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Abstract
Background and Objective Esaxerenone showed the potential to inhibit and induce activity against cytochrome P450 (CYP) 
3A in in vitro studies. We investigated whether repeated administration of 5 mg/day esaxerenone for 14 days influences the 
pharmacokinetics of midazolam, a sensitive CYP3A substrate, in healthy Japanese males.
Methods This single-centre, open-label, single-sequence study had two administration periods: period 1: single oral dose 
of 2 mg midazolam (day 0); period 2: repeated oral doses of 5 mg/day esaxerenone for 14 days, with a single oral dose of 
2 mg midazolam on day 14. Full pharmacokinetic profiles of midazolam and 1-hydroxymidazolam on days 0 and 14 and 
safety data were obtained. Primary pharmacokinetic endpoints for midazolam were area under the plasma concentration-
time curve (AUC) from zero to time of the last measurable concentration (AUC last), AUC from zero to infinity (AUC inf), 
and peak plasma concentration (Cmax).
Results The study included 28 male subjects. One subject was withdrawn because of a mild adverse event (increased hepatic 
enzyme levels) that resolved without intervention. Repeated administration of esaxerenone increased midazolam AUC last, 
AUC inf, and Cmax by about 1.2-fold (1.201, 1.201, and 1.224, respectively) compared with administration of midazolam alone. 
However, repeated administration of esaxerenone did not affect the elimination half-life of midazolam (2.86 versus 2.63 h 
with and without esaxerenone). There were no safety concerns associated with concomitant administration of esaxerenone 
and midazolam.
Conclusions Esaxerenone 5 mg/day had no clinically significant effect on midazolam pharmacokinetics and was not associ-
ated with any safety issues. Esaxerenone can be concomitantly administered with drugs of CYP3A substrates without dose 
adjustments.
Clinical trial registration JapiCTI-152832.
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1 Introduction

Uncontrolled hypertension is associated with vasculopathy, 
heart disease, cerebrovascular disease, and nephropathy, all 
of which typify hypertensive end-organ damage [1]. Antihy-
pertensive therapy has been proven to reduce cardiovascular 
morbidity and mortality [2]. However, patients with hyper-
tension whose blood pressure (BP) cannot be adequately 

controlled with a single agent usually receive more than one 
antihypertensive [3–5].

In Japan, most patients with hypertension are treated with 
more than one antihypertensive agent [6].  Ca2+-channel 
blockers (e.g. amlodipine) are particularly widely used, 
and Japanese Guidelines for the Management of Hyperten-
sion (JSH2019) recommend the addition of an aldosterone 
blocker, or other drugs, to the antihypertensive schedule in 
patients with uncontrolled or refractory hypertension [3]. 
Several studies have demonstrated benefit for steroidal min-
eralocorticoid receptor (MR) blockers, such as spironolac-
tone and eplerenone, in the treatment of refractory hyper-
tension [7–9]. However, there are some limitations with 
the use of spironolactone and eplerenone; spironolactone 
causes side effects related to sex hormones, and eplerenone 

http://crossmark.crossref.org/dialog/?doi=10.1007/s13318-021-00701-4&domain=pdf


686 K. Toyama et al.

Key Points 

The drug-drug interaction of esaxerenone with mida-
zolam in relation to cytochrome P450 (CYP) 3A was 
evaluated in a clinical study after in vitro studies 
revealed that esaxerenone has the potential to inhibit and 
induce activity against CYP3A

Administration of 5 mg/day esaxerenone for 14 days 
produced an approximately 1.2-fold increase in area 
under the plasma concentration–time curve (AUC) of 
midazolam. The elimination half-life of midazolam was 
unaffected by esaxerenone

Esaxerenone did not meet the threshold criterion for 
weak inhibition of CYP3A (1.25–2.0-fold increase in 
midazolam AUC). Esaxerenone at 5 mg/day is unlikely 
to be associated with clinically significant drug-drug 
interactions related to CYP3A

