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Aims

 

To determine the pharmacokinetics, pharmacodynamics and tolerability of
omapatrilat, a vasopeptidase inhibitor, in healthy subjects.

 

Methods

 

The effects of oral omapatrilat were evaluated in healthy men in two
double-blind, placebo-controlled, dose-escalation trials. In a single-dose study, sub-
jects received omapatrilat in doses of 2.5, 7.5, 25, 50, 125, 250, or 500 mg. In a
multiple-dose study, subjects received doses of 10, 25, 50, 75, or 125 mg daily for
10 days.

 

Results

 

In the multiple-dose study, peak plasma concentrations (
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 0.5–2 h) of omapatrilat were attained rapidly. Omapatrilat
exhibited a long effective half-life (14–19 h), attaining steady state in 3–4 days. In
the single-dose study, 
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were linear but not dose proportional. In the multiple-dose study, based on
weighted least-squares linear regression analyses 

 

vs
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 but not AUC(0,
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)
was linear at the lower doses on day 10. The lowest dose of omapatrilat (2.5 mg)
almost completely inhibited (

 

>

 

 97%) serum angiotensin converting enzyme activ-
ity at 2 h after dosing. In the multiple dose study, angiotensin converting
enzyme activity was inhibited by more than 80% 24 h after all doses of omapat-
rilat. Inhibition of neutral endopeptidase activity was shown by increases in the
daily urinary excretion of atrial natriuretic peptide and cyclic guanosine mono-
phosphate at doses of more than 7.5 and 25 mg, respectively. In the single dose
study, omapatrilat increased the daily urinary excretion of atrial natriuretic pep-
tide dose-dependently from 10.8 

 

±

 

 4.1 (

 

±

 

 SD) ng 24 h

 

-

 

1

 

 in the placebo group to
60.0 

 

±

 

 18.2 ng 24 h

 

-

 

1

 

 in the 500 mg group. Omapatrilat did not affect sodium
and potassium excretion or urinary volume. Compared with placebo, omapatrilat
produced a decrease in mean arterial pressure at 3 h after all doses in both the
single- and multiple-dose studies.

 

Conclusions

 

Omapatrilat was generally well tolerated. The pharmacokinetic and
pharmacodynamic effects of omapatrilat are consistent with once-daily dosing.
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Introduction

 

Omapatrilat is the most studied member of a new class
of cardiovascular compounds called vasopeptidase inhib-
itors (VPIs) [1]. VPIs are single molecules that simulta-
neously inhibit neutral endopeptidase (NEP) and

angiotensin-converting enzyme (ACE), resulting in
enhanced amounts of peptides with vasodilatory and car-
diovascular protective properties and inhibition of pro-
duction of the vasoconstrictor angiotensin II. NEP is
widely distributed in the body and has many possible
substrates, such as atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), C-type natriuretic peptide,
bradykinin, enkephalins, substance P, and neurotensin [2].
Many of these substrates play integral roles in the regu-
lation of the cardiovascular system, affecting multiple
activation pathways. Omapatrilat inhibits both NEP and
ACE with nearly identical potency 
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) [3]. By inhibiting
both NEP and ACE, omapatrilat can potentially provide
benefits in the treatment of hypertension, heart failure,
and other cardiac and vascular diseases. Omapatrilat has
shown antihypertensive action in low-, normal-, and
high-renin models of experimental hypertension [3]. In
addition, omapatrilat was well tolerated and produced
persistent reductions in ambulatory systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) in patients
with mild to moderate hypertension [4–6].

Two double-blind, placebo-controlled, phase I, dose-
escalation studies of omapatrilat are described. The first
study examined the effects of seven single oral doses of
omapatrilat ranging from 2.5 to 500 mg. The second, a
multiple-dose study, evaluated five doses ranging from 10
to 125 mg given daily for 10 days. The purpose of these
studies was to characterize the pharmacokinetic and
pharmacodynamic profiles and evaluate the range of tol-
erability of omapatrilat in healthy adults.

 

Methods

 

These studies were approved by the Institutional Review
Board at The Medical Center at Princeton 

 

and

 

 performed
in accordance with the principles of the Declaration of
Helsinki and its amendments. All subjects signed
informed consent forms prior to participation in the
study.

 

Single-dose study

 

Sixty-three healthy male subjects were randomly assigned
to omapatrilat or placebo, and all completed the study
according to the protocol. Subjects had a mean (

 

±

 

 SD)
body weight of 79.1 

 

±

 

 9.0 kg (range 62.0–99.3 kg) and
a mean age of 32 

 

±

 

 8 years (range 19–45 years).
The study consisted of a 5-day lead-in period and a

1-day treatment period. Subjects were enrolled in the
lead-in period on the evening of day 

 

-

 

5 for baseline
urine and blood collections. Subjects began a controlled
daily diet on day 

 

-

 

4 that continued for the entire study
period. It consisted of fixed protein (90 g), fixed salt (6 g
[260 mEq] sodium, 4 g [100 mEq] potassium) and 

 

≥

 

2 l
of water. Subjects were not permitted to smoke or to
consume alcohol or caffeine containing substances for the
duration of the study. An evening fast began on day 

 

-

 

2.
Subjects received a lead-in dose of placebo on day 

 

-

 

1
and continued to have urine and blood collected and
baseline vital signs recorded. On study day 1, subjects
were randomly assigned to receive a single oral dose of
placebo or a 2.5, 7.5, 25, 50, 125, 250, or 500 mg dose
of omapatrilat in double-blind manner (six on active drug
and three on placebo per ascending dose panel) and
fasted for an additional 4 h after dosing.

