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Abstract

We tested the hypothesis that angiotensin (AT) receptor antagonism (with losartan)
would enhance the cardiovascular actions of neutral endopeptidase (NEP) inhibition
(with candoxatrilat or UK-489,329) in conscious SHR. Four day continuous
intravenous infusion of candoxatrilat (1.9 ug kg™ min™) or UK-489,329 (0.15 ug kg™*
min'*), had no significant cardiovascular effects, whereas candoxatrilat (6.4 ug kg™
min™) had a modest antihypertensive effect (-10.9 mmHg on Day 4), but no
significant sustained effects on regional hemodynamics. Losartan caused afall in
blood pressure (maximum -29.2 mm Hg on Day 4) that was associated with renal,
mesenteric and, to alesser extent hindquarters vasodilatation. The combination of
losartan with either dose of candoxatrilat had no greater antihypertensive or
vasodilator effects than losartan alone, with the exception of the increase in renal
vascular conductance, which was greater with the combination of the drugs than with
either drug aone (significant only in the lower dose study). Losartan combined with
UK-489,329 showed a greater antihypertensive effect than losartan alone (-14.6mm
Hg greater on Day 4), although the effects of the combination were not significantly
greater than the sum of the effects of both agents administered separately. However,
losartan combined with UK-489,329 caused increases in renal and hindquarters
vascular conductance that were significantly greater with the combination than with
either agent given alone. Thus, in conscious SHR, the renin-angiotensin system may
act to oppose a vasodilator action of NEP inhibition, particularly in the renal vascular

bed.
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Introduction

Neutral endopeptidase 24.11 (NEP) is azinc metalloprotease responsible for the
breakdown of a number of short linear or cyclic peptides, such as the natriuretic
peptides, bradykinin, angiotensin Il and endothelin. Other members of the zinc
metall oprotease family which may be involved in the metabolism of biologically
active peptides include endothelin converting enzyme (ECE) and soluble secreted
endopeptidase (SEP; Ikeda et a., 1999). Although NEP inhibitors were developed as
antihypertensive agents, their effectiveness has turned out to be limited, probably
because of their short half-life in the circulation, together with the fact that the
breakdown of not only vasodilator/natriuretic peptides, but also vasoconstrictor
peptides, such as angiotensin |1 and endothelin, is reduced (Richards et al., 1993;
McDowell et al., 1997). In fact, some studies have found predominant
vasoconstrictor effects of NEP inhibition in humans (Ferro et al., 1998). In animal
studies, NEP inhibition with, for example, candoxatrilat, has only consistently been
shown to exert antihypertensive effects in salt-sensitive models of hypertension
(Shepperson et a., 1991, Hirataet al., 1994), and in human essential hypertension,
candoxatril is reported to have either no clinically-relevant effect on blood pressure
(Bevan et d., 1992), or amodest antihypertensive effect (Richards et al., 1993), with
evidence for activation of the renin-angiotensin system and sympathetic nervous
system offsetting the blood pressure lowering effect (Richards et al., 1993).

The development of “vasopeptidase” inhibitors, which simultaneously inhibit the two
zinc metall opeptidases, angiotensin converting enzyme (ACE) and NEP, was based
on the premise that such drugs would combine the vasodilator/natriuretic effects of
NEP inhibition, with inhibition of angiotensin Il formation by ACE (see Weber, 2001,

Molinaro et al., 2002, Wells and Little, 2002 for reviews). Indeed, preclinical, and
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early clinical studies with the vasopeptidase inhibitor, omapatrilat, showed beneficia
effectsin hypertension and in congestive heart failure. However, more recent, larger
clinical trials have revealed a problematic incidence of angioedema with omapatrilat
(Coats, 2002; Zanchi et al., 2003). Both ACE and NEP inhibit bradykinin
degradation, and since bradykinin has been implicated in the angi oedema associ ated
with ACE inhibition (Cugno et al., 2002), then perhaps the higher incidence of

angioedema with dual ACE/NEP inhibition is not surprising (see Campbell, 2003).