blockers are metabolised by cytochrome P450 (CYP) 
isozyme 3A [18, 19], which creates the potential for drug-
drug interactions (DDIs) [20, 21]. Many antihypertensive 
agents other than  Ca2+-channel blockers (e.g. bisoprolol, 
carvedilol, eplerenone, or indapamide) are also metabolised 
by CYP3A, again introducing potential for DDIs [22]. In 
an in vitro study using fresh human hepatocytes, esaxer-
enone demonstrated CYP3A-inducing activity, by increasing 
mRNA levels and enzymatic activity of CYP3A4, although 
these effects were weaker than those of the rifampicin con-
trol, and in human liver microsomes, esaxerenone showed 
weak, time-dependent inhibitory activity against CYP3A 
[23]. These findings suggest that coadministration of esax-
erenone with CYP3A substrates may lead to altered plasma 
CYP3A-substrate concentrations. Thus, it is clinically 
important to evaluate the potential for CYP3A-mediated 
DDIs associated with esaxerenone administration in humans. 
Midazolam, a benzodiazepine sedative-hypnotic agent, is 
an index substrate for CYP3A. It undergoes metabolism by 
CYP3A and is associated with numerous DDIs. Midazolam 
is recommended as an index substrate for DDI testing and 
has been widely used as an indicator of CYP3A activity in 
humans [24–28].

The purpose of the current study was to investigate 
whether repeated oral administration of 5 mg/day esaxer-
enone influences the pharmacokinetics of a single oral dose 
of midazolam, a sensitive CYP3A substrate, in healthy Japa-
nese male subjects.

2  Methods

2.1  Study Design

This was a single-centre, open-label, single-sequence study 
with a target sample size of 28 subjects. The study had two 
administration periods: period 1—a single dose of mida-
zolam (day 0); and period 2—repeated doses of 5 mg/day 
esaxerenone for 14 days, with administration of a single dose 
of midazolam on day 14 (Fig. 1). Single 2 mg oral doses of 
midazolam syrup (1 ml) were administered on days 0 and 
14 after subjects had fasted for ≥ 10 h. All subjects received 
5 mg/day esaxerenone (2 × 2.5 mg tablets once daily) from 
day 1 to day 14. Esaxerenone was administered under fast-
ing conditions on day 1 and after breakfast on days 2–13 
and was co-administered with 2 mg midazolam syrup (1 ml) 
under fasting conditions on day 14. Breakfast on days 2–13 
consisted of an ordinary diet (total 500–600 kcal, with 
fats representing 20–30% of total calories). Breakfast was 
completed within 20 min, and esaxerenone was adminis-
tered with 200 ml water at 30 min after breakfast comple-
tion. From 1 h before to 2 h after study drug administra-
tion, ingestion of water was prohibited, except for 200 ml 

is contraindicated in diabetic patients with albuminuria and 
moderate renal impairment [10].

Esaxerenone (CS-3150) is a novel, oral, non-steroidal, 
selective MR blocker approved for the treatment of hyper-
tension and is currently in development for the treatment 
of diabetic nephropathy in Japan [11]. The starting dos-
age is usually 2.5–5.0 mg/day, but in some patients who 
require careful consideration, such as patients with moderate 
renal impairment (estimated glomerular filtration rate: 30 
to < 60 ml/min/1.73  m2) and diabetes patients with albu-
minuria or proteinuria, the starting dosage is 1.25 mg/day. 
Preclinical studies in rats showed that esaxerenone inhibited 
BP increases because of deoxycorticosterone acetate or salt-
loading with cardiorenal organ protection [12–15]. Safety 
and tolerability of esaxerenone were confirmed in phase 
1 studies, in which a total of 87 healthy Japanese adults 
received single (5–200 mg) or multiple (10–100 mg/day for 
10 days) esaxerenone doses, which have shown no signifi-
cant safety- or tolerability-related problems [16]. Esaxer-
enone (2.5 and 5 mg/day) was also shown to be as effective 
as eplerenone (50 mg/day) in a phase 3 study in Japanese 
patients with essential hypertension: esaxerenone 2.5 mg/
day was non-inferior to eplerenone in reducing sitting and 
24-h BP, and the proportions of patients achieving target sit-
ting BP (< 140/90 mmHg) were 31.5% (esaxerenone 2.5 mg/
day), 41.2% (esaxerenone 5 mg/day), and 27.5% (eplerenone 
50 mg/day) [17].

Polypharmacy is common in patients receiving antihy-
pertensive drugs; thus, potential drug interactions with esax-
erenone should be considered in the management of these 
patients. Many antihypertensive agents such as  Ca2+-channel 
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at the time of administration on days 0, 1, and 14. Subjects 
were sitting at rest at the time of study drug administration 
until 4 h after administration on days 0, 1, and 14. All sub-
jects were followed up for 6–8 days after the last study drug 
administration.

