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Background: Adrenomedullin (AM), an endogenous vasodilative peptide, has immunomo-
dulative effects and acts as an accelerator of mucosal regeneration in the digestive tract. AM
has shown beneficial effects in rodent models of inflammatory bowel disease and patients
with ulcerative colitis. The present study aimed to evaluate the pharmacodynamic properties
and safety of AM in healthy male adults in a phase 1 clinical trial.

Methods: This phase 1, randomized, double-blind, single-center study was conducted on
healthy males aged 20-65 years. Subjects received either a placebo, 3 ng/kg/min AM, 9 ng/
kg/min AM, or 15 ng/kg/min AM via continuous 12-h intravenous infusion. Other subjects
received either placebo or 15 ng/kg/min AM for 8 h per day for 7 days. Adverse events
(AEs), vital signs, physical examinations, laboratory tests, electrocardiograms (ECG), and
pharmacokinetics were assessed.

Findings: All 24 subjects in the single-dose test completed the study. Of the 12 subjects in
multiple dosing test, one from the AM group withdrew owing to a headache. No serious AEs
were reported. Hemodynamic parameters were well maintained in all subjects. Slight ECG
abnormalities were observed in the single-dose test. The plasma concentration of AM
progressively increased in a dose-dependent manner and reached C,,, at the end of admin-
istration. Plasma AM rapidly returned to baseline concentrations after termination, with
a T, of under 60 min.

Interpretation: This is the first phase 1 trial in healthy men evaluating the safety of AM.
Our results demonstrate the safety and tolerability of AM for subsequent Phase 2 trials.
Keywords: adrenomedullin, Phase 1 clinical trial, clinical pharmacology, inflammatory

bowel disease

Introduction

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s
disease (CD), is a group of intractable diseases that cause chronic inflammation in
the gastrointestinal tract. IBD is relatively common in Western countries, but the
number of patients diagnosed with IBD has drastically increased in Asian countries
in the last three decades.' In recent decades, many new medications and technol-
ogies have been introduced for the treatment of IBD, such as immunosuppressants,
biologicals including anti-tumor necrosis factor agents and anti-integrin antibodies,
and leukocyte apheresis. These new therapies have contributed to increased remis-
sion rates and a reduced risk of complications in patients with IBD.? However, there
are still many patients who cannot be effectively treated by existing therapies.
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Adrenomedullin (AM) is a potent hypotensive peptide
that is found ubiquitously in tissues and organs, especially
in cardiovascular tissues, kidneys, lungs, and endocrine
glands.> AM has multiple functions in a wide range of
tissues and acts mainly as a vasodilative and anti-arterio-
sclerotic factor.® In addition, AM inhibits inflammation
and supports tissue homeostasis through the suppression
of pro-inflammatory cytokine synthesis and the induction
of wound healing.* The expression of AM and its receptor
has been detected in the digestive tract, where it acts as
a stimulator of mucosal regeneration. Previous studies
have confirmed the beneficial effects of AM in experimen-
tal rodent models of IBD.>'® Furthermore, AM previously
displayed considerable effects in seven patients with UC in
an exploratory clinical study.' AM has also shown high
efficacy in the treatment of intractable Crohn’s disease
with a loss of response to infliximab.'? These data strongly
suggest that AM is a novel potent therapeutic agent for
IBD."? Additionally, AM is an endogenous peptide; thus, it
is expected to be safe for patients without the need for
excessive immune-suppression and antibody production.

Preclinical studies, including toxicity studies, have
been performed by Hubit Genomix Co. (Osaka, Japan)
for the development and research of AM to treat myocar-
dial infarctions (unpublished data). In this study, we per-
formed an investigator-initiated trial of AM to treat
refractory UC due to the lack of support from industrial
companies. Using a health labour sciences research grant,
we produced an active AM compound and placebo that
were compliant with the specific criteria of good manu-
facturing practice (GMP). We then prepared a protocol for
a phase 1 study and obtained funding from the Japan
agency for medical research and development (AMED),
and performed an investigator-initiated phase 1 trial using
healthy male volunteers in compliance with good clinical
practice (GCP). An important factor for developing the
phase 1 protocol is that AM showed anti-inflammatory
and wound healing effects in IBD patients within sub-
depressor dose.'""'? Therefore, the development of an
AM formulation as a therapeutic agent for IBD, and con-
firmation of the upper safe and tolerable limits of AM,
particularly the limit for an acceptable vasodilating influ-
ence, are crucial. This paper reports the results of the
phase 1 trial, which included single-dose and multiple-
dose administration tests using AM in healthy males
through a placebo-controlled double-blinded study. The

objectives of the study were to evaluate the safety,

tolerability, and pharmacokinetic (PK) effects of intrave-
nous AM administration.

