, the volunteers underwent the following screening 
procedures: medical history, physical examination, 12- 
lead electrocardiogram, and assessment of clinical labora-
tory parameters, including hematology, blood chemistry, 
and urine drug screening.

Study design, treatments, and 
administration

Dose- block- randomized, double- blind, placebo- con-
trolled SAD and MAD studies were performed. In the 
SAD study, the dose was increased in five steps (10, 
30, 100, 300, and 600 mg) from the lowest to the high-
est dose. Three cohorts treated with different dose lev-
els (100, 200, and 400 mg) were included in the MAD 
study. The dose levels used in the MAD study were de-
termined after analysis of both pharmacokinetic (PK)/
pharmacodynamic (PD) and safety data from the SAD 
study. The starting dose (10 mg) of the SAD study was 
selected based on the calculated safety margin derived 
from the no observed adverse effect level (NOAEL) of 
the non- clinical toxicology studies and the pharmaco-
logically active dose (PAD) in non- clinical pharmacol-
ogy studies.26

Each dose group consisted of eight subjects (six receiv-
ing izuforant and two receiving the placebo). A sentinel 
group (two subjects, one subject receiving izuforant and 
the other subject receiving placebo) was separated from 
the remaining six subjects for each dose group in the SAD 
study to confirm the safety of the first administration of 
izuforant in humans.

Safety evaluations were conducted by the Safety 
Review Committee (SRC), to confirm that no safety 
problems were identified in each dose group of the SAD 
study. A MAD study was also conducted after the SRC 
reviewed the safety and tolerability results of the SAD 
study. A single dose of izuforant or placebo was orally 
administered to randomly assigned participants in the 

SAD study with fasted state. Izuforant or placebo was 
orally administered once daily for 7 days in the MAD 
study with a fasted state.

In the SAD study, blood sampling for PK assessment 
were conducted pre- dose (0 h) and 0.25, 0.25, 0.5, 0.75, 1, 
1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, 24, 48, and 72 h post- dose. 
In the MAD study, blood PK sampling was conducted pre- 
dosing on days 1 to 7 (0 h) and 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 
3, 3.5, 4, 5, 6, 8, 10, and 12 h post- dosing on days 1 and 7. 
Post- dose PK sampling was also conducted at 24, 48, and 
72 h following the final dose.

Blood samples for PD assessment were taken 24 h 
before the first administration of izuforant on day 1 
(pre- dose) and at 1, 3, 6, 24, 48, and 72 h post- dose. The 
temporary analysis results for PK, PD, and safety in the 
SAD study were also considered, and the blood PD sam-
pling time points in the MAD study were set to 1, 6, and 
24 h post- dosing on day 1 and 1, 6, 24, 48, and 72 h post- 
dosing on day 7.

Voided urine samples were collected for PK assessment 
pre- dosing (0 h) and from 0 to 4, 4 to 8, 8 to 12, 12 to 24, 
24 to 48, and 48 to 72 h post- dosing in the SAD study. The 
urine collection time intervals in the MAD study were pre- 
dose (0 h), and from 0 to 4 h, 4 to 8 h, 8 to 12 h, and 12 to 
24 h post- dose, on day 1. Urine was collected on day 7 at 0 
to 4, 4 to 8, 8 to 12, 12 to 24, 24 to 48, and 48 to 72 h post- 
dosing. Urine collection in the MAD study was performed 
only in the 400 mg dose group.

Measurement of plasma and urine 
izuforant concentration

The plasma and urine concentrations of izuforant were 
measured using a validated ultra- performance liquid chro-
matography assay with a Waters ACQUITY UPLC system 
(Waters, Milford, MA, USA) coupled with a Waters Xevo 
TQ MS system (Waters, Milford, MA, USA).

The calibration curve was linear over a range of 10–
10,000 ng/mL, with the correlation coefficient (r) greater 
than 0.995. The inter- day and intra- day accuracies were 
within 85%–115%. The coefficient of variability represent-
ing the overall precision was below 20% for the lower limit 
of quantification and 15% for the upper concentration 
range of the calibration curve.