The esaxerenone dose was set as 5 mg, as this was the 
maximum dose evaluated in a completed phase 3 study and 
is now the maximum approved dose for the treatment of 
hypertension [11, 17]. The safety and tolerability of 100 mg 
esaxerenone administered over 10 days in repeated doses 
were confirmed in an earlier phase 1 study in healthy Japa-
nese adult males [16]. Administration during period 2 in the 
current study was based on the time to plateauing of plasma 
esaxerenone concentrations in the earlier phase 1 study [16].

The study was conducted in accordance with Good Clini-
cal Practice and the ethical principles of the Declaration 
of Helsinki and the Pharmaceuticals, Medical Devices, and 
Other Therapeutic Products Act. The study was conducted 
after review and approval by the institutional review board 
of Osaka Pharmacology Clinical Research Hospital, Osaka, 
Japan (control number of the study site 930PC). All sub-
jects provided written informed consent to be included in 
the study (JapicCTI No. 152832).

2.2  Study Subjects

All subjects were Japanese males aged 20–45 years, who 
had a body mass index (BMI) of 18.5–24.9 kg/m2, sitting 
BP of < 140/90 mmHg, and a pulse rate of ≤ 99 beats/min.

The key exclusion criteria were as follows: any previous, 
serious disease considered by an investigator to affect the 
study or a disease for which midazolam is contraindicated 
(e.g. acute narrow-angle glaucoma); drug hypersensitivity or 
idiosyncratic reactions; drug or alcohol dependence; positive 
infection test result; previous participation in a clinical study 

of esaxerenone; required concomitant therapy that induces 
CYP3A4 or taken within 30 days before the study; having 
any finding considered clinically significant at screening; 
and being judged ineligible for participation in the study.

2.3  Pharmacokinetic Assessments and Endpoints

Blood samples were collected for analysis of plasma con-
centrations of midazolam and its metabolite (1-hydroxymi-
dazolam) before and 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 
16, and 24 h after administration on days 0 and 14 (Fig. 1). 
Blood samples were collected for analysis of plasma esaxer-
enone concentrations before and 1, 2, 3, 4, 5, 6, 8, 10, 12, 16, 
and 24 h after administration on day 1; the same schedule 
was followed on day 14, except for additional collections 36 
and 48 h after esaxerenone administration.

For measurement of plasma esaxerenone concentration, 
3 ml of venous blood from a cephalic vein in each subject’s 
forearm was collected in K2-EDTA tubes. For measurement 
of plasma midazolam concentration, 7 ml of venous blood 
from a cephalic vein in each subject’s forearm was collected 
in a sodium heparinized blood collection tube. After blood 
collection, tubes were mixed by inversion immediately and 
then cooled with ice. Plasma obtained by centrifugation 
(4 °C, 1700g, 10 min) was fractionated into two storage 
tubes (0.5 ml for the esaxerenone measurement in one tube, 
with the remaining amount in the other tube) and was frozen 
until measurement. For measurement of plasma midazolam 
concentration, about 1.5 ml (and the remaining plasma) was 
fractionated into two storage containers and frozen.

The details of bioanalytical methods have been described 
previously [16]. Midazolam, 1-hydroxymidazolam, and their 
internal standards were extracted from plasma samples 
(200 µl) through liquid-liquid extraction. Chromatographic 
separation was performed using a ZORBAX Eclipse PLUS 

Fig. 1  Study design
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C18 Rapid Resolution HT (2.1 mm × 50 mm, 1.8 μm, Agi-
lent, CA, USA). Detection was performed by an AB SCIEX 
4000 (AB SCIEX, Framingham, MA, USA) tandem mass 
spectrometer with TurboIonSpray source by electrospray 
ionization in the positive ion mode and multiple-reaction 
monitoring of midazolam (m/z 326.1–291.1), 1-hydroxy-
midazolam (m/z 342.1–324.1), and their internal standards 
(midazolam-d4 [m/z 330.1–295.1] and 1-hydroxymida-
zolam-d4 [m/z 346.1–328.1]). The assay accuracy was in 
the range of 2.68–9.36% for midazolam and 3.44–5.11% for 
1-hydroxymidazolam, and the lower limit of quantification 
was 0.1 ng/ml for both analytes. Esaxerenone and its inter-
nal standard (d7-form) were extracted from plasma sam-
ples (50 μl) and chromatographic separation was performed 
using a CAPCELL PAK C18 MGIII (Shiseido Co., Ltd., 
Tokyo, Japan) column (2.0 × 150 mm, 5 μm). Detection 
was performed using a Sciex API 4000 (AB SCIEX) tan-
dem mass spectrometer with multiple-reaction monitoring 
of esaxerenone (m/z 465–365) and its internal standard (m/z 
472–370). The assay accuracy was in the range of − 1.0 to 
0.3%, and the lower limit of quantification was 0.1 ng/ml.