Angiotensin (AT;) receptor antagonism is another approach to inhibiting the
vasoconstrictor effects of the renin-angiotensin system, which differs from ACE
inhibition in several respects. Firstly, although AT, receptor antagonists are not
necessarily devoid of effects on bradykinin metabolism (see, for example, Campbell
et al., 2005), such effects are likely to be less than with ACE inhibitors and dependent
on NEP (Walther et al., 2002). Secondly, the AT, receptor-mediated actions of
angiotensin, formed via pathways independent of ACE, are inhibited. Since the
incidence of angioedema with the use of angiotensin receptor antagonists is
substantially less than with ACE inhibitors (Irons and Kumar, 2003), another logical
approach to optimising the effects of NEP inhibition would, therefore, be to combine
it with AT, receptor antagonism.

To our knowledge, the integrated cardiovascular effects of combined NEP inhibition
and angiotensin receptor antagonism have not been studied. Hence, the aim of the
present study was to evaluate the regional hemodynamic effects of continuous NEP
inhibition, using candoxatrilat (McDowell and Nichalls, 2000) or UK-489,329, a
potent novel NEP inhibitor (Figure 1), with or without concomitant administration of

alow dose of the angiotensin receptor antagonist, losartan, in conscious,
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spontaneously hypertensive rats (SHR). We chose this model sinceit is reported to be
relatively resistant to the antihypertensive effects of NEP inhibition (Koepke et al.,
1990; Sybertz et a., 1990; Seymour et al., 1991; Pham et al., 1993, 1995; Sala et al.,
1994; Tikkanen et al., 1998), but susceptible to the effects of inhibition of the renin-
angiotensin system, either by ACE inhibition (see Rubin and Antonaccio, 1980;

Unger et a. 1990 for reviews), or by AT, receptor antagonism (Wong et al., 1990;

Bunkenburg et al., 1991; Li and Widdop, 1996).
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Methods

All procedures were approved by the University of Nottingham Ethical Review
Committee, and were performed under Home Office Project Licence authority.
Experiments were carried out on male, SHR (Charles River U.K.), weighing between
260 and 380qg (i.e., between 20 and 22 weeks of age) at the time of study. Animals
were housed in atemperature-controlled environment (20-22°C), with a12 h light-
dark cycle (lights on at 06.00h), with free accessto food (Beekay Rat and Mouse Diet

No 1, sodium 0.18%; B&K Universal Limited, Hull, UK) and water throughout.

Surgical preparation

Surgery was performed under general anesthesia (fentanyl and medetomidine, 300 ug
kg™ of each, i.p) in 2 stages. Firstly, miniaturised pulsed Doppler flow probes were
sutured around the left renal artery, the superior mesenteric artery and the distal
abdominal aorta (below the level of the ileocecal artery, to monitor flow to the
hindquarters). Secondly, catheters were implanted in the distal abdominal aorta (via
the caudal artery) to monitor arterial blood pressure and heart rate, and in the right
jugular vein for drug administrations. After each surgical stage, anesthesiawas
reversed, and analgesia provided with atipamezole and nalbuphine, respectively (1 mg
kg’ of each, s.c.). The 2 surgical stages were separated by at least 10 days and, prior
to the second stage, the fitness of all animals was certified by the named veterinary
surgeon.

After catheterisation, animals were fitted with custom-designed harnesses which were
attached to counterbalanced spring systems. The catheters ran through the spring and

were connected to double-channel, fluid-filled swivelsto alow overnight i.v. infusion
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of drugs or saline (0.4 ml h™) and i.a. infusion of heparinised (15 U mi™, 0.4 ml h'™)
saline to maintain catheter patency. Experiments began 24 h after catheterization,
when the animals were fully conscious, freely moving, and with access to food and

water ad libitum.