Imetit- induced eosinophil shape 
change assay

At the time points specified, venous blood samples (490 μL 
each) were collected into heparin tubes. The samples 
were treated with a negative control (no treatment) or 
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50 nM imetit dihydrobromide (PubChem ID: 11957573) 
for 5 min at 37°C to measure the eosinophil shape change 
(ESC). To measure ESC, a gated autofluorescence forward 
scatter assay was performed using a BD FACS II system. 
Scans treated with or without imetit were summarized 
by calculating the average of the geometric means of 
forward scatter (FSC). The eosinophil population was 
gated using a validated method.13 ESC (%) was calculated 
as follows:

The geometric mean of FSCi was the mean scatter of 
eosinophils treated with 50 nM imetit, and the geometric 
mean of FSCb was the mean scatter of eosinophils treated 
with the negative control (no inhibitor).

Safety assessment

The safety and tolerability were assessed throughout the 
study. To evaluate safety, all adverse events (AEs) were 
monitored based on physical examination, vital signs, 12- 
lead ECG, routine hematology, serum chemistry, and uri-
nalysis. All AEs reported by the subjects or detected in the 
assessments were recorded; the investigators determined 
their relationship with the treatment.

Pharmacokinetic analysis

WinNonlin (Ver 8.2, Pharsight, NJ, USA) was used for 
PK parameter calculations and non- compartmental 
analysis. AUC during a dosage interval (τ) (AUCτ(,ss)) on 
days 1 and 7, AUC from zero to time of last measurable 
concentration (AUClast) and AUC from zero to infinity 
(AUCinf(,ss)) were calculated. Terminal elimination rate 
constant (λz) was estimated using the linear regression 
analysis on the terminal portion of the log- transformed 
plasma concentration- to- time profile. The elimination 
half- life (t1/2), apparent clearance (CL(,ss)/F), apparent 
volume of distribution (Vd(,ss)/F), AUC of the last dosing 
time extrapolated to infinity (AUCinf(,ss)), and renal clear-
ance (CLR(,ss)) were calculated. CLR(,ss) was calculated 
using the following formula where Ae/dose denotes the 
amount of the drug excreted unchanged in urine divided 
by the dose.

Pharmacodynamic analysis

The percentage of ESC inhibition from baseline activity 
was calculated. The PD parameters of izuforant, which 
used the percentage inhibition of ESC from baseline ac-
tivity over time, were calculated by non- compartmental 
analysis using WinNonlin (Ver. 8.2, Pharsight, NJ, USA). 
The Emax(,ss) and Tmax(,ss) values of izuforant were obtained 
from the observed values. The area under the effect curve 
(AUEC) below the baseline was calculated using the lin-
ear trapezoidal rule.

Statistical analysis

Descriptive statistics of subject demographics are pre-
sented for each study. An analysis of variance (ANOVA) 
test or the Kruskal–Wallis test was used to compare more 
than two treatment groups. All statistical analyses were 
performed using SAS (version 9.4; Cary, NC, USA) or 
WinNonlin (version 8.2; Pharsight, NJ, USA). Statistical 
significance was set at p < 0.05.

The PK data were described as the mean ± standard 
deviation (SD) in each dose group, except for Tmax, where 
the PK data were presented using the median (range). The 
dose proportionality of the PK parameters (Cmax, AUClast 
and AUCinf for the SAD study and Cmax,ss and AUCτ,ss for 
the MAD study) in the SAD study and the MAD study was 
explored using the power model.27

For ESC, a repeated- measures mixed model was im-
plemented to compare the differences in the averages be-
tween the dose and placebo groups at each measurement 
timepoint. Dose group, time, and interaction (dose group 
× time) were incorporated as fixed effects, and the subject 
was considered to have a random effect in the repeated- 
measures mixed model. Furthermore, ESC 24 h before the 
first IP administration to each subject was used as a covari-
ate for adjustment in the model. Dunnett's adjustment was 
used to perform multiple comparisons of the difference be-
tween the least- squares mean values for each dose group 
and the placebo group at each measurement timepoint.

Ethics

This study was approved by the Institutional Review 
Board (IRB) of Severance Hospital, Yonsei University 
College of Medicine, Seoul, Republic of Korea (IRB num-
ber: 4- 2018- 1098), and was conducted in accordance with 
the principles of the Declaration of Helsinki and Good 
Clinical Practice. All volunteers were enrolled in the study 
after providing written informed consent.