Drug concentration measurements that were missing 
because samples could not be collected or because measure-
ments could not be obtained because of sample processing 
problems were not imputed. The following pharmacokinetic 
parameters were calculated by noncompartmental analysis 
from plasma concentrations of midazolam, 1-hydroxymida-
zolam, and esaxerenone: primary endpoints (midazolam)—
AUC from zero to time of the last quantifiable concentra-
tion (AUC last), AUC from zero to infinity (AUC inf), and 
peak plasma concentration (Cmax); secondary endpoints 
(midazolam)—time to Cmax (tmax), elimination half-life 
(t1/2), apparent plasma clearance of drug after extravascu-
lar administration (CL/F), and apparent volume of distri-
bution after extravascular administration (V/F); secondary 
endpoints (1-hydroxymidazolam)—AUC last, Cmax, tmax, and 
AUC last and Cmax ratio of 1-hydroxymidazolam to mida-
zolam; and secondary endpoints (esaxerenone)—Cmax, 
AUC over the dosing interval (AUC tau), and tmax on day 1; 
and Cmax, AUC tau, tmax, t1/2, and accumulation ratio (Rac) 
on day 14. For pharmacokinetic parameter calculations, 
 Phoenix®  WinNonlin® version 6.4 software (Certara USA 
Inc., Princeton, NJ, USA) was used. The t1/2 of each subject 
was calculated based on the elimination rate constant (kel) in 
the terminal phase, and AUC inf was calculated using the kel.

2.4  Safety Assessment

Safety endpoints comprised adverse events (AEs), labora-
tory tests, vital signs (body weight, BP, pulse rate, and body 
temperature), and electrocardiogram (ECG). The Medical 
Dictionary for Regulatory Activities (MedDRA) version 

18.1 was used for coding of AEs by system organ class and 
preferred term.

2.5  Statistical Analysis

Sample size estimations were based on the literature for 
midazolam [29, 30], and assuming the individual variations 
in AUC inf and Cmax (intraindividual coefficient of variation) 
to be 19 and 21%, respectively, and that esaxerenone would 
not affect the pharmacokinetics of midazolam (geometric 
mean [GM] ratio 1.05). Twenty-three subjects were esti-
mated to be necessary to retain at least an 80% probability 
for two-sided 90% confidence intervals (CI) of GM ratios 
of AUC inf and Cmax to simultaneously fall within the range 
of 0.80–1.25, which is generally considered to indicate that 
there is no pharmacokinetic interaction between drugs [26], 
assuming there are no interactions. The sample size was 
established as 28 subjects, in view of potential irregulari-
ties such as dropouts during the pharmacokinetic evaluation.

Tables of pharmacokinetic parameters for midazolam 
were prepared, and summary statistics for days 0 and 14 
were calculated for the midazolam pharmacokinetic analy-
sis set. All midazolam parameters were analysed based on 
a linear mixed model using the natural log-transformed 
value as the response variable, administration period as the 
fixed effect, and study subject as the random effect. For the 
response variable, the day 14 to day 0 ratio (and two-sided 
90% CIs) of the geometric least squares mean was calculated 
by inverse log conversion of the least squares mean of the 
change calculated based on a linear mixed model.

Subjects in the midazolam pharmacokinetic analysis set 
were administered midazolam in both periods 1 and 2, and this 
set comprised all subjects without major protocol violations 
and for whom either of the primary study endpoints could be 
evaluated in both periods 1 and 2. Esaxerenone pharmacoki-
netic parameters were calculated for each day of administra-
tion in the esaxerenone pharmacokinetic analysis set, which 
comprised all subjects who had received at least one dose of 
esaxerenone and for whom esaxerenone plasma concentration 
data were available, and for whom no major protocol viola-
tions were documented. The safety analysis sets comprised 
data from all enrolled subjects given the study drug.