 

Multiple-dose study

 

Of 46 healthy male subjects randomized on day 1, 42
completed the study (one subject discontinued for per-
sonal reasons and was replaced). Subjects had a mean
(

 

±

 

 SD) body weight of 78.1 

 

±

 

 9.0 kg (range 57.0–
100.0 kg) and a mean age of 31 

 

±

 

 7 years (range 22–
49 years).

This study was identical to that of the single-dose
study with respect to baseline urine and blood sampling,
the initiation and composition of the controlled diet, and
the overnight fast. On days 

 

-

 

4 to 

 

-

 

1, subjects received
single-blind, lead-in doses of placebo. Baseline vital signs
(including orthostatic pulse rate and blood pressure [BP])
were recorded on days 

 

-

 

4 and 

 

-

 

1, and samples for base-
line pharmacodynamic assessments were collected on day

 

-

 

1. On day 1, subjects were randomly assigned in a
double-blind manner to once-daily dosing of placebo or
to 10, 25, 50, 75, or 125 mg of omapatrilat (six on active
drug and three on placebo per ascending dose panel). On
days 1 and 10, subjects fasted for an additional 4 h after
dosing. Subjects were discharged on day 12.

 

Sample collection and processing

 

For assessment of pharmacokinetic parameters, venous
blood samples (7 ml) were obtained predose and at 0.5,
1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, and 24 h postdose on day
1 for the single-dose study and at the same time points
on days 1 and 10 for the multiple-dose study. Additional
blood samples were drawn at 36, 48, 60, and 72 h post-
dose in the single-dose study and immediately predose
on days 4, 6, 8, and 9 in the multiple-dose study. Sam-
ples were collected in Vacutainer

 

®

 

 tubes (BD, Franklin
Lakes, NJ) using K

 

3

 

EDTA as an anticoagulant and con-
taining a premeasured amount of methyl acrylate
(10 

 

m

 

l ml

 

-

 

1

 

 blood), which is used as a blocking agent to
prevent omapatrilat from forming disulphide derivatives

 

ex vivo

 

.
Urine was analysed for ANP and cyclic guanosine

monophosphate (cGMP), which are both markers for
NEP inhibition; aldosterone, creatinine, and electrolyte
(sodium and potassium) determinations were also per-
formed. Urine samples were collected at the following
intervals relative to dosing on day 1 in both studies: 

 

-

 

96
to 

 

-

 

72 h, 

 

-

 

72 to 

 

-

 

48 h, and 

 

-

 

48 to 

 

-

 

24 h; samples were
also obtained on days 

 

-

 

1 and 1, at 0–4 h, 4–8 h, 8–12 h,
and 12–24 h. Additional urine samples were collected
during the single-dose study at 24–48 h postdose and
during the multiple-dose study on days 3 and 10 at the
same time intervals as on days 

 

-

 

1 and 1. Urine samples
were stored frozen at 

 

-

 

70 

 

∞

 

C until assayed. At this tem-
perature, ANP and cGMP are stable in urine for at least
6 months.
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Additional pharmacodynamic parameters included
plasma renin activity (PRA), plasma ANP and cGMP, and
serum ACE activity. For the single-dose study, venous
blood samples for assay of PRA, ANP, and cGMP were
obtained at 0 (predose, relative to the anticipated dosing
time on day 1) and 0.5 h on days 

 

-

 

1 and at 0 (predose),
0.5 h, and 24 h postdose on day 1. Samples for assay of
ACE activity were obtained predose (0 h) and at 2 and
24 h postdose. For the multiple-dose study, samples for
PRA were obtained at 0 and 4 h on days 

 

-

 

1, 1, and 10
and at 24 h on days 1 and 10. Samples for ANP and
cGMP were obtained at 0, 2, 4, and 8 h on days 

 

-

 

1, 1,
and 10, at 24 h on days 1 and 10, and before discharge
on day 12. Samples for ACE activity were obtained
predose on days 1, 5, and 10, at 2 h on days 1 and 10,
at 24 h on day 1, and before discharge on day 12. Serum
ACE activity was measured on the day of sample collec-
tion without freezing the samples. Venous blood for PRA
was collected into prechilled tubes containing K

 

3

 

EDTA,
and plasma was stored frozen at 

 

-

 

70 

 

∞

 

C until assayed.
Venous blood for ANP and cGMP was collected into
prechilled tubes containing K

 

3

 

EDTA and aprotinin (10
TIU ml

 

-

 

1

 

), and plasma was stored frozen at 

 

-

 

70 

 

∞

 

C until
assayed. At this temperature, ANP, cGMP, and PRA are
stable in plasma for at least 6 months.

 

Assay methods

 

Omapatrilat concentrations in plasma were quantified by
liquid chromatography (LC) coupled with positive ion
electrospray mass spectrometry (MS). For quantification,
the [M 

 

+

 

 NH

 

4

 

]

 

+

 

 ions of the analyte and internal standard
were measured in the single ion monitoring mode using
a validated LC/MS method for human plasma [7]. The
intraday and interday precision was 

 

±

 

 4% or better [7]

 

.