Materials and Methods

Drug Formulation

AM is a peptide containing 52 amino acid residues with
a ring structure formed by one intramolecular disulphide
bond and an amidated structure formed by a C-terminal
tyrosine.'* We have produced original AM formulation for
this investigator-initiated clinical trial. Bulk AM powder
was chemically synthesized by the Peptide Institute
(Osaka, Japan) according to GMP. Bulk AM powder was
dissolved in water containing D-mannitol and formulated
as a freeze-dried material by established pharmaceutical
company (Fuji Yakuhin, Toyama, Japan) according to
GMP. A vial of AM for injection contained 500 pg AM
and 50 mg D-mannitol. A vial of placebo contained 50 mg
D-mannitol only. The vials were stored at 2—8 °C.

Study Design

This phase 1, randomized, double-blind, single-center,
dose-escalation study was conducted at the Souseikai
Hakata Clinic (Fukuoka, The
initiated trial was performed on healthy male Japanese

Japan). investigator-
volunteers, and consisted of single-administration and
7-day multiple-administration studies. After approval by
the Pharmacological and Medical Device Agency
(PMDA), ethical approval for this study was obtained
from Institutional Review Board of University of
Miyazaki and the Souseikai Hakata Clinic. This clinical
trial was conducted in compliance with ethical principles
based on the Declaration of Helsinki, GCP of the Japanese
Ministerial Ordinance, and other related regulation
requirements. The trial were registered in the JAPIC clin-
ical trials information; Japic CTI-194891 (190729917784)

and Japic CTI-194890 (190729217785).

Subjects

Subjects eligible for inclusion in the study were healthy
males aged 20-65 years. The inclusion criteria included 1)
no abnormal findings in medical history and physical
examination, 2) normal laboratory tests (hematology eva-
luations, blood chemistry and urinalysis), vital signs (sys-
tolic and diastolic blood pressure, pulse rate (PR) and
temperature) and ECG record, 3) not having participated
in another clinical trial during the 3 months before starting
the current trial and 4) not having donated blood during
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the 3 months prior to starting the current trial. Key exclu-
sion criteria included a history of malignancy and/or myo-
cardial infarction, systolic blood pressure (SBP) under 100
mmHg, PR under 45 bpm, and body weight over 90 kg.
Also, subjects with drug allergy and positive serology for
hepatitis B, C, or for HIV, and those who took regular
medication and any other medication in a 7-day period
prior to the trial, with history or clinical evidence of
chronic diseases were excluded. Potential subjects were
identified from a volunteer panel at the Souseikai Hakata
Clinic and through advertising. All subjects provided writ-
ten informed consent for all study-related procedures.

Randomization and Masking

Suitable subjects were enrolled for the study by the prin-
cipal investigator or designee based on the above inclusion
and exclusion criteria. Subjects were randomized at a ratio
of 1:3 to receive either placebo or increasing doses of AM
(3, 9, and 15 ng/kg/min) in a single administration study.
The randomization list was prepared by an independent
contract research organization (CRO), Adjust (Sapporo,
Japan); within each group, a block size of eight was used
to attain a 1:3 ratio of randomization to placebo or AM,
respectively. The same CRO prepared the medication
(vials containing AM or placebo were indistinguishable)
according the list. The remaining subjects were rando-
mized at a ratio of 1:1 to receive either placebo or AM
(15 ng/kg/min) in a 7-day multiple administration study.
The same CRO prepared a randomization list using
a block size of twelve to attain a 1:1 ratio of randomization
to placebo or AM, respectively, and then prepared the
medication. The randomization lists were kept under
rigid control and opened after the completion of each
study procedure and data confirmation.