Statistical analyses and sample size calculations were 
performed using SAS System Release 9.2 software (SAS 
Institute Inc., Cary, NC, USA).

3  Results

3.1  Study Subjects

The study was conducted in 28 Japanese healthy males of 
mean (standard deviation [SD]) age 26.4 (4.5) years and 
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mean (SD) BMI 20.5 (1.3) kg/m2; other baseline characteris-
tics for the safety analysis set (n = 28) are shown in Table 1.

One subject was withdrawn from the study because of an 
AE and was excluded from the midazolam pharmacokinetic 
analysis set, and one was withdrawn because of use of a 
prohibited agent and was excluded from the midazolam and 
esaxerenone pharmacokinetic analysis sets. No subjects were 
excluded from the safety analysis set. Thus, the numbers of 
subjects included in the midazolam pharmacokinetic, esax-
erenone pharmacokinetic, and safety analysis sets were 26, 
27, and 28, respectively.

3.2  Pharmacokinetics

Arithmetic mean (SD) values of midazolam AUC last on 
days 0 and 14 were 18.7 (5.62) and 22.2 (6.22) ng·h/ml for 
midazolam and midazolam with esaxerenone, respectively, 
and those of midazolam AUC inf were 19.3 (5.68) and 22.9 
(6.28) ng·h/ml, respectively (Table 2). The arithmetic mean 
(SD) plasma midazolam concentration increased slightly 
on day 14 compared with day 0 (Cmax 8.19 [2.41] ng/ml 
on day 0 and 9.87 [2.37] ng/ml on day 14), as a result of 
repeated doses of 5 mg esaxerenone once daily for 14 days, 
from days 1 to 14 (Table 2; Fig. 2). Analysis of geometric 
least squares mean ratios (midazolam with esaxerenone ver-
sus midazolam alone) revealed the following plasma mida-
zolam pharmacokinetic ratios (two-sided 90% CIs): AUC 
last 1.201 (1.110, 1.300), AUC inf 1.201 (1.112, 1.297), and 
Cmax 1.224 (1.116, 1.342) (Table 3). The arithmetic mean t1/2 
values on day 14 (2.86 h) and on day 0 (2.63 h) were similar, 
thus showing no differences between midazolam adminis-
tered alone and in combination with esaxerenone (Table 2).

Plasma 1-hydroxymidazolam concentrations rapidly 
increased after a single dose of midazolam with or without 
esaxerenone, with a median tmax of 0.50 h in both groups and 
a decrease to below the lower limit of quantitation by 24 h 
after administration of midazolam in all subjects (Table 4). 
Plasma concentrations of 1-hydroxymidazolam increased 
with concomitant use of esaxerenone, and the respective 
arithmetic mean (SD) values of AUC last on days 0 and 14 
were 8.16 (2.75) and 9.45 (2.98) ng·h/ml, and those of Cmax 
were 4.07 (1.60) and 4.78 (1.46) ng/ml. The arithmetic mean 
(SD) AUC last ratio of 1-hydroxymidazolam to midazolam 
was 0.44 (0.14) on day 0 and 0.41 (0.11) on day 14.

Plasma esaxerenone concentration increased rapidly after 
esaxerenone administration (Fig. 3): median tmax values on 
days 1 and 14 of administration were 3.0 and 2.5 h, respec-
tively, and the arithmetic mean (SD) of t1/2 on day 14 was 
18.10 (2.25) h (Table 5). Arithmetic mean (SD) values for 
esaxerenone Cmax on days 1 and 14 were 66.75 (9.94) and 
98.57 (13.08) ng/ml, respectively, and AUC tau values were 
753.9 (102.9) and 1322.0 (197.0) ng·h/ml, respectively. The 
Rac during 14 days of repeated esaxerenone administration 
was 1.77 (Table 5). 