Cardiovascular recordings

Cardiovascular variables were monitored using a customized, computer-based system
(Hemodynamics Data Acquisition System (HDAS), University of Limburg,
Maastricht) connected to the transducer amplifier (Gould model 13-4615-50) and the
Doppler flowmeter (Crystal Biotech VF-1 mainframe (pulse repetition frequency 125
kHz) fitted with high velocity (HVPD-20) modules). Raw data were sampled by
HDAS every 2 ms, averaged every cardiac cycle, and stored to disc at 5 sintervals.
Data were analysed offline using software (Datview, University of Limburg,

Maastricht) which interfaced with HDAS.

Experimental protocol

Three series of experiments were run, each involving 4 groups of 9-10 animals. In
Experiment 1, rats were randomised to receive candoxatrilat (1.9 pg kg™ min™),
losartan (8.5 ug kg™ min™), candoxatrilat plus losartan (doses as above,) or vehicle
(isotonic saline adjusted to pH ~8.0 with Na,COs). Experiments 2 and 3 involved the
same groupings but, in Experiment 2, the dose of candoxatrilat was increased to 6.4
ug kg min, and in Experiment 3, the NEP inhibitor UK-489,328 (0.15 ug kg™ min’
1) was used.

After acontrol period of at least 90 min baseline recording on Day 1, drug or vehicle

infusions were begun and continued for the following 4 days. Cardiovascular data
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were collected for 7h after the onset of drug administration on Day 1, and for periods
of 7h on Days 2-4.

Arterial blood samples were collected into tubes containing EDTA (as anticoagulant)
prior to any intervention on Day 1 and after the recording period of each experimental
day. Plasma was prepared and stored frozen at -80°C, before analysis for drug and

metabolite concentrations.

Cardiovascular data analysis

The 3 experiments were run as separate experimental blocks over several months.
Each experimental block ran over several weeks, and in each week, typically, 4
animals were used such that data for one rat in each treatment group were collected.
The baseline was taken as the 30-45 min period prior to drug administration on Day 1,
when the animals were settled. For graphical representation, post dosing data are
expressed as three sequential averages (~140 min) on day 1 and as four sequential
averages (~105min) on days 2 to 4 relative to the original baseline. A repeated
measures analysis of covariance was performed on these data (displayed in panel “a”
of the subsequent figures) and the consistency of the treatment effects across time was
assessed (atreatment-by-time interaction). For the majority of the responses across
all three studies we found a significant treatment-by-time interaction indicating that
the treatment effects may not be consistent across al 4 days. To investigate this
further the average response for each day (data averaged across the entire 7h
recording period) were analysed. For each day, mean heart rate and blood pressure for
each animal were subjected to analysis of covariance, allowing for potential week-to-
week differences, and for differences at baseline. Similarly, analysis of % changein

Doppler shift, and % change in conductance was performed for each day using
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analysis of variance, again allowing for potential week-to-week differences. . The
possibility of a statistical interaction between losartan and candoxatrilat/ UK -489,329
was assessed using the models described. This interaction can be considered as a
comparison of whether the combined action of the two compounds is greater than the
sum of the individual compound effects.

The estimated treatment differences presented reflect the differences between each
treated group and the vehicle group on each day. An additional comparison on each
day reflecting the difference between losartan alone and the combination with losartan
is also presented in the Results section. The estimates used in these comparisons arise
naturally from these methods of analysis and compensate for differences at baseline
and week-to-week differences; 95% confidence intervals are presented with the
estimated differences, and these show the range of values within which the true
treatment differences are likely to lie. All analyses were carried out using GenStat for

Windows, version 6.1. A P value < 0.05 was taken as significant.