Procedures

Single-Dose Administration Study

Screening tests, including physical examination, investiga-
tion of medical history, measurement of vital signs, 12-lead
electrocardiogram (ECG), and blood and urine examina-
tions, were conducted within 1 month prior to administra-
tion. Eligible subjects were randomized to receive placebo
or escalating doses of AM (3, 9, and 15 ng/kg/min) intrave-
nously. Eight subjects from each group were successively
hospitalized from the day before administration until the day
after administration. Continuous intravenous infusion was
initiated in the morning and performed over 12 h (£30 min).
Subjects received safety examinations and were discharged

the following morning. Dose escalation was performed after
approval by the principal investigator (Dr. Kaji) based on the
safety results on the day after administration in all eight
subjects in each group.

Multiple-Dose Administration Study

The same screening tests described above were conducted
within 1 month prior to administration. Eligible subjects
were randomized to the placebo or AM (15 ng/kg/min)
groups. All subjects in both groups were hospitalized from
the day before administration until the day after the final
administration. Continuous intravenous infusion was
initiated in the morning and performed over 8 h (£30
min) every day for 7 days. Subjects received safety exam-
inations and were discharged on the morning following the

final administration.

Assessments and Analyses

Safety Assessments

Adverse events (AEs) and serious adverse events (SEAs)
were monitored throughout the study. Vital signs, clinical
laboratory tests including changes in humoral factors
(adrenocorticotropic hormone, cortisol, aldosterone, atrial
natriuretic peptide, and brain natriuretic peptide), physical
examinations, and 12-lead ECG were performed at speci-
fied times after administration. Additionally, monitor ECG
was performed from the beginning of testing until 24
h after drug administration. Based on the collected AE
information, proper terms were selected from the
Medical Dictionary for Regulatory Activities/Japanese

version (MedDRA/ITM).

PK Assessments

In the single-dose study, blood samples were drawn pre-
dose; as well as 5, 10, 20, and 30 min; and 1, 2, 4, 6, 8, 10,
and 12 h after administration. After the termination of
infusion, additional blood samples were drawn after 2, 5,
10, 20, and 30 min, and after 1, 2, and 12 h. In the
multiple-dose study, blood samples were drawn pre-dose;
as well as 5, 10, 20, and 30 min; and 1, 2, 4, 6, and 8
h after dosing, and then at 2, 5, 10, 20, 30 min, as well as 1
and 2 h after completing infusion on the first and seventh
days of administration. On all other days, blood samples
were drawn pre-dose and 8 h after dosing; a final blood
sample was taken on the morning of the final day of
hospitalization. Blood samples were collected in tubes
containing 1-5 mg/mL ethylenediaminetetraacetic acid
(EDTA-2Na) and 500 U/mL aprotinin and centrifuged at
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4 °C within 2 h after sampling. Supernatant plasma was
transferred to polypropylene tubes containing 20% w/v
CHAPS  PBS
dimethylammonio]-1-propanesulfonate in phosphate buf-

solution (3-[(3-cholamidopropyl)-
fered salt solution) and stored at —25 °C until assayed.
The concentrations of AM were measured using an auto-
mated enzyme immune assay analyser (AIA-1800, Toso,
Tokyo, Japan) at the Bozo Research Center (Tsukuba,
Japan). We only measured the mature form of AM because
exogenous AM is composed of the mature form only."”
The calculated PK parameters included the maximum
measured plasma concentration (Cp,.); the time to max-
imum measured plasma concentration (T,,,); the cumula-
tive area under the plasma concentration-time curve
(AUC) from time 0 to time t, where time t is the time of
the last quantifiable plasma concentration; and terminal
plasma elimination half-life (T;,). The Cpax and T
values were obtained directly from the data and the AUC
and T;,, were calculated using Phoenix WinNonlin soft-
ware 6.1 (Pharsight, CA, USA).

Data Collection and Statistical Analysis

All data, except for the PK parameters, were collected and
managed by Intellim (Tokyo, Japan), an independent CRO.
Additional statistical analyses of BP, PR, and PK para-
meters were carried using SPSS version 22 (IBM Japan,
Tokyo, Japan). After confirming the normal distribution of
all variables, significant differences were evaluated using
a paired t-test or analysis of variance (ANOVA) followed
by Fisher’s multiple comparison test. PK data were col-
lected and analyzed by Bozo Research Center, as stated
above. Data were expressed as the mean =+ standard devia-
tion (SD). A value of P < 0.05 was considered statistically
significant.