 

Mean results are presented for each dose group and were
calculated using a value equal to 0 (zero) for plasma
concentrations below 0.5 ng ml

 

-

 

1

 

 and 0.1 ng ml

 

-

 

1, the
lower limit of quantification (LLQ) in the single and
multiple dose studies, respectively.

Urinary and plasma ANP were measured by radioim-
munoassay after solid phase extraction, as previously
described [8]. Assay sensitivity was 1.3 and 1.7 pg ml-1

for ANP in urine and plasma, respectively. Urodilatin,
with a structure similar to that of ANP, another natri-
uretic peptide isolated only from human urine, shows
cross-reactivity in the immunoreactive ANP measure-
ments in urine [9]. The ratio between the concentration
of ANP and urodilatin has been reported at 1.3 : 1.0 in
normal human urine [10]. Urodilatin is not a substrate
of NEP; thus, its urinary excretion is not expected to
increase following NEP inhibition by omapatrilat [11].
Urinary and plasma cGMP were measured by radioim-
munoassay using a kit from DuPont Medical Products

(Boston, MA) after dilution and ethanol extraction,
respectively. Following acid hydrolysis, urinary aldoster-
one was measured by radioimmunoassay using the
Aldosterone Coat-A-Count® Kit (Diagnostic Products
Corporation, Los Angeles, CA). PRA was measured
using the Clinical AssaysTM PRA RIA kit (Incstar Cor-
poration, Stillwater, MN). Serum ACE activity was mea-
sured using a radioenzyme assay adapted from a kit
previously available from HYCOR Biomedical Inc. (Irv-
ine, CA); this method uses the synthetic substrate Hip-
Gly-Gly. Electrolytes were measured on the Hitachi® 704
Chemistry Autoanalyser (Tarrytown, NY) using ion
selective electrodes.

The intra-assay coefficients of variation for the hor-
monal and enzymatic assays were as follows: urinary
ANP, 4% to 7%; plasma ANP, 3% to 9%; urinary cGMP,
5% to 16%; plasma cGMP, 2% to 6%; aldosterone, 4%
to 18%; PRA, 3% to 8%; and ACE activity, 3% to 6%.
The corresponding inter-assay coefficients of variation
were as follows: urinary ANP, 3% to 5%; plasma ANP,
7% to 10%; urinary cGMP, 8% to 11%; plasma cGMP,
9% to 14%; aldosterone, 4% to 14%; PRA, 8% to 19%;
and ACE activity, 1% to 5%.

Blood pressure measurements

BP measurements were made using a Dinamap® system
(GE Medical Systems, Milwaukee, WI), with the cuff
placed on the same (dominant) arm for each measure-
ment. For the single-dose study, supine SBP and DBP
were measured over a 12-h period on day -1 (before
rising, 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, and 12 h) and
over a 72-h period commencing on day 1 (before rising,
0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24, 36, 48, 60, and
72 h). For the multiple-dose study, supine SBP and DBP
were taken on days -4 and -1, and on days 1, 4, 8, and
10 before rising and at 0.5, 1.5, 2.5, 16, and 21 h
postdose.

Other measurements

At screening, medical history was recorded and electro-
cardiograms (ECGs) and physical examinations per-
formed. On day 1, ECGs and physical examinations were
performed, and blood and urine samples were collected
for clinical laboratory tests predose and at 3.5 and 24 h
postdose. For the multiple-dose study, additional ECGs
and physical examinations were performed at 3.5 h post-
dose on days 4, 8, and 10. Temperature and respiratory
rate were recorded before dose administration on day 1
and at discharge.

Adverse events (AEs) included any illness, sign, symp-
tom, or clinically significant laboratory abnormality that
appeared or worsened during the course of the clinical
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trial, regardless of the causal relationship to the study
drug. A serious AE was defined as an AE that met any
of the following criteria: fatal, life-threatening, perma-
nently disabling, causing inpatient hospitalization or pro-
longed hospitalization, or overdose.

Pharmacokinetic analysis

The following pharmacokinetic parameters were esti-
mated using noncompartmental analysis:

Cmax (ng ml-1) = maximum observed plasma concentra-
tion of omapatrilat after dosing.

tmax (h) = time to reach Cmax.
Cmin (ng ml-1) = minimum plasma concentration mea-

sured predose on days 2, 4, 6, 8, 9, and 10 and on day 11.
AUC(0,t) (ng ml-1h) = area under the plasma concen-

tration-time curve from 0 to last measurable concentra-
tion. The concentrations in the terminal phase below
LLQ were not used in the calculation.

,eff (h) = effective half-life = -0.693 ¥ t/ln(1–1/
accumulation ratio) where t is the dosing interval (24 h)
and the accumulation ratio (AI) = AUCss/AUC1 where
AUCss = AUC(0,t) at steady state and AUC1 = AUC(0,t)
after the first dose. Fieller’s theorem was used to estimate
the lower and upper confidence limits of this population
accumulation ratio [12].