Drugs and plasma analyses

Fentanyl citrate was from Janssen-Cilag (High Wycombe, UK); medetomidine
hydrochloride (Domitor) and atipamezole hydrochloride (Antisedan) were from Pfizer
(Sandwich, Kent, UK), nalbuphine hydrochloride (Nubain) was from Bristol Myers
Squibb (Hounslow, UK). Candoxatrilat, UK-489,329 and |losartan were supplied by
Pfizer (Sandwich, Kent, UK). Drugs and vehicle were infused at arate of 0.4 ml h'.
Concentrations of candoxatrilat, UK-489,328 and EXP 3174, the active metabolite of
losartan, were determined in plasma samples using Liquid Chromatography Mass
Spectrometry. Plasma protein binding of test compounds was determined by

equilibrium dialysis essentially as described by Walker et a (2005) using control rat

10
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plasmato which test compounds were added to give 1ug/ml. Followingdialysis,
concentrations of drug in plasma and buffer were determined by Liquid
Chromatography Mass Spectrometry and the free (unbound) fraction of compound in
plasmacalculated from the ratio of the concentration in buffer to plasma. Free
concentrations of compounds present in plasmaduring in vivo studies were calcul ated

by multiplying the measured total concentrations by the free fraction.

11
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Results

Plasma concentrations of compounds

Plasma concentrations of candoxatrilat, UK-489,329 and EXP 3174 showed a high
degree of between-day and between animal reproducibility. Table 1 shows the
overall geometric mean free (unbound) concentrations in each treatment group. The
free concentrations of EXP 3174 ranged from 33.3 to 40.1nM free, equating to 4 to 5-
fold the ICs for inhibition of angiotensin Il binding to the human angiotensin AT;-
receptor (9nM; Inada et al., 1999) and 40- to 50-fold the EDs, for inhibition of
angiotensin I1-induced pressor responses in conscious rats (0.9nM; Wong et al.,
1996). Free candoxatrilat in the low dose group ranged from 96 to 106-fold 1Cs for
inhibition of rat kidney NEP (1Cso, 2.3nM) and that in the high dose group, 170 to
190-fold ICso. Free UK-489,329 reached 22 to 23-fold 1Cs, for NEP (0.19nM). Thus,
the infusions of candoxatrilat and UK-489,329 would have been expected to provide
near complete inhibition of NEP, while candoxatrilat would also have inhibited SEP
(Figure 1), although any functional consequences of SEP inhibition have not been

reported.

Baseline cardiovascular variables

Resting cardiovascular variables prior to drug or vehicle administration in the 12
groups of rats from the 3 experiments are shown in Table 2. Any differences between
the average baseline responses for the 4 treatment groups in each experiment were
adjusted for in subsequent statistical analysis by the use of analysis of co-variance

(see Methods section).

12
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Figures 2-4 show the data from Experiment 1 (lower dose (1.9 pg kg™* min™)
candoxatrilat and/or losartan), Figures 5-7 show the data from Experiment 2 (higher
dose (6.4 ug kg™ min™) candoxatrilat and/or losartan ), and Figures 8-10 show the
data from Experiment 3 (UK-489,329 (0.15 pg kg™ min™®) and/or losartan). The
changes in mean blood pressure and heart rate (Figures 2a, 5a & 8a), % changesin
Doppler shift (Figures 3a, 6a & 9a), and % changes in vascular conductances (Figures
43, 7a & 10a) across the entire experiment are shown for illustrative purpaoses, but
statistical analyses were performed on the corresponding treatment effects (i.e.,

adjusted mean differences from vehicle; Figures 2b — 10b).

Heart rate

There were no significant changesin heart rate in any experimental group relative to
the corresponding vehicle effects (Figures 2, 5 & 8), except for the group receiving
losartan alone in Experiment 3, in which there was a significant tachycardiaon Days

2 and 3 (Figure 8).

Blood pressure

In Experiment 1, there were no changes in mean blood pressure in rats treated with
the lower dose of candoxatrilat (1.9 pg kg™* min™) relative to vehicle, whereas
losartan alone, and in combination with candoxatrilat, caused significant fallsin blood
pressure on Days 2-4 of the study, up to a maximum difference from vehicle of -22.3
mmHg and -20.8 mmHg, respectively (Figure 2). There was no evidence of

interaction between the effects of losartan and candoxatrilat on blood pressure, i.e.,

13
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the effects of the combination were not significantly different from the sum of effects
of each compound administered separately.