ESC (%) =
Geometric mean of FSCi −Geometric mean of FSCb

Geometric mean of FSCb
× 100

CLR(,ss) =
Ae
Dose

×
CL(,ss)

F
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RESULTS

Demographics

Sixty- three (63) subjects completed the studies (SAD study: 
40, MAD study: 23). One subject in the MAD study (400 mg 
dose group) had to be withdrawn from the study on day 6 
owing to AE and mild nausea and vomiting. The subject 
was included in the demographic and safety populations 
but was excluded from the PK/PD analysis population. 
There were no statistically significant differences in age, 
height, body weight, or BMI between the dose groups in 
any of the studies, except for weight in the MAD study; the 
weight difference was clinically insignificant (Table S1).

Pharmacokinetics

The mean plasma concentration–time profile and the 
mean plasma and urine PK parameters of izuforant ac-
cording to dose in the SAD study are presented in Figure 1 
and Table  1, respectively. The corresponding results of 
izuforant in MAD study are summarized in Figure 2 and 
Table 2, respectively.

Izuforant showed rapid absorption with a median 
Tmax(,ss) of 1.00–1.75 h. The Cmax in the SAD study, Cmax,ss 
in the MAD study increased with dose, with peak val-
ues of 4495 ng/mL and 3630 ng/mL, respectively. The 
AUCinf in the SAD study and the AUCinf,ss in the MAD 
study increased with dose, with peak values of 40,847 and 
27,487 ng/mL, respectively. Vd/F, a parameter of drug dis-
position, was also consistent across all dose groups. The 
calculated range of t1/2 of izuforant in the SAD study was 
between 2.42 h and 7.80 h. The t1/2 values of izuforant in 
the 10 mg and 30 mg of the SAD study were shorter (2.42 h 
in the 10 mg dose group and 4.84 h in the 30 mg dose 
group) than the values of other dose groups in the SAD 

and the MAD study that ranged between 6.36 h and 7.80 h. 
The fraction of izuforant excreted unchanged in the urine, 
given as the ratio of the total amount of izuforant excreted 
unchanged to the dose of izuforant, was 42%–77%. The 
fluctuation (peak- to- trough ratio) at the steady state was 
consistent among all dose groups, with an accumulation 
index (AI) of 1.04–1.39, indicating that an accumulation of 
izuforant in repeated dosing could be clinically neglected.

Dose proportionality of the log- transformed PK pa-
rameters was evaluated using a power model. In the case 
of the SAD study, with a dose range of 10–600 mg, the β- 
values and 90% CIs of Cmax, AUClast and AUCinf did not 
fall into the acceptable range, except for the lower limit 
of the 90% CI of Cmax (the β value [with 90% CI] for Cmax 
was 1.08 [1.03–1.13], for AUClast was 1.28 [1.23–1.32], for 
AUCinf was 1.26 [1.22–1.31], and the acceptable range for 
β- values was 0.95–1.05). Based on these results, the in-
crease in drug exposure following a single dose was judged 
to be greater than or proportional to the dose.

The 90% CI of Cmax,ss and AUCτ,ss in the MAD study 
with 100–400 mg of dose range included 1, but the CIs did 
not fall into the acceptable range (the β value [90% CI] for 
Cmax,ss was 0.97 [0.83–1.12], for AUCτ,ss was 0.97 [0.80–
1.13], and the acceptable range for β- values, was 0.84–1.16).

Pharmacodynamics

Figure 3 shows the results of the statistical comparison of 
imetit- induced ESC in the SAD and MAD studies. Figure S1 
shows the results of the change from baseline of imetit- 
induced ESC by Dose Group in the SAD and MAD stud-
ies. Table S2 presents the results of the non- compartmental 
PD parameter analysis of the SAD and MAD studies. There 
was no statistical difference in baseline imetit- induced ESC 
(24 h prior to the first dose) in each dose group or in the 
placebo group in either the SAD or MAD studies.

F I G U R E  1  Mean plasma concentration–time profiles of izuforant after single administration. Error bars denote the standard deviation. 
(a): Linear scale; (b): Semi- log scale.
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In the SAD study, statistically significant differences in 
imetit- induced ESC inhibition and the placebo group were 
maintained for 6 h in the 10 mg cohort and 24 h in the other 
cohorts at each corresponding timepoint. In the MAD 
study, statistically significant differences in imetit- induced 
ESC inhibition and the placebo group were maintained for 
1 h in the 100 mg cohort and for 24 h in other cohorts from 
the last dosing, at each corresponding timepoint. However, 
statistically significant imetit- induced ESC inhibition 6 h 
after the last drug dose in the 400 mg dose group was not 
observed.