Table | Baseline Characteristics

Results
Subjects

The single-dose administration study was conducted between
November 12 and December 23, 2015. A total of 52 volun-
teers were eligible for testing. Of the 52 subjects, 24 under-
went the experimental treatment, and all subjects completed
the study. The multiple-dose administration study was con-
ducted between June 15 and July 18, 2016. A total of 19
volunteers were eligible for testing. Of the 19 subjects, 12
received the experimental treatment and 11 completed the
study. One subject in the AM group dropped out after 2 days
of drug administration due to headaches. All 12 subjects
were included in the safety population, and 11 subjects
were included in the PK study and hemodynamic assessment.

The demographics and basal characteristics of the 24
subjects in the single-dose administration study and the 12
subjects in the multiple-dose administration study are illu-
strated in Table 1. All subjects were Japanese men in good
general health based on medical history, physical exami-
nation, vital signs, and laboratory data.

Adverse Effects and Compliance

A total of six (25%) subjects experienced at least one AE
during the single-dose administration study (Table 2).
Headaches, a common AE from AM, occurred in one
subject who received a medium dose of AM, one subject
who received a high dose of AM, and one subject who
received the placebo. Wenckebach type atrioventricular
block, which is not a known AE from AM, occurred in
two subjects who received a medium dose of AM and one
subject who received a high dose of AM. All Wenckebach
type atrioventricular blocks occurred in the middle of the
night after the termination of AM administration and were

Single Administration Multiple Administration
Placebo Adrenomedullin Placebo Adrenomedullin
Low Medium High High
N 6 6 6 6 6 6
Age, years 232+ 43 25.0 £ 3.9 247 £ 7.1 247 £7.0 26.2 £ 5.1 28.0 + 6.0
BH, cm 1729 £ 3.2 175.8 £ 6.1 168.9 £ 6.0 1709 £ 7.1 173.6 £ 4.8 169.8 + 6.8
BW, kg 63.7 £35 692 £72 60.7 £ 4.7 64.0 £ 7.0 67.8 + 8.7 63.0 £ 7.7
SBP, mmHg 1222 = 10.1 1162 £ 1.2 1173 £ 87 120.8 £ 6.7 121.3 £ 87 1225+78
DBP, mmHg 70.7 £ 9.8 66.5 £ 6.3 722 £ 49 73.0 £ 6.7 71357 728 + 3.9
PR, bpm 60.8 £ 12.2 60.2 + 8.4 63.7 £ 10.7 56373 60.2 £ 9.4 578 +92

Note: Data are expressed as the mean * SD.

Abbreviations: BH, body height; BW, body weight; SBP, systolic blood pressure; DBP, diastolic blood pressure; PR, pulse rate.
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Table 2 Summary of Reported Adverse Events During Treatment

Single Administration Multiple Administration
Placebo (6) | Adrenomedullin Placebo (6) | Adrenomedullin
Low (6) | Medium (6) | High (6) High (6)
Any adverse event 1(16.7%) 0 3(50.0%) 2(33.3%) 1(16.7%) 3(50.0%)
Treatment-related adverse events 1(16.7%) 0 3(50.0%) 2(33.3%) 1(16.7%) 3(50.0%)
Severe adverse events 0 0 0 0 0 0
Serious adverse events 0 0 0 0 0 0
Deaths 0 0 0 0 0 0
Adverse events reported in > participant in any
group
Nervous system disorders
Headache 1(16.7%) 0 1(16.7%) 1(16.7%) | O 3(50.0%)
Cardiac disorders
Palpitations 0 0 0 0 0 2(33.3%)
Wenckebach type atrioventricular block 0 0 2(33.3%) 1(16.7%) | O 0
Gastrointestinal disorders
Diarrhea 0 0 0 0 1(16.7%) 1(16.7%)

transitory (within 1 min), as determined through an inves-
tigation of monitor ECG. There were no discontinuations
or withdrawals from the study due to AEs, and no deaths
or SAEs were reported (Table 2).