In Experiment 2, the higher dose of candoxatrilat (6.4 g kg™* min™) caused
significant falls in mean blood pressure relative to vehicle on Days 2-4 of the study,
up to a maximum difference of -10.9 mmHg (Figure 5). Losartan alone, and in
combination with high dose candoxatrilat, also caused falls in mean blood pressure;
the effect of losartan was significant from Day 1 onwards (maximum difference -23.4
mmHg) and the effect of the combination of losartan and candoxatrilat was significant
from Day 2 onwards (maximum difference -30.8 mmHg) (Figure 5). Although there
was atrend for blood pressure to be lower in the combined treatment group than in the
losartan alone group on study days 3 and 4, this did not reach statistical significance
and there was no evidence of interaction between the effects of losartan and
candoxatrilat on blood pressure (Figure 5).

In Experiment 3, relative to vehicle, UK-489,329 had no significant effects on blood
pressure. However, there was significant hypotension with losartan alone (Days 2-4),
and in combination with UK-489,329 (Days 1-4), up to maxima of -29.2 mmHg and -
43.8 mmHg differences from vehicle, respectively (Figure 8). The effects of
combined treatment on mean blood pressure were significantly greater than those of
losartan alone on day 4, however, there was no significant interaction between the
effects of losartan and UK-489,329, i.e., the effect of the combination was no greater
than the sum of the individual effects of the drugs.

Renal Doppler shift and vascular conductance

In Experiment 1, the lower dose of candoxatrilat tended to cause reductionsin renal
Doppler shift and vascular conductance relative to the changes seen with the vehicle,

although the differences were not significant (Figures 3 & 4). Losartan alone had no
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significant effect on renal Doppler shift compared to the vehicle effect (Figure 3),
although it caused a significant increase in renal vascular conductance (Figure 4). The
renal vasodilator effects of losartan appeared to be maintained, but were only
significant on Days 1 and 2 (11.9 & 25.6 % difference, respectively), due to increased
variability towards the end of the experiment (Figure 4). In rats treated with the
combination of losartan and the lower dose of candoxatrilat, there was a tendency
towards an increase in rena Doppler shift (significant on Day 3) (Figure 3) and
marked, sustained increasesin renal vascular conductance (significant on Days 2-4,
maximum difference 32.8%) (Figure 4). There was evidence for interaction between
the effects of losartan and candoxatrilat on renal vascular conductance (significant on
Days 2 and 3, P<0.05), because the drugs given in combination caused an effect
which was greater than the sum of their individua effects. However, since this
interaction was influenced by an apparent decrease in conductance in the
candoxatrilat alone group, the effect of the combination of candoxatrilat and losartan
was not significantly greater than that of losartan alone.

In Experiment 2, the higher dose of candoxatrilat had no significant effects on rena
Doppler shift or vascular conductance relative to vehicle (Figures6 & 7). Asin
Experiment 1, losartan had no effect on renal Doppler shift, but caused an increase in
renal vascular conductance, and in this group of animals there was less variability
such that the renal vasodilator effects of losartan were significant on all experimental
days (maximum 24.2% difference from vehicle). Rats given the combination of
losartan and the higher dose of candoxatrilat also showed marked, and sustained,
increases in renal vascular conductance (significant on Days 1-4, maximum difference

35.9%). However, although the effects of the combination tended to be greater than
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the sum of the individual effects, the difference did not reach significance and there
was no evidence for interaction.

In Experiment 3, UK-489,329 had no significant effects on renal Doppler shift or
vascular conductance relative to vehicle, although there was a tendency for these
variables to be reduced. In contrast, losartan alone caused a significant increasein
renal Doppler shift (Day 1) and vascular conductance (Days 1-4, maximum difference
34.4%) (Figures9 & 10). In rats treated with the combination of losartan and UK -
489,329, there was an increase in renal Doppler shift (Days 1 and 2) (Figure 9) and in
renal vascular conductance (Days 1-4, maximum difference 56.2%) (Figure 10).
Furthermore, there was evidence for interaction between the effects of losartan and
UK-489,329 on renal vascular conductance (significant on Days 2-4, P<0.05),
because the drugs given in combination caused an effect which was greater than the
sum of the individual drug effects. Furthermore, the effect of the combination of UK-
489,329 and losartan on days 2 and 4 was significantly greater than that of |osartan

alone by a maximum of 21.8%.