Statistical analysis

All statistical analyses were carried out using SAS/STAT®

Version 6.07 (SAS Institute, Cary, NC). Tests of compar-
ison were carried out at the two-sided 5% significance
level. Interval estimates were calculated using 95% con-
fidence intervals (CIs). Correlation with dose was
explored via a scatter plot of each pharmacokinetic
parameter vs dose for each day. If a dose dependent
response was evident, weighted least-squares linear
regression was used first to evaluate the relationship. The
weights were the reciprocals of the variances within each
of the dose groups, since increasing variance with

t1 2/

increasing dose is an expected result. Departure from
dose-linearity was tested using the ‘lack-of-fit’ procedure
as described by Littell et al. (SAS/STAT® Version 6.07).
A statistically significant lack-of-fit would imply nonlin-
ear dependence on dose. Otherwise, a linear regression
of the response on dose was performed. Dose propor-
tionality of a linear relationship was assessed by the inter-
cept of the regression plot. An intercept significantly
different from zero would imply the linear relationship
was not dose proportional. Comparisons of AUC on days
1 and 10 were performed with an analysis of variance
model using subject, day (days 1 and 10), dose, and dose-
by-day interaction as factors. Dose was tested using sub-
ject as the error term. To test for failure to achieve steady
state, analysis of variance was performed on Cmin using
group, subject within group, day, and group-by-day
interaction. Significant differences in Cmin means between
days would indicate that a steady state had not been
achieved.

Results

Pharmacokinetics

Single-dose study Mean pharmacokinetic parameters are
shown in Table 1, and the time course of the plasma
concentration is shown in Figure 1. The tmax for omap-
atrilat was £ 2.25 h for all doses.

There was a linear but not a proportional relationship
between Cmax and dose up to 500 mg. The estimated
linear regression (predicted Cmax = -3.80 + 2.03 ¥ dose;
r 2 = 0.742) and the 95% CI for the intercept (-4.8478,
-2.7422) indicated that the latter was significantly differ-
ent from 0. Single-dose AUC(0,t) was linear but not
proportional to dose. The estimated linear regression
(predicted AUC(0,t) = -7.50 + 3.17 ¥ dose; r 2 = 0.9233)
and the 95% CI (-8.3242, -6.6695) indicated that the
intercept was significantly different from 0.

Multiple-dose study In this study mean t1/2,eff was estimated
to be between 14.3 and 19.3 h (Table 2). The time

Table 1 Pharmacokinetic parameters following single dose administration of omapatrilat.

Parameters
Omapatrilat dose

2.5 mg 7.5 mg 25 mg 50 mg 125 mg 250 mg 500 mg

Cmax (ng ml-1) 1.28 9.6 51.09 89.29 286.35 491.61 1008.92
(0.44) (7.96) (23.43) (49.15) (162.01) (303.76) (645.88)

tmax (h)* 2.0 2.0 1.5 1.5 2.25 1.25 1.5
(1.0, 2.0) (1.0, 6.0) (0.5, 4.0) (0.5, 4.0) (0.5, 3.0) (05, 3.0) (0.5, 4.0)

AUC(0,t) (ng ml-1h) 0.43 12.52 69.19 149.6 406.52 741.39 1890.76
(0.4) (17.34) (12.86) (48.89) (85.52) (309.32) (803)

Results are presented as mean (SD). *Median (minimum, maximum).
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course of the plasma concentration for all doses on days
1 and 10 is shown in Figure 2.

The multiple-dose study showed that Cmax on day 1
was proportional to dose. The AUC(0,t) showed no sig-

nificant departure from linearity (P = 0.07), but the
intercept was significantly different from 0, indicating
that the AUC is linear but not proportional to dose. On
day 10, Cmax showed no significant departure from lin-
earity (P = 0.35). However, the intercept was significantly
different from 0, indicating Cmax was linear, not propor-
tional to dose. There was significant departure from lin-
earity (P = 0.037) for AUC(0,t), indicating it was not
linear with dose. An analysis of variance found no statis-
tically significant differences in mean Cmin values between
the days, suggesting that steady state was achieved in 3–
4 days.

Accumulation of omapatrilat was assessed by statistical
analysis of the accumulation index (AI) for day 10 vs day
1. AI did not depend on dose and ranged from 1.4 to 2.5.
Analysis of variance for AI showed that dose and day
effects were statistically significant (P < 0.0001 for both)
but that dose–by–day interactions were not (P = 0.49). For
all dose groups except for the 75 mg group, the lower limit
of the 95% CI around the mean ratio was larger than 1,
indicating statistically significant drug accumulation.

Figure 1 Time course of plasma omapatrilat concentration after 
single doses of the drug. The tmax for omapatrilat was £ 2.25 h for 
all doses. Mean results are presented for each dose group. Note 
that the relatively high mean plasma concentration at 6 and 24 h 
after the 7.5 mg dose is due to one single outlier subject (data 
points: 6 h: 25.3 ng ml-1; 24 h: 18.0 ng ml-1). 2.5 mg (�); 7.5 mg 
(�); 25 mg (�); 50 mg (�); 125 mg (�); 250 mg (�); and 
500 mg (�).
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Table 2 Pharmacokinetic parameters on days 1 and 10 following 
multiple dose administration of omapatrilat.