Safety assessment

In the SAD study, 18 AEs were reported in 13 subjects 
(32.5%): two subjects (20.0%) in the placebo group, two 

subjects (33.3%) in the 10 mg dose group, one subject 
(16.7%) in the 30 mg dose group, one subject (16.7%) in 
the 100 mg dose group, one subject (16.7%) in the 300 mg 
dose group, and six subjects (100.0%) in the 600 mg 
dose group (Table  3). According to the classification 
of AEs defined in CTCAE version 5.0, there were three 
grade 4 AEs observed in the SAD study (neutrophil 
count decreased in the placebo group, blood creatine 
phosphokinase increased in the 30 mg dose group, and 
hypertriglyceridemia in the 600 mg dose group), and 
one grade 3 AE (syncope in the 600 mg dose group). 
Other AEs were classified as grade 1 or grade 2 and no 
grade 5 adverse events were reported. Although one 
serious AE (SAE) (gastrointestinal hemorrhage leading 
to hospitalization) occurred in the 10 mg dose group, 
its relationship with IP was unlikely because the onset 
was 6 days post- dosing and the subject had a history 

T A B L E  1  Pharmacokinetic parameters for izuforant after administration of single oral dose in healthy subjects.

Parameters

Dose group

10 mg (n = 6) 30 mg (n = 6) 100 mg (n = 6) 300 mg (n = 6) 600 mg (n = 6)

Tmax (h) 1.0 (0.50–1.50) 1.25 (0.50–2.00) 1.00 (0.50–1.50) 1.75 (0.50–5.00) 1.50 (1.00–2.50)

Cmax (ng/mL) 56.6 ± 10.5 192.7 ± 55.9 701.5 ± 74.0 2537 ± 1055 4495 ± 756

AUClas (h*ng/mL) 215.9 ± 64.4 1012 ± 119 4728 ± 784 18,253 ± 5843 40,603 ± 5849

AUCinf (h*ng/mL) 233.4 ± 69.4 1047 ± 118 4779 ± 785 18,330 ± 5888 40,847 ± 5920

t1/2 (h) 2.42 ± 0.81 4.84 ± 0.37 7.05 ± 0.37 6.36 ± 1.27 7.80 ± 1.20

CL/F (L/h) 46.0 ± 12.7 29.0 ± 3.4 21.5 ± 4.1 17.5 ± 4.5 15.0 ± 2.3

Vd/F (L) 150.4 ± 31.1 203.0 ± 34.4 218.0 ± 39.0 154.6 ± 20.2 165.5 ± 13.1

Ae (mg) 4.16 ± 0.61 15.6 ± 1.1 68.0 ± 5.3 196.6 ± 51.3 388.6 ± 64.1

CLR (L/h) 18.5 ± 3.1 15.1 ± 2.3 14.5 ± 1.9 11.3 ± 3.7 9.55 ± 1.35

Note: Data are summarized as arithmetic mean ± standard deviation values except those for Tmax, for which the median (min–max) values are presented.
Abbreviations: Ae, amount of drug excreted unchanged in urine; AUCinf, area under the plasma drug concentration–time curve from dosing time extrapolated 
to infinity; AUClast, area under the plasma drug concentration–time curve from the time of dosing to the last measurable concentration; CL/F, apparent 
clearance; CLR, renal clearance; Cmax, maximum concentration of the drug in plasma; t1/2, elimination half- life; Tmax, time to Cmax; Vd/F, apparent volume of 
distribution.

F I G U R E  2  Mean plasma concentration–time profiles of izuforant after multiple administrations. Error bars denote the standard 
deviation. (a): Linear scale; (b): Semi- log scale.
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of similar symptoms. The SAE was resolved without 
complications. Seventeen AEs were reported as adverse 
drug reactions (ADRs).

In the MAD study, 35 AEs occurred in 10 subjects 
(41.7%): one subject (16.7%) in the placebo group, one 
subject (16.7%) in the 100 mg dose group, three subjects 
(50.0%) in the 200 mg dose group, and five subjects (83.3%) 
in the 400 mg dose group (Table 4). According to the clas-
sification of AEs defined in CTCAE version 5.0, All AEs 
observed in the MAD study were classified as grade 1 or 
grade 2, and no grade 5 adverse events were reported. All 
AEs were reported as ADRs.

There were no clinically significant drug- related 
AEs in this study, and all subjects recovered without 
any sequelae despite tolerability issues in the highest  
dose groups in the SAD and MAD studies. All AEs that 
occurred for both studies are summarized in Tables S3 
and S4.