A total of four (33%) subjects experienced at least one
AE  during
(Table 2). Headaches repeatedly occurred in three of six

the multiple-dose administration study
subjects who received a high dose of AM, and two of them
concurrently experienced palpitations, another common
AE from AM. Diarrhea, an uncommon AE from AM,
occurred in one subject who received AM and one subject
who received placebo. ECG abnormalities, including
monitor ECG, were not reported in these groups. There
was one withdrawal from the study due to headache, and

no deaths or SAEs were reported (Table 2).

Hemodynamic Effects of AM

AM is one of the strongest vasodilators among the known
bioactive substances; therefore, we closely monitored BP
and PR. In the single-dose administration study, continu-
ous decreases in SBP were observed in the medium-dose
group (9 ng/kg/min), but slight increases, followed by
slight decreases, in SBP were observed in the high-dose
group (15 ng/kg/min). Slight decreases in SBP were also
observed in the placebo group (Table 3). Slight but mean-
ingful decreases in diastolic BP (DBP) and increases in PR

were observed in the medium- and high-dose groups
(Table 3). However, the same tendency was observed in
the placebo group. The average BP and PR values across
the 7 days in the multiple-dose administration study are
summarized in Table 4. SBP was maintained at a stable
level throughout the multiple-dose administration study in
all groups. Small but significant decreases in DBP and
increases in PR were observed in the multiple-dose AM
group. A similar tendency was also observed for DBP and
PR in the placebo group, but significant differences were
observed between the AM and placebo groups.

Clinical Laboratory Tests

Although slight variations were found in the average and
median values of most test parameters throughout the
study, these variations were generally small and not clini-
cally significant. In addition, there were no meaningful
differences in the average and median values between
treatment groups. There were no changes in the laboratory
test values associated with different doses of AM.
Therefore, it was concluded that there were no changes
due to the direct effect of AM.

Pharmacokinetics
AM is an endogenous bioactive peptide; therefore, basal
values were detectable before AM administration. The
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duration of the atrioventricular block was very short
(within 1 min) and caused no symptoms; therefore, the
blocks were only found by observing the monitor ECG.
There has been no previous evidence of atrioventricular
blocks due to AM. Additionally, the plasma concentration
of AM should have returned to control levels before the
atrioventricular blocks occurred, because the T, of AM
after termination of administration was 23-30 min.
Therefore, it is unclear whether this was directly caused
by AM. In healthy Japanese subjects, Holter ECGs pre-
viously detected Wenckebach type atrioventricular blocks
in 13 out of 161 (8%) patients, and these blocks mostly
occurred late at night.'® Therefore, it is possible that these
Wenckebach type atrioventricular blocks occurred by
chance during the study period. We concluded that the
atrioventricular blocks were an acceptable phenomenon
that does not hinder the progression of the trials.
However, we set up strict measures to care for atrioven-
tricular blocks in the multiple-dose administration study.

In the multiple-dose administration study, one subject
in the AM group withdrew from the study owing to head-
aches. Although the patient had undergone infusion of AM
for two full days of the study with no need for treatment,
he then requested to withdraw from the study because of
headaches. Including the withdrawn subject, three out of
six subjects in the AM group showed repeated headaches
or palpitations. AM infusion was performed between
09h00 and 17h00; the AEs occurred between 12h30 and
16h00, and many disappeared between 17h30 and 19h00.
These effects were consistent with the increased plasma
concentration of AM, and may have been caused by the
vasodilatation activity of AM. However, the reported AEs
were all mild, and it was possible to continue to administer
AM without treatment. Based on this, the safety of AM
was confirmed at up to the maximum dose (15 ng/kg/min).
Diarrhea was observed in two subjects, one of whom was
treated with the placebo. This was a continuous symptom
irrespective of the dosage time, and was therefore consid-
ered to be unrelated to AM. Notably, the Wenckebach type
atrioventricular blocks observed in the single-dose study
were not observed in the multiple-dose study.