Omapatrilat dose
(n = 6/group)

Cmax

(ng ml-1) tmax* (h)
AUC(0,t)
(ng ml-1h)

t1/2,eff

(h)

Day 1
10 mg 9.6 1.5 19.5 NA

(5.5) (1.0, 4.0) (6.8)
25 mg 26.4 1.0 63.8 NA

(8.9) (1.0, 2.5) (16.9)
50 mg 93.5 0.8 147.9 NA

(58.5) (0.5, 4.0) (32.2)
75 mg 181.7 0.5 341.6 NA

(98.7) (0.5, 3.0) (100.7)
125 mg 203.3 0.5 369.4 NA

(112.5) (0.5, 3.0) (124.0)

Day 10
10 mg 14.4 0.8 30.1 19.3

(6.1) (0.5, 3.0) (6.3) (17.1)
25 mg 80.7 0.5 92.4 17.4

(46.9) (0.5, 2.0) (20.1) (9.7)
50 mg 175.9 2.0 226.9 17.1

(105.6) (0.5, 4.0) (43.0) (11.6)
75 mg 297.1 1.5 420.9 14.3

(144.2) (0.5, 4.0) (55.4) (8.9)
125 mg† 895.3 0.5 745.2 NA

(284.2) (0.5, 0.5) (125.3)

Results are presented as mean (SD); *Median (minimum, maximum);
NA = not available †n = 2.

Figure 2 Time course of plasma omapatrilat concentration on 
days 1 (a) and 10 (b) after multiple doses of the drug. The tmax for 
omapatrilat was 0.5–2 h. Mean results are presented for each dose 
group. 10 mg (�); 25 mg (�); 50 mg (�); 75 mg (�); and 125 mg 
(�).
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Pharmacodynamics

Urinary ANP excretion In both the single- and multiple-
dose studies of omapatrilat, urinary ANP excretion
increased on day 1 compared with the placebo group and
baseline values (Table 3). Peak excretion occurred within
8 h after dosing and increased in a dose-dependent man-
ner. The magnitude of the peak excretion within each
dose group was not different after multiple days of dos-
ing. At doses ≥25 mg, urinary ANP excretion remained
elevated over baseline values for 24 h.

Plasma ANP concentration Baseline values were 31.6 ±
10.6 pg ml-1 in the placebo group in the single dose
study and 27.5 ± 8.8 pg ml-1 in the multiple dose study.
Small increases of less than 40% from baseline plasma
ANP occurred in both the single- and multiple-dose
studies (data not shown).

Urinary cGMP excretion In both the single- and multi-
ple-dose studies, increases in urinary cGMP were con-
sistent at omapatrilat doses ≥25 mg, at which dose the
mean peak urinary cGMP excretion on day 1
approached twice the mean baseline excretion ratio of
0.35 ± 0.14 nmol cGMP mg-1 creatinine in the placebo
group for the single dose study and 0.37 ± 0.08 nmol
cGMP mg-1 creatinine in the placebo group for the
multiple dose study.

Plasma cGMP concentrations At omapatrilat doses of
10 mg or more, the plasma cGMP concentration
increased by approximately 1.25- to 1.80-fold (data not
shown). Peak cGMP values were reached at 4–8 h post-

dose and were greater on day 1 than on day 10. Baseline
plasma cGMP concentrations were 7.3 ± 1.3 nmol l-1 in
the placebo group during the multiple dose study.

Inhibition of ACE  ACE activity was nearly completely
inhibited by all single and multiple doses of omapatrilat
at both 2 and 24 h postdose. This extensive inhibition
was sustained from day 1–10 in the multiple-dose study,
and marked ACE inhibition persisted on day 12, 48 h
after the last dose (Figure 3).

Plasma renin activity For each dose group in the multiple-
dose study, mean plasma renin activities were higher (up
to 50-fold elevation at the 25 mg dose and above after
10 daily doses) at 4 h postdose than at predose (0 h) and
appeared to be dose dependent (Figure 4). At all omap-
atrilat doses, plasma rennin activities remained elevated
for up to 24 h postdose on day 1. There was also a
sustained elevation in plasma rennin activity at 24 h post-
dose after 10 days of dosing.

Urinary excretion of aldosterone At omapatrilat doses of
75 mg and higher, there was a decrease from baseline
(8.7 ± 3.9 mg 24 h-1, single dose study; 8.8 ± 4.5 mg 24
h-1, multiple dose study) of 16% to 42% in the mean 24-
h urinary excretion of aldosterone (data not shown).
Because of the relatively small numbers of subjects in
each treatment group, this decrease could not be related
to dose.

Urinary electrolytes and volume No significant differences
were observed in daily urinary excretion of sodium and
potassium between subjects receiving omapatrilat and

Table 3 Daily urinary excretion of ANP following a) single and b) multiple doses of omapatrilat.

a) Omapatrilat dose (Single-dose study)

Placebo 2.5 mg 7.5 mg 25 mg 50 mg 125 mg 250 mg 500 mg

Urinary ANP 10.8 12.2 15.9 26.2 34.1 45.9 55.0 60.0
(ng 24 h-1) (4.1) (6.0) (1.7) (3.8) (13.8) (9.4) (14.0) (18.2)

b) Omapatrilat dose (Multiple-dose study)