DISCUSSION

This study is the first one to reveal the PK, PD, and safety 
of the H4 receptor antagonist, izuforant, in healthy Korean 
subjects. In this study, izuforant showed a first- order elimi-
nation profile solely based on the semi- log PK profile of 
izuforant, with t1/2 in the range of 2–8 h. Therefore, a one- 
compartment PK model with first- order absorption may de-
scribe the PK of izuforant. The fraction of izuforant excreted 
unchanged in the urine was more than 50%, except in the 
10 mg dose group in the SAD study. This is consistent with 
the known elimination pathway of izuforant (unpublished 
data). The results of the MAD study suggest the possibil-
ity of dose- proportional PK. In this study, izuforant po-
tently inhibited the imetit- induced ESC profile, suggesting 
a sustained effect for a substantial duration. Iimetit- induced 
ESCs were inhibited for more than 24 h in groups adminis-
tered a dose of at least 200 mg.

Parameters

Dose group

100 mg (n = 6) 200 mg (n = 6) 400 mg (n = 5)

Day 1

Tmax (h) 0.75 (0.50–1.50) 1.00 (0.75–2.00) 1.50 (1.00–3.00)

Cmax (ng/mL) 896.3 ± 203.9 1980 ± 216 2794 ± 521

AUC0- 24h (h*ng/mL) 4972 ± 779 11,120 ± 2052 17,691 ± 2389

Ae (mg) – – 204.8 ± 84.6

Day 7

Tmax,ss (h) 1.00 (0.75–1.50) 1.25 (0.50–2.00) 1.00 (0.75–1.50)

Cmax,ss (ng/mL) 935.3 ± 105.1 2217 ± 316 3630 ± 855

Cmin,ss (ng/mL) 46.6 ± 17.5 113.3 ± 89.0 217.8 ± 79.6

Cavg,ss (ng/mL) 269.5 ± 40.2 610.0 ± 189.9 1029.7 ± 206.9

AUCτ,ss (h*ng/mL) 6469 ± 966 14,640 ± 4558 24,712 ± 4965

AUCinf,ss (h*ng/mL) 7047 ± 1144 16,202 ± 5504 27,487 ± 6018

t1/2 (h) 7.07 ± 0.69 7.00 ± 0.58 7.52 ± 0.88

CLss/F (L/h) 15.76 ± 2.42 14.56 ± 3.56 16.69 ± 3.14

Vdss/F (L) 161.4 ± 34.4 145.5 ± 31.1 179.2 ± 27.8

AI (Cmax,ss) 1.08 ± 0.22 1.12 ± 0.14 1.22 ± 0.16

AI (AUCτ,ss) 1.31 ± 0.14 1.30 ± 0.18 1.39 ± 0.12

Ae (mg) – – 306.6 ± 113.3

CLR,ss (L/h) – – 12.96 ± 5.46

Note: Data are summarized as arithmetic mean ± standard deviation values except those for Tmax(,ss) for 
which the median (min–max) values are presented.
Abbreviations: Ae, amount of drug excreted unchanged in urine; AI, accumulation index; AUC0–24h, 
area under the plasma drug concentration–time curve from the time of dosing to the 24 h after drug 
administration; AUCinf,ss, area under the plasma drug concentration–time curve extrapolated to infinity 
at steady state; AUCτ,ss, area under the plasma drug concentration–time curve within a dosing interval 
(τ) at steady state; Cavg,ss, average concentration of drug in plasma at steady state; CLR,ss, renal clearance 
at steady state; CLss/F, apparent clearance at steady state; Cmax, the maximum concentration of the drug; 
Cmax,ss, maximum concentration of drug in plasma at steady state; Cmin,ss, minimum concentration of drug 
in plasma at steady state; t1/2, terminal elimination half- life; Tmax, time to Cmax; Tmax,ss, time to Cmax,ss; 
Vdss/F, apparent volume of distribution at steady state.

T A B L E  2  Pharmacokinetic 
parameters for izuforant after 
administration of multiple oral dose in 
healthy subjects.
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The AUClast and AUCinf values were higher than those 
of the proportional dose. The decrease in izuforant clear-
ance with dose escalation in the SAD study may have af-
fected the dose- dependent increase in izuforant exposure. 
As izuforant is excreted mainly via the renal route, a sat-
urable renal excretion route may contribute to this phe-
nomenon. However, further studies are required to prove 
this hypothesis as there were no dose- dependent differ-
ences in drug clearance in the MAD study. Thus, the dose 
proportionality of the PK parameters of izuforant could 
not be defined by considering the different results of the 
SAD and MAD studies. Therefore, further clinical studies 
are required to prove the dose proportionality of izuforant.