Mesenteric Doppler shift and vascular conductance

In Experiment 1, candoxatrilat (1.9 ug kg™ min™), given alone, had no effects on
mesenteric Doppler shift (Figure 3) or vascular conductance (Figure 4) relative to the
vehicle. Losartan given aone, or in combination with candoxatrilat, increased the
mesenteric Doppler shift (significant on Day 4) (Figure 3) and mesenteric vascular
conductance (significant on Days 2-4) (Figure 4). The maximum effect on mesenteric
vascular conductance of |osartan alone (34.0% difference) was similar to the

maximum effect of the combined treatments (32.5% difference) and, hence, there was
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no evidence for interaction between the effects of the drugs on mesenteric
hemodynamics.

In Experiment 2, the higher dose of candoxatrilat (6.4 pg kg* min'*) was also devoid
of significant effects on mesenteric Doppler shift and vascular conductance relative to
the vehicle. Asin thefirst experimental series, losartan caused sustained increasesin
mesenteric vascular conductance (significant on Days 2-4, maximum 34.4%
difference), although in this group there were no significant effects on mesenteric
Doppler shift. Similarly, the combination of losartan and candoxatrilat caused
increases in mesenteric vascular conductance (significant on days 2-4, maximum
30.0% difference), with no evidence for interaction between the effects of the drugs
(Figures6 & 7).

In Experiment 3, UK-489,329 given aone had no significant effects on mesenteric
Doppler shift (Figure 9) or vascular conductance (Figure 10) relative to the vehicle.
However, losartan alone increased the mesenteric Doppler shift (significant on Day 4)
(Figure 9) and mesenteric vascular conductance (significant on Days 1-4, maximum
48.2%) (Figure 10). Losartan combined with UK-489,329 also increased the %
change in mesenteric Doppler shift (Day4) and vascular conductance (Days 1-4,
maximum 66.4% difference), but these effects were not significantly different from
those of losartan alone, and there was no evidence for interaction between the effects

of losartan and UK -489,329.

Hindquarters Doppler shift and vascular conductance
In Experiment 1, there were no changes in hindquarters Doppler shift in any treatment
group which differed from the vehicle (Figure 3). Losartan aone, or in combination

with the low dose of candoxatrilat, tended to cause an increase in hindquarters
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vascular conductance on the last experimental day (Figure 4), although the effect was
only significant in the group given the combined treatment (22.2% difference).

In Experiment 2, the group given the higher dose of candoxatrilat showed a small, but
significant, reduction in the % change in hindquarters Doppler shift on Day 1 only;
otherwise, there were no changes in hindquarters Doppler shift relative to the vehicle
(Figure 6). In this group of animals, losartan alone caused someincreasein
hindquarters vascular conductance which was significant on Day 3 (19.8%
difference). Losartan in combination with candoxatrilat also caused a delayed
increase in hindquarters vascular conductance (Figure 7) which was significant on
Days 2-4 (maximum 31.3% difference). Although the effects of the combined
treatment tended to be greater than the sum of the individual effects, the difference
was not significant and, hence, there was no evidence for interaction.