Day Placebo 10 mg 25 mg 50 mg 75 mg 125 mg

Urinary ANP Pre-dose 9.4 11.3 10.5 12.5 10.6 9.3
(ng 24 h-1) (2.8) (4.0) (3.9) (4.7) (2.7) (2.7)
Urinary ANP Day 1 10.7 16.3 32.2 37.0 31.9 47.2
(ng 24 h-1) (3.5) (5.3) (11.0) (8.7) (8.2) (10.4)
Urinary ANP Day 3 9.3 NS 29.2 37.2 41.6 42.1
(ng 24 h-1) (2.9) (11.0) (14.0) (7.8) (15.3)
Urinary ANP Day 10 9.7 16.9 29.4 30.3 33.3 33.8*
(ng 24 h-1) (2.8) (3.4) (8.6) (8.7) (7.2) (13.2)

Results are presented as mean (SD); NS: No samples collected; *n = 2.
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placebo in either study. Furthermore, no dose-dependent
changes were apparent from baseline in daily urinary
volume (Table 4). Additionally, in the single-dose study,
omapatrilat did not produce acute (0–4 h) natriuresis or
diuresis at doses up to 500 mg.

 

Blood pressure

 

In the single-dose study, decreases in
supine SBP, DBP, and mean arterial pressure (MAP)
were seen 3 h after administration of omapatrilat com-
pared with predose values. No changes in MAP were
seen in the placebo group over the same time period
(Figure 5a). SBP decreases of approximately 10 mmHg
were observed in all omapatrilat treatment groups (2.5–
500 mg), and DBP decreases of approximately 7 mmHg
were observed in subjects receiving more than 2.5 mg.
Statistical comparisons were not performed due to small
sample sizes in these dose groups. There was a trend

 

Figure 3

 

Mean ACE activity after administration of omapatrilat 
and placebo over 24 h for the single-dose study (a) and over 12 days 
for the multiple-dose study. Placebo (

 

�

 

); 2.5 mg (

 

�

 

); 7.5 mg (

 

�

 

); 
25 mg (

 

�

 

); 50 mg (

 

�

 

); 125 mg (

 

�

 

); 250 mg (

 

�

 

); and 500 mg (

 

�

 

). 
(b). Note that in the multiple-dose study, the initial reading for 
omapatrilat dose groups is at 2 h on day 1. Placebo (

 

�

 

); 10 mg 
(

 

�

 

); 25 mg (

 

�

 

); 50 mg (

 

�

 

); 75 mg (

 

�

 

); and 125 mg (

 

�

 

).

Hours postdose

0 8 12 16 20 24

0

20

40

60

80

100

120

Study days

%
 B

as
el

in
e 

A
C

E 
ac

tiv
ity

at
 2

4 
h 

po
st

do
se

0

20

40

60

80

100

0 2 4 6 10 11 12

%
 B

as
el

in
e 

A
C

E 
ac

tiv
ity

at
 2

4 
h 

po
st

do
se

 

a

b

1 3 5 7 8 9

4

 

Figure 4

 

Mean PRA before and after administration of omapatrilat 
in the multiple-dose study. Concentrations were higher at 4 than 
at 0 h and appeared to be dose-dependent. At all doses, PRA was 
elevated for less than 24 h postdose on day 1. Placebo (
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); 10 mg 
( ); 25 mg ( ); 50 mg ( ); 75 mg ( ); and 125 mg (
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Table 4

 

Urinary sodium and potassium excretion and volume following administration of omapatrilat
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towards a decrease in MAP in the multiple dose study at
3 h after all the doses. Results from the 10th consecu-
tive day of dosing are shown in Figure 5b. There was
also a trend towards a decrease in predose trough supine
SBP and DBP on days 8, 10, and 11 (24 h after the day
10 dose) after all omapatrilat doses, whereas no changes
were seen over time in the placebo group. No signifi-
cant changes were observed between placebo and oma-
patrilat treated groups in orthostatic blood pressure or
heart rate.

Tolerability of omapatrilat

The most frequent adverse events (AEs) in both the
single- and multiple-dose tolerance studies are shown in
Table 5. In the single-dose study, omapatrilat was gener-
ally well tolerated at doses between 2.5 mg and 500 mg,
with no serious AEs. No subject discontinued active
treatment because of an AE. In the multiple-dose toler-
ance study, omapatrilat was well tolerated at doses
between 10 mg and 75 mg. A number of mild to mod-

erate adverse events were reported, including one case of
oedema of the lip (75 mg dose). The most frequently
reported AE was orthostatic tachycardia (defined as a
greater than 20 beats min-1 difference between supine
and standing heart rate), which affected 11 subjects
treated with omapatrilat and one subject treated with
placebo. An orthostatic tachycardia event was reported at
least once in each dose group, but there was no relation-
ship between dose and magnitude of the response. These
events usually occurred during the middle of the drug
treatment, although some happened between day 1 to
day 10. No significant changes in orthostatic events were
seen as result of chronic omapatrilat dosing in normal
subjects. The mean orthostatic heart rate change in the
placebo treated subjects was + 18 beats min-1 and that
after  omapatrilat  treatment  (all  doses)  was + 23  beats
min-1. The next most commonly reported AE was head-
ache, reported for nine subjects (one after the 50 mg
dose, two after placebo and the 75 mg dose and four
reports after the 125 mg dose). Dizziness was reported
for six subjects (one after the 50 mg dose, two after the
75 mg dose and three after the 125 mg dose). At the
highest dose (125 mg), dose-limiting side-effects such as
lethargy, headache, and dizziness were noted. Four sub-
jects taking this dose withdrew from the study because
of these AEs.