A decrease in izuforant clearance was observed with 
dose escalation in the SAD study, leading to a more than 
proportional increase in exposure, a trend not evident in 
the MAD study. Non- clinical studies identified izuforant 
as a P- glycoprotein (P- gp) substrate and an inhibitor of 
MATE1, MATE2- K, and OCT2, which are involved in renal 
active secretion (unpublished data). The saturable nature 
of these transporters may explain the dose- dependent de-
crease in izuforant clearance.

When only the PK profile was considered, a period 
shorter than 7 days could suffice in a steady state based on 
the t1/2 of izuforant. However, a 7- day once- daily dose reg-
imen was selected to obtain sufficient information about 
the PD profile, considering the situation where the drug is 
administered to a patient in a clinical setting.

Histamine- mediated ESC have been considered a vali-
dated biomarker for evaluating H4R antagonism and have 
been used to assess the PD effect of H4R antagonists in 
both non- clinical and clinical studies.28–31 In addition to 
histamine, Imetit, an H4R agonist, has been reported to 
change the shape of eosinophils in an in vitro study.13,32 
In the validation step for setting the PD assay protocol, 
imetit was considered more capable of inducing ESC in 
a dose- dependent manner and causing maximal change 

in eosinophil count. Therefore, imetit was used to induce 
shape changes in eosinophils in this clinical study.

A repeated mixed model analysis was conducted for 
the statistical comparison of imetit- induced ESC in this 
study, unlike the one- way ANOVA used in clinical studies 
of other H4R antagonists.30,31 Although there is no estab-
lished rule for selecting an appropriate method for statis-
tical analysis, it was concluded that the repeated mixed 
model analysis was more appropriate for considering the 
properties of the variable since one- way ANOVA is more 
useful for considering the individual variability of the 
baseline eosinophil FSC and the corresponding imetit- 
induced ESC.

The mean number of imetit- induced ESC at base-
line in the SAD study tended to be higher than that in 
the MAD study. The observed FSCi tended to be smaller 
in the MAD study than in the SAD study, while the ob-
served FSCb tended to be larger in the MAD study than 
in the SAD study. We speculate that the time difference 
between the schedules of the SAD and MAD studies may 
have affected the mean imetit- induced ESC. Both inter-  
and intra- individual variability in the study subjects, 
reflected in the mean eosinophil FSC, could have also 
affected imetit- induced ESC. Therefore, further studies 
are needed to reveal the primary factors that affect imetit- 
induced ESC.

The imetit- induced ESC in the 30 mg dose group in the 
SAD study did not respond to immediate stimulation, as 
observed throughout the study period. The use of an in-
appropriate erythrocyte lysis buffer during the assay was 
concluded to be the cause of inconsistent data because the 
phenomenon did not occur after using another batch of 
erythrocyte lysis buffer.

The dose–response relationship was examined after 
multiple administrations of izuforant. When 400 mg of 
izuforant was administered, the PD parameter AUECss, 
which reflects the extent and duration of the ESC 

F I G U R E  3  Box- and- whisker plots indicating the maximum and minimum imetit- induced ESC by Dose Group, (a) single and (b) 
multiple ascending oral dose studies. Statistical comparison of treatment groups to the placebo group was assessed by repeated- measures 
mixed model with post hoc Dunnett's adjustment. *p- value <0.05, **p- value <0.01, ***p- value <0.001.
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inhibition effect, was only ~13% higher than when 200 mg 
izuforant was administered, despite doubling the dose. 
Therefore, the increase in efficacy following administer-
ing a 400 mg dose is not of interest given the safety aspects 
such as the number of AE incidents and the number of 
subjects who experienced AEs.