In Experiment 3, UK-489,329 aone, and losartan alone, had no significant effects on
hindquarters Doppler shift or vascular conductance, relative to vehicle (Figures 9 and
10). However, the combination of losartan and UK -489,329 produced significant
increases in hindquarters vascular conductance (significant on Days 2-4, maximum
46.8% difference) (Figure 10), although this did not result in significant effects on
hindquarters Doppler shift as a consequence of the greater decrease in blood pressure
in the combination group (Figures 8 & 9). The effect of the combination on
hindquarters vascular conductance was significantly greater than that of |osartan alone
on days 2-4 and there was evidence for an interaction between the effect of losartan
and UK-489,329 (significant on day 4) because the combination showed a

significantly greater effect than the sum of effects of each drug administered alone.
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Discussion

Combined ACE/NEP inhibition as a therapeutic approach to treating hypertension has
proven to be problematic due to a high incidence of angioedema which has been
attributed, at least in part, to the dual effects of ACE and NEP inhibition on
bradykinin metabolism (see Campbell, 2003). Since the incidence of angioedemais
less with angiotensin receptor antagonists than with ACE inhibitors (Irons and Kumar,
2003), we reasoned that combined NEP inhibition with angiotensin receptor
antagonism could provide an interesting alternative therapeutic strategy. To our
knowledge, thisisthe first study to examine any possible interaction between the
cardiovascular effects of angiotensin AT, receptor antagonism (with losartan) and
NEP inhibition (with candoxatrilat or UK-489,329) in an in vivo setting. The
experiments were performed in conscious SHR —a model which generally shows little
or no hypotensive response to NEP inhibition (Koepke et al., 1990; Sybertz et al.,
1990; Seymour et a., 1991; Pham et a., 1993, 1995; Sala et al., 1994; Tikkanen et a.,
1998), but robust and reproducible anti hypertensive responses to inhibition of the
renin-angiotensin system, either by ACE inhibition (see Rubin & Antonaccio, 1980;
Unger et al. 1990 for reviews), or by AT; receptor antagonism (e.g., Wong et al.,
1990; Bunkenburg et a., 1991; Li and Widdop, 1996). Overall, the results provide
no evidence for interaction between the antihypertensive effects of AT receptor
antagonism and NEP inhibition, although the renal vasodilator effects of combined
treatment were generally greater than the sum of the individual effects.

We, like others (see above), found that NEP inhibition alone had only modest
antihypertensive effects in SHR, but since none of the above studies included regional
hemodynamic measurements of the sort obtained here, we have extended those earlier

observations. Thus, our findings, which show no significant regional vascular effects
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of candoxatrilat or UK-489,329, are novel, and indicate that there are no underlying,
regionally-selective, vasodilator actions of NEP inhibition being offset by
vasoconstrictionsin other vascular beds. Hence, the modest blood pressure reduction
seen with the higher dose of candoxatrilat islikely to have been dueto afal in
cardiac output (Sybertz et a., 1990; Pham et al., 1995), secondary to drug-induced
natriuresis (Hirataet a., 1991), although some studies have failed to show any actions
of NEP inhibition on indices of renal function in SHR (Salaet a., 1994).

The short half-life of NEP inhibitors in the circulation has been offered as one
possible explanation for their modest cardiovascular effects (see Weber, 2001). In all
the above mentioned previous studies in rats, NEP inhibitors have either been given
by acutei.v. injection, or chronically, in oral dosing regimes. Thus, it appearsthisis
the first study to administer the drug continuously by i.v. infusion for longer than a
few hours. But, even under those conditions, where the pharmacokinetic data indicate
near-complete inhibition of NEP, no marked hemodynamic effects of NEP inhibition
were seen.

Oneinterpretation of the lack of a substantial blood pressure response to NEP
inhibition in the SHR could be that increased angiotensin |l levels, resulting from
NEP inhibition (see Introduction) (Y amamoto et al., 1992) prevented the fall in blood
pressure. |If this was the case, then an interaction between the effects of losartan and
candoxatrilat, or losartan and UK-489,329, on blood pressure might have been
expected; however, this was not found. Thus, even though the higher dose of
candoxatrilat had some antihypertensive effects itself, combined administration with
losartan had no greater effect than the sum of the individual effects of the drugs given
alone. Nevertheless, there was a trend for blood pressures to be lower in the groups

receiving losartan in combination with either the high dose candoxatrilat or UK-
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489,329 than in the corresponding groups receiving losartan alone, and the difference
with UK-489, 329 was statistically significant and biologically relevant (-14.6mm
Hg). Thus, combined angiotensin (AT,) receptor antagonism with NEP inhibition
may resemble combined ACE/NEP inhibition in providing a greater antihypertensive
effect than angiotensin pathway antagonism alone.