Figure 5 Comparison of mean arterial blood pressure at predose 
(�) and at 3 (�) and 24 h ( ) after the dose in the single-dose 
study (a) and on day 10 in the multiple-dose study (b). Results 
are presented as mean ± SD
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Table 5 Most frequently reported adverse events* in a) the single-
dose study and b) the multiple dose study.

a) Single-dose study (2.5–500 mg omapatrilat)

Adverse event
Placebo

(n = 21)

Omapatrilat
2.5–75 mg
(n = 24)

Omapatrilat
125–500 mg

(n = 18)

Tachycardia 1 0 2
Fatigue (Lethargy) 0 0 2
Headache 2 4 4
Dizziness 0 0 4
Flushing 0 0 7
Sensation of warmth 0 1 4 

b) Multiple-dose study (10–125 mg omapatrilat).

Adverse event
Placebo

(n = 21)

Omapatrilat
10–75 mg
(n = 36)

Omapatrilat
125 mg
(n = 6)

Orthostatic tachycardia 1 8 3
Fatigue (Lethargy) 0 1 3
Headache 2 3 4
Dizziness 0 3 3
Flushing 0 0 1
Sensation of warmth 0 1 0
Rash 0 0 1

*Number of events: a single subject may have reported more than one
event.
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Discussion

These studies describe the pharmacokinetics and phar-
macodynamics of the VPI omapatrilat in healthy adults.
By definition, VPI molecules inhibit the enzymes NEP
and ACE and regulate local and circulating concentra-
tions of a number of important vasoactive peptides,
including angiotensin II, bradykinin, substance P,
adrenomedullin, ANP, and BNP [13, 14]. These peptides
can directly influence volume status, vascular resistance,
cell growth, and the secretion of other vasoactive medi-
ators such as nitric oxide and prostaglandins [13, 14].

Many of the peptides influenced by NEP and ACE
inhibition can interact with one another. For instance,
bradykinin and adrenomedullin induce nitric oxide
release from endothelial cells, which causes smooth mus-
cle relaxation [15, 16]. Angiotensin II, on the other hand,
in addition to directly inducing smooth muscle constric-
tion, stimulates the formation of superoxide anions [17]
that can inactivate nitric oxide. Another example is the
interaction between angiotensin II and the natriuretic
peptides. Angiotensin II normally enhances sodium reab-
sorption in the kidney and the natriuretic peptides inhibit
this effect to promote natriuresis and volume homeostasis
[18]. However, under certain circumstances angiotensin
II has been shown to down-regulate the ANP receptor,
decreasing the number of ANP binding sites [19, 20], an
effect which would be expected to attenuate the vasodi-
lator and natriuretic effects of ANP and BNP. In the
presence of a VPI, the concentration and effects of the
vasoconstrictor peptide angiotensin II would be
decreased and the concentrations and effects of the
vasodilator peptides would be increased.

Because of the complex interactions among these pep-
tides, the overall response to a VPI is determined by the
specific enzyme inhibitory profile of the drug. Unlike
molecules that have only one target, each VPI will have
a unique profile of activity depending on the magnitude
and duration of increases and/or decreases in the vaso-
active peptides resulting from inhibition of NEP and
ACE. Omapatrilat, for example, inhibits both NEP and
ACE with nearly identical inhibitory constants in vitro (Ki

for NEP = 8.9 nM and Ki for ACE = 6 nM) [3]. Other
VPI molecules are likely to have unique inhibitory and
pharmacodynamic profiles [21–24].

The steady state pharmacokinetic profile of omapatrilat
indicates rapid systemic availability and a sufficiently long
half-life for once-daily dosing. Steady-state plasma con-
centrations were reached in 3–4 days. In the multiple-dose
study, Cmax on day 1 was linear and proportional to dose.
On day 10 in the multiple-dose study, Cmax was linear,
but not proportional to dose. Comparison of the mean
values for Cmax and AUC(0,t) on day 1 vs day 10 indicated
accumulation of omapatrilat after multiple daily dosing.

Compared with placebo, omapatrilat lowered SBP,
DBP, and MAP in all subjects. The peak BP-lowering
effect was observed at 3–6 h after dosing. There was also
a trend toward a dose-dependent, sustained lowering of
BP, as indicated by trough values. In contrast, ACE inhib-
itors such as captopril [25] and cilazapril [26] show little
effect on BP in healthy volunteers. Similarly, pure NEP
inhibitors, such as candoxatril [27] and SCH34826 [28],
also produce no changes in BP in normotensive
volunteers.

Unlike ACE, NEP is not present in large quantities in
plasma, and assays for NEP activity in plasma or serum
are not widely available [29]. High concentrations of NEP
are found in tissues associated with renal and intestinal
brush borders, pulmonary endothelium, and cardiac tissue
[30–32]. Inhibition of NEP results in an increase in ANP
in plasma or urine. ANP in turn activates its guanylyl
cyclase–linked receptor, causing an increase in intracellular
and extracellular cGMP concentrations. This relationship
provides the rationale for using ANP and cGMP as indi-
rect indicators of NEP inhibition. The ability of omap-
atrilat to produce acute and chronic NEP inhibition is
supported by marked elevations in urinary excretion of
ANP and plasma concentrations of cGMP [33].