In vitro studies have shown that izuforant is a sub-
strate of P- glycoprotein (P- gp) (unpublished data). 
Therefore, the likelihood of the drug crossing the blood–
brain barrier is low, suggesting that some AE observed 
in this study, such as nausea, vomiting, and dizziness, 
are unlikely to originate from the central nervous sys-
tem. Other H4R antagonists are under clinical develop-
ment, and some H4R antagonists have shown favorable 
efficacy in clinical studies.33,34 One tolerability issue 

observed with izuforant dosing was a dose- dependent 
increase in gastrointestinal AEs similar to that observed 
with other H4R antagonists30,31; this issue might be due 
to a local nonspecific effect in the stomach and might 
be improved by modifying the formulation of the IPs, as 
in other clinical studies on H4R antagonists.31 However, 
further clinical research is required to confirm these 
hypotheses. Clinical studies are also required to prove 
the safety of izuforant in patients with AD, considering 
agranulocytosis, which was reported in a previous H4R 
antagonist clinical study.35

In a phase II clinical trial evaluating the efficacy and 
safety of izuforant in patients with cholinergic urticaria, a 
dosing regimen of 100 mg twice daily was used.36 The total 
daily dose of 200 mg was selected as the intermediate dose 

T A B L E  3  Summary of treatment emergent adverse events by system organ class and preferred term (SAD study).

System organ class 
preferred term

No. of subjects (percentage of subjects with adverse events) [No. of adverse 
events]

Total 
(n = 40)

Placebo 
(n = 10)

10 mg 
(n = 6)

30 mg 
(n = 6)

100 mg 
(n = 6)

300 mg 
(n = 6)

600 mg 
(n = 6)

Subjects with any adverse 
event

2 (20.0) [4] 2 (33.3) [2] 1 (16.7) [2] 1 (16.7) [1] 1 (16.7) [1] 6 (100.0) [8] 13 (32.5) [18]

Nervous system disorders 1 (10.0) [1] – – 1 (16.7) [1] – 4 (66.7) [4] 6 (15.0) [6]

Dizziness – – – – – 3 (50.0) [3] 3 (7.5) [3]

Headache 1 (10.0) [1] – – 1 (16.7) [1] – – 2 (5.0) [2]

Syncope – – – – – 1 (16.7) [1] 1 (2.5) [2]

Gastrointestinal disorders – 1 (16.7) [1] – – – 2 (33.3) [2] 3 (7.5) [3]

Abdominal pain – – – – – 1 (16.7) [1] 1 (2.5) [1]

Gastrointestinal hemorrhage – 1 (16.7) [1] – – – – 1 (2.5) [1]

Nausea – – – – – 1 (16.7) [1] 1 (2.5) [1]

Investigations 1 (10.0) [2] – 1 (16.7) [2] – 1 (16.7) [1] – 3 (7.5) [5]

White blood cell count 
decreased

1 (10.0) [1] – – – 1 (16.7) [1] – 2 (5.0) [2]

Aspartate aminotransferase 
increased

– – 1 (16.7) [1] – – – 1 (2.5) [1]

Blood creatine 
phosphokinase increased

– – 1 (16.7) [1] – – – 1 (2.5) [1]

Neutrophil count decreased 1 (10.0) [1] – – – – – 1 (2.5) [1]

Infections and infestations 1 (10.0) [1] – – – – 1 (16.7) [1] 2 (5.0) [2]

Hordeolum – – – – – 1 (16.7)/ [1] 1 (2.5) [1]

Pharyngitis 1 (10.0) [1] – – – – – 1 (2.5) [1]

Metabolism and nutrition 
disorders

– – – – – 1 (16.7)/ [1] 1 (2.5) [1]

Hypertriglyceridemia – – – – – 1 (16.7)/ [1] 1 (2.5) [1]

Respiratory, thoracic and 
mediastinal disorders

– 1 (16.7) [1] – – – – 1 (2.5) [1]

Epistaxis – 1 (16.7) [1] – – – – 1 (2.5) [1]

Abbreviation: SAD, single ascending dose.
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among the dose groups in this study's MAD study, cho-
sen based on the efficacious dose from ESC assay. Based 
on the pharmacodynamic evaluation results of this clin-
ical trial, a once- daily dosing regimen of izuforant could 
be considered. However, given the reported half- life of ~7 
h, it is presumed that a twice- daily regimen was used in 
the phase II clinical trial to ensure consistent exposure 
throughout the day.

The present study has some limitations. Imetit- induced 
ESCs were used as PD end points in the study. Although 
this reflects the mechanism of allergic reactions via the 
H4R pathway at the cellular level, ESCs do not show a 
strong association with clinical symptoms of AD. Thus, 
the development of surrogate biomarkers that can quan-
tifiably link clinical symptoms such as pruritus and in-
flammation with allergic reactions that occur via the H4R 
pathway is desirable.
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