3.3  Safety

One subject withdrew from the study (day 4, period 2) 
because of AEs: increased alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and lactate dehydroge-
nase (LDH). Six AEs occurred in three subjects (10.7%; 
Table 6). AEs considered causally related to esaxerenone or 
midazolam (adverse reactions) comprised increased ALT, 
AST, and LDH, which occurred in a single subject during 
administration of esaxerenone alone. However, these reac-
tions were mild, not associated with subjective symptoms, 
and resolved without intervention. There were no obvious 
differences in the incidence or type of AEs when mida-
zolam was administered alone rather than coadministered 
with esaxerenone, and there were no clinically significant 
changes in laboratory test results, ECG findings, or vital 
signs. Overall, repeated administration of 5 mg/day esax-
erenone for 14 days in healthy Japanese adult males was 
not associated with any safety problems, and there were no 

Table 1  Baseline characteristics (safety analysis set; n = 28)

SD standard deviation

Parameter Mean (SD) Range

Age, years 26.4 (4.5) 20–35
Bodyweight, kg 60.5 (5.7) 50.7–71.7
Body mass index, kg/m2 20.5 (1.3) 18.6–23.8

Table 2  Pharmacokinetic parameters for midazolam alone and with 
esaxerenone in healthy Japanese males

All values shown are arithmetic mean (standard deviation), except for 
tmax, which is listed as median (range)
AUC last area under curve from zero to time of the last quantifiable 
concentration, AUC inf mean area under the plasma concentration-time 
curve from zero to infinity, Cmax mean peak plasma concentration, 
t1/2 mean elimination half-life, tmax median time to Cmax, CL/F appar-
ent plasma clearance of drug after extravascular administration, V/F 
apparent volume of distribution after extravascular administration

Parameters Midazolam (day 0)
n = 26

Midazolam + 
esaxerenone 
(day 14)
n = 26

AUC last (ng·h/ml) 18.7 (5.62) 22.2 (6.22)
AUC inf (ng·h/ml) 19.3 (5.68) 22.9 (6.28)
Cmax (ng/ml) 8.19 (2.41) 9.87 (2.37)
t1/2 (h) 2.63 (0.596) 2.86 (0.857)
tmax (h) 0.50 (0.50, 1.00) 0.50 (0.25, 1.00)
CL/F (L/h) 113.9 (37.4) 93.0 (21.7)
V/F (L) 416.2 (107.8) 377.2 (127.3)
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safety concerns associated with concomitant administration 
of esaxerenone and midazolam.

4  Discussion

This study reveals that repeated administration of 5 mg/day 
esaxerenone for 14 days produces an approximately 1.2-fold 
increase in Cmax and AUC of midazolam at 2 mg/kg. The 
t1/2 of midazolam and the metabolic ratio (AUC last ratio of 

1-hydroxymidazolam to midazolam) were unaffected by 
esaxerenone.

The lack of change in midazolam t1/2 and the metabolic 
ratio, despite Cmax and AUC increasing by approximately 
20%, when coadministered with esaxerenone suggests that 
increased exposure to midazolam results from increased 
bioavailability. In a previous study, neither the t1/2 nor the 
metabolic ratio of midazolam increased when midazolam 
was coadministered with everolimus [31], suggesting that 
the bioavailability rather than the clearance is affected. 

Fig. 2  Mean (SD) plasma 
concentration-time profile of 
midazolam alone and with 
esaxerenone in healthy Japanese 
males (pharmacokinetic analysis 
set); inset shows the semi-log 
plot. SD standard deviation

Table 3  Effects of esaxerenone on the pharmacokinetics of mida-
zolam

All values shown are geometric least squares means
CI confidence interval, AUC last area under curve from zero to time 
of the last quantifiable concentration, AUC inf mean area under the 
plasma concentration-time curve from zero to infinity, Cmax mean 
peak plasma concentration
a Ratio: midazolam + esaxerenone to midazolam

Parameters Mida-
zolam 
(day 0)
n = 26

Mida-
zolam + esaxer-
enone (day 14)
n = 26

Ratioa 90% CI

AUC last (ng·h/
ml)

17.9 21.5 1.201 1.110, 1.300

AUC inf (ng·h/ml) 18.4 22.1 1.201 1.112, 1.297
Cmax (ng/ml) 7.85 9.61 1.224 1.116, 1.342

Table 4  Pharmacokinetic parameters for 1-hydroxymidazolam in 
healthy Japanese males

All values shown are arithmetic mean (standard deviation), except for 
tmax, which is listed as median (range)
AUC last area under curve from zero to time of the last quantifiable 
concentration, Cmax mean peak plasma concentration, tmax median 
time to Cmax