Peak increases in urinary ANP, plasma cGMP, and
urinary cGMP occurred within 12 h of dosing (i.e. at or
a few hours after the time of maximal omapatrilat plasma
concentrations). Compared with placebo, omapatrilat
increased 24-h urinary excretion of ANP at doses of
10 mg and higher on days 1, 3, and 10 in the multiple-
dose study and at doses of 7.5 mg and higher in the
single-dose study. The increase in ANP observed on day
1 (1.4- to 5.1-fold higher than baseline values) produced
by 10–125 mg of omapatrilat was greater than the
increase (up to 2.2-fold) produced by 200 mg of the
NEP inhibitor candoxatril [34]. Urinary cGMP concen-
trations increased in a similar manner (1.25- to 1.5-fold
higher than baseline values). The concomitant rise in
plasma cGMP concentrations (1.25–1.80 times baseline)
may imply a systemic effect of plasma ANP and/or other
vasoactive peptides, such as bradykinin, whose actions are
also potentiated by NEP inhibitors [35]. Although the
present study failed to show a clear increase in plasma
ANP concentrations, another larger study demonstrated
that 40 mg of omapatrilat increased plasma concentra-
tions of ANP by 50–107% at 2 h after dosing [36].

Potent ACE inhibition (> 90%) was seen at omapatrilat
doses as low as 2.5 mg and as early as 2 h postdose. The
inhibitory effect on ACE activity was sustained over 24 h
following a single dose and after multiple daily doses.
Concomitantly with the inhibition of ACE activity, PRA
increased at 4–24 h after dosing. Importantly, there was
a sustained elevation in PRA at 24 h after 10 days of
dosing. Also consistent with the inhibition of ACE, a



W. Liao et al.

404 © 2003 Blackwell Publishing Ltd Br J Clin Pharmacol, 56, 395–406

decrease in 24-h urinary excretion of aldosterone was
observed after higher doses of omapatrilat.

ANP infusion characteristically induces natriuresis and
diuresis [37, 38], effects observed with NEP inhibitors
such as candoxatril [39, 40]. However, ACE inhibitors
such as enalapril are known to have no or very mild
acute natriuretic or diuretic effects [41]. Interestingly, the
natriuresis and diuresis induced by the pure NEP inhib-
itor candoxatril can be attenuated by coadministration of
the ACE inhibitor enalapril [42]. Enalapril may produce
this effect as a function of its action to reduce angiotensin
II production. Basal angiotensin II normally promotes
Na+ reabsorption in the proximal tubule and ANP
induces natriuresis by inhibiting this effect of angiotensin
II. In the absence of angiotensin II, the natriuretic effect
of ANP may be attenuated [42].

In both the single- and multiple-dose studies, the acute
(0–4 h) and 24-h data indicated that omapatrilat did not
increase urinary excretion of sodium or potassium or
alter urinary volume in subjects who were stabilized on
fixed diets (6 g sodium and 4 g potassium) before and
during the study. In addition, omapatrilat had no
diuretic, natriuretic, kaliuretic, or additive effect in salt-
sensitive hypertensive patients [5] or when administered
concomitantly with frusemide 20 mg to healthy young
subjects [43]. The basis underlying the absence of natri-
uresis, kaliuresis, or diuresis by a VPI deserves further
investigation.

Omapatrilat was generally well tolerated in both the
single and multiple dose studies. No subject discontinued
from active treatment because of an AE in the single dose
study. However, in the multiple-dose study four subjects
withdrew from the highest dose (125 mg) group due to
dose-limiting side-effects (lethargy, headache and dizzi-
ness). At the lower doses (from 10 mg up to and includ-
ing 75 mg) omapatrilat was well tolerated. One incident
of lip swelling was noted in the 75 mg group. However,
this patient did not withdraw from the study. This safety
profile is similar to that noted in other clinical studies of
omapatrilat [5, 6, 44, 45].

Due to the small sample size of each dose group,
there was no attempt to perform any modelling of the
pharmacokinetic and the various types of pharmacody-
namic data. In addition, later studies of the pharmacok-
inetics of omapatrilat have demonstrated that
omapatrilat is largely circulating in its disulphide forms,
which are potentially reducible and may be a reservoir
of omapatrilat in plasma and/or tissues [46]. In the cur-
rent study, only the sulphydryl form of omapatrilat was
measured.

In summary omapatrilat was found to be rapidly
absorbed with a long effective half-life over a large dose
range. The drug exhibited potent ACE and NEP inhibi-
tion and did not demonstrate significant natriuretic or

diuretic effects. Omapatrilat demonstrated consistent BP
lowering in healthy subjects and was generally well tol-
erated. These data support a once-a-day regimen with
omapatrilat for the treatment of hypertension.

We acknowledge Floyd Bierle, PhD, and Jeanine Bode, clinical
data handling and administrative assistance; Patricia Catanzariti and
James Manning, PhD, clinical laboratory tests; Susan Lubin and
Jane Blue, Clinical Pharmacology Unit, Nursing and Business
Administration; Susan McNulty, RD, nutrition support; Kathy
Davis, MS, and Alan Meier, MS, data management.
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