We further examined the hemodynamic effects of AM in
the patients. In a previous study, AM induced a clear
decrease in BP at a dose of 30 ng/kg/min after 90 min of
intravenous infusion in normotensive and hypertensive
patients.>® Furthermore, the prolonged infusion of AM at
a dose of 15 ng/kg/min for 27 h decreased the BP of patients
in a previous report, especially late at night?' Based on
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Figure 2 Mean plasma concentration-time profiles of adrenomedullin at day | and day 7 of repeated infusion. *P < 0.05 compared to each time point at day |.

these results, we chose the upper limit of AM administration
as 15 ng/kg/min for 12 h, allowing the infusion to be
terminated before midnight. Indeed, the safety of hemody-
namic parameters was confirmed in a previous exploratory
clinical study, where AM was infused at a dose of 9 ng/kg/
min for 8 h in patients with UC."" In the single-dose admin-
istration study, significant increases in PR were observed in
the medium- and high-dose AM groups, but this did not
appear to be dose-dependent (Table 2). SBP and DBP were

decreased during the latter half of the infusion process, but
similar decreases were observed in the placebo group. As
expected, changes in SBP were not dose-dependent in
patients treated with low, medium, and high doses of AM.
These data indicated that the hemodynamic effects of AM
were negligible at up to 15 ng/kg/min AM infusion.
A significant decrease in DBP and increase in PR were
observed in average values of the 7-day administration pro-
cess in the multiple-dose administration study (Table 4).
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Table 5 Adrenomedullin Pharmacokinetic Parameters

Single Administration (12h) Multiple Administration (8h)

Low Medium High Day | Day 7
Cinax (pg/mL) 10.0 £ I.1 255+ 3.7 504 £93 479 = 109 64.2 + 249
Tmax (h) 93+47 10.7 £ 1.6 10.0 £ 2.2 72+ 1.1 68+ 1.1
Tin (h) 1.04 + 0.92 0.30 £ 0.20 0.23 £ 0.15 0.45 + 0.66 0.17 £ 0.07
AUCq.54n, (W*pg/mL) 162.9 + 21.2 295.4 + 52.1 531.7 £ 915 — 466.4 + 121.8
AUC_ion (h*pg/mL) — —_ — 272.3 £ 57.3 3635 £ 114.3*

Note: *P < 0.05, compared to day |.

Abbreviations: C,,,, maximum measured plasma concentration; T .y, time to maximum measured plasma concentration; T, terminal plasma elimination half-life; AUC,

cumulative area under the plasma concentration-time curve.

However, SBP was well maintained within AM infusion
(Table 4). These data further indicated that the hemody-
namic effects of AM were negligible after the repeated
administration of AM.

The plasma concentration of AM increased in proportion
to the treatment dose and decreased promptly after the end of
infusion (Figure 1), similar to the results of previous reports.
In the multiple-dose study, plasma AM concentrations were
generally higher on day 7 compared to those on day 1.
Figure 3 shows the plasma concentration of AM at
each day just before the end of AM infusion; it was found
to be similar to the measured C,,.x. A significant increase in
the plasma concentration of AM was observed only on day 7.
The exact reason for this increase was not clear; potentially,
a decrease in AM clearance may have been attenuated by
the repeated administration of AM. The AM receptor con-
trols its clearance in pulmonary circulation.”** Previously,

clearance was shown to be decreased by pre-treatment with
high concentrations of AM agonist, or by sepsis, where
the plasma of AM was
increased.”**> These data indicated that the saturation of

concentration markedly
the pulmonary AM receptor induced a deterioration in AM
clearance. Therefore, the repeated administration of AM may
saturate the AM receptor in lungs. However, adverse events
such as headaches did not increase or aggravate after the
repeated administration of AM. Furthermore, plasma AM
concentrations decreased rapidly after the end of the 7-day
AM administration, and accumulation was not observed. We
have also confirmed the safety of the repeated infusion of
AM (8 h per day for 4 weeks) in rat and dog models (unpub-
lished data).

In conclusion, we have reported the first evidence, in full
compliance with GCP, that AM is a safe and clinically
tolerable therapeutic agent when administered intravenously.
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Figure 3 Mean plasma concentration of adrenomedullin at end of each day’s infusion in the multiple-dose administration study. *P < 0.05, **P < 0.01.
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Based on these results, presently, we are conducting phase 2
clinical trials in Japan with AM for intractable UC and CD.
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