Parameters Midazolam (day 0)
n = 26

Mida-
zolam + esaxer-
enone (day 14)
n = 26

AUC last (ng·h/ml) 8.16 (2.75) 9.45 (2.98)
Cmax (ng/ml) 4.07 (1.60) 4.78 (1.46)
tmax (h) 0.50 (0.50, 1.50) 0.50 (0.50, 1.00)
AUC last ratio 

(1-hydroxymida-
zolam to midazolam)

0.44 (0.14) 0.41 (0.11)

Cmax ratio (1-hydroxy-
midazolam to 
midazolam)

0.48 (0.14) 0.47 (0.13)
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The main factors affecting bioavailability are drug fraction 
absorbed into enterocytes (Fa), intestinal availability (Fg; 
fraction escaping gut clearance), and hepatic availability 
(Fh; fraction escaping hepatic clearance). That is, bioavail-
ability (F) is the product of Fa × Fg × Fh [32]. In our study, 
for midazolam bioavailability to increase, one of the factors 
(Fa, Fg, or Fh) would have to increase. However, as esaxer-
enone has little influence on the absorption process (Fa) of 
midazolam, our data strongly suggest that midazolam Fg or 
Fh was increased by esaxerenone.

Several studies have outlined the importance of intestinal 
CYP3A in mediating clinically significant DDIs [33–35]. 
Pharmacokinetic estimation of the intestinal extraction of 
midazolam in healthy adults revealed an extraction ratio 
of 0.43, which was similar to the hepatic extraction ratio 
(0.44), suggesting that intestinal CYP3A4 has a major 
influence on metabolism-based DDIs as well [33]. Indeed, 

the Fa value for midazolam is close to 1, and the extent of 
first-pass metabolism is relatively large. The intestinal and 
hepatic extraction are also relatively large. All of these fac-
tors indicate significant first-pass metabolism by intestinal 
and hepatic CYP3A after oral administration of midazolam.

Midazolam has a comparable first-pass effect in the 
liver and gastrointestinal tract [36]. However, in the cur-
rent study, orally administered esaxerenone may have had 
a greater inhibitory effect against CYP3A in the gut rather 
than liver, as esaxerenone concentration in the gut will 
clearly be higher than in the liver immediately after oral 
administration. Moreover, esaxerenone is highly protein 
bound and its inhibitory activity against hepatic CYP3A is 
low. The intestinal inhibitory activity of esaxerenone against 
CYP3A may therefore have played a role in increasing mida-
zolam bioavailability. However, this increase in AUC for 
a CYP3A-sensitive substrate (i.e. midazolam) was small 
(only 1.2-fold), thus suggesting limited potential for DDIs 
between esaxerenone and other CYP3A substrates. Indeed, 
DDI guidelines [25, 26] stipulate that a weak inhibitor of 
CYP3A is one that increases the AUC of a CYP3A substrate 
1.25–2.0-fold. In the current study, esaxerenone did not meet 
this threshold criterion for even weak inhibition of CYP3A. 
In a previous study [37], esaxerenone increased the AUC 
of amlodipine, a substrate of CYP3A, by only about 20%, 
which supports the results of this study.

Five mg/day esaxerenone, as used in this study, is 
approved as the maximum dosage for clinical use in Japan. 
A recently completed phase 3 study of esaxerenone (ESAX-
HTN; NCT02890173) compared dosages of 2.5 or 5 mg/
day with eplerenone 50 mg/day in patients with essential 

Fig. 3  Mean (SD) plasma 
concentration-time profile of 
esaxerenone in healthy Japanese 
males on day 1 and day 14 
(linear plots); inset shows the 
semi-log plot. SD standard 
deviation

Table 5  Pharmacokinetic parameters for esaxerenone

All values shown are arithmetic means (standard deviations), except 
for tmax, which is listed as median (range)
Cmax mean peak plasma concentration, AUC tau area under curve over 
the dosing interval, tmax median time to Cmax, t1/2 mean elimination 
half-life, Rac accumulation ratio

Parameter Day 1 (n = 27) Day 14 (n = 26)

Cmax (ng/ml) 66.75 (9.94) 98.57 (13.08)
AUC tau (ng·h/ml) 753.9 (102.9) 1322.0 (197.0)
tmax (h) 3.00 (1.00, 4.00) 2.50 (1.00, 4.00)
t1/2 (h) − 18.10 (2.25)
Rac − 1.77 (0.15)
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hypertension [17]. Results showed non-inferiority of 2.5 mg/
day esaxerenone when compared with 50 mg/day eplerenone 
in terms of reduction of BP, and a superior antihyperten-
sive effect for 5 mg/day esaxerenone compared with 2.5 mg/
day esaxerenone and 50 mg/day eplerenone. For ongoing 
research and development, this warrants investigation into 
lower esaxerenone dosages (e.g. 1.25 or 2.5 mg/day) for 
potential clinical utility, and with attendant lower risks of 
CYP3A inhibition, such that any potential DDIs would 
unlikely be of clinical significance.

In the previous study, 39 healthy subjects were given 
10–100 mg/day for 10 days, and the mean pharmacokinetic 
values at day 10 with the 10 mg/day dose were: tmax 2.5 h, 
t1/2 25.1 h, and Rac 1.36 [16]. The pharmacokinetic profile 
of esaxerenone during multiple administration in our study 
was similar to that in an earlier study [16]. Moreover, at 
day 10, the Cmax and AUC tau increased almost dose pro-
portionally, and t1/2 remained relatively constant within the 
range of 22–25 h [16]. In comparison, esaxerenone tmax 
remained relatively constant at 2.5–3.5 h and the Rac was 
1.77 over 14 days in the current study, during which plasma 
esaxerenone concentrations were considered to have reached 
steady-state.

Regarding esaxerenone safety in the current study, 
adverse reactions were mild and self-limiting. One subject 
withdrew because of an AE—a mild, transient increase in 
hepatic enzyme levels on day 4 of period 2, which was con-
sidered related to the study drug. As this AE did not cause 
any symptoms and resolved without treatment or seque-
lae 10 days after study drug discontinuation, this was not 

considered to be a major safety issue. As there were no clini-
cally significant changes in vital signs, laboratory tests, or 
ECG findings, esaxerenone was not linked with any safety 
issues, and there were no safety concerns associated with 
concomitant administration of esaxerenone and midazolam.

The limitations of this study include the small sample 
size comprising only healthy Japanese male adults. There-
fore, the safety data may not have enough statistical power. 
Another limitation is that in the evaluation of the pharma-
cokinetics of midazolam in this study. The magnitude of 
intra-individual variation in midazolam pharmacokinetics 
was not assessed; however, we believe the overall conclu-
sions would remain unchanged. Finally, other DDI mecha-
nisms that could cause issues through metabolic enzymes 
and transporters cannot be ruled out.

5  Conclusion

In summary, this study shows that, although there may be a 
low potential for DDIs with esaxerenone due to its CYP3A-
inhibiting activity, at the clinically recommended dosage 
of 5 mg/day, which is the approved maximum dosage for 
clinical use, midazolam AUC increased by only 1.2-fold and 
with no marked difference in t1/2. This indicates no appar-
ent potential for clinically significant DDIs between esax-
erenone and CYP3A substrates, and no dose adjustment is 
necessary when drugs metabolised by CYP3A are used with 
esaxerenone.

Table 6  Adverse events

Data shown are number (%) of patients. Some subjects experienced more than one laboratory test abnor-
mality
TEAE treatment-emergent adverse event
a Tabulation category for treatment-emergent adverse events (TEAEs) collected after drug administration 
on day 0 and before drug administration on day 1
b Tabulation category for TEAEs collected after drug administration on day 1 and before drug administra-
tion on day 14
c Tabulation category for TEAEs collected after drug administration on day 14
d Tabulation category for TEAEs collected throughout the study
e Medical Dictionary for Regulatory Activities/Japan; version 18.0
f Occurred in the same subject

Midazolama

n = 28
Esaxerenoneb

n = 28
Mida-
zolamc + esaxer-
enone
n = 26

Totald
n = 28

Subjects with TEAEs 0 (0.0) 3 (10.7) 0 (0.0) 3 (10.7)
Laboratory test  abnormalitiese 0 (0.0) 3 (10.7) 0 (0.0) 3 (10.7)
 Increased alanine  aminotransferasef 0 (0.0) 1 (3.6) 0 (0.0) 1 (3.6)
 Increased aspartate  aminotransferasef 0 (0.0) 1 (3.6) 0 (0.0) 1 (3.6)
 Increased blood lactate  dehydrogenasef 0 (0.0) 1 (3.6) 0 (0.0) 1 (3.6)
 Increased C-reactive protein 0 (0.0) 2 (7.1) 0 (0.0) 2 (7.1)
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