We know of no other in vivo studies in which NEP inhibition has been combined with
AT, receptor antagonism, but several studies have examined the effects of combined
ACE and NEP inhibition on blood pressure in SHR, with variable results. Seymour et
al. (1991), and Pham et al (1993) both found greater antihypertensive effects of NEP
inhibition when given in combination with ACE inhibition, although the former did
not test for statistical interaction between the effects of the drugs, and, in the latter
study, the enhancement was most apparent in the first 30 min after the onset of drug
treatment, with little or no difference at the end of a 2h recording period. Indeed, in a
later study by Pham et al. (1995) the fall in blood pressure with combined ACE and
NEP inhibition tended to be less than the expected sum of the individual effects,
although, statistically, the antihypertensive effects of combined treatment did not
differ from those of ACE alone. Similarly, Tikkanen et al. (1998) found that, in non-
diabetic SHR, combined ACE and NEP inhibition was no more effective at lowering
blood pressure than ACE inhibition alone.

It has been suggested that the lack of positive interaction between the effects of ACE
and NEP on blood pressure is due to a greater vasodilatation being offset by an
increase in cardiac output, consequent upon the reduction in afterload (Seymour et a.,
1993, Pham et al., 1995). However, in the present study, a positive interaction
between the effects of candoxatrilat and losartan was only apparent in the renal

vascular bed, and only significant at the lower dose of candoxatrilat. A positive
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interaction between the effects of UK-489,329 and losartan was aso seen in the rena
vascular bed, and this combination of drugs additionally augmented hindquarters
vasodilatation, consistent with angiotensin |1 opposing the vasodilator actions of NEP
inhibition. The interactive effects of UK-489,329 and |osartan on renal and
hindquarters hemodynamics is consistent with the greater blood pressure lowering
effect of this combination. The reason for the differences observed between
candoxatrilat and UK-489,329 are unclear, athough it is notable that only the former
would have inhibited SEP. Whilst the cardiovascular consequences of SEP inhibition
are unknown, it is feasible that inhibition of the breakdown of vasoconstrictor
peptides was more effective in the presence of candoxatrilat, due to inhibition of SEP

in addition to NEP.

Antihypertensive effects of losartan (or its metabolite, EXP 3174) in SHR have been
reported previously (e.g., Wong et a., 1990; Bunkenburg et al., 1991; Li and Widdop,
1996), but ours isthefirst study to measure the regional hemodynamic effects of
continuous administration of the drug over several days. Here, we showed that the
vasodilator effects of losartan were more pronounced in the renal and mesenteric
vascular beds than in the hindquarters. Thisregional hemodynamic pattern is
consistent with the effects of administration of exogenous angiotensin I, which
causes much less vasoconstriction in the hindquarters than in the renal or mesenteric
circulations (Gardiner et al., 1993). We have recently reported the regional
hemodynamic responses to ACE inhibition in conscious SHR, using the same
experimental paradigm as in the present study, i.e., continuousi.v. infusion over 4
days in chronically-instrumented animals (Gardiner et al., 2004, 2005). In those

studies, an antihypertensive dose of enalaprilat was shown to be associated with
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widespread vasodilatation, although the magnitude of effect was greater in the renal
and mesenteric vascular beds than in the hindguarters. Preferential rena vasodilator
actions of AT, receptor antagonism have been reported in SHR (Li and Widdop,
1996), but that study utilised abolusi.v. dose of the antagonist, and measurements
were only made over a 6h period.

In conclusion, the present results show clearly that chronic AT, receptor antagonism
with losartan has more marked, sustained, antihypertensive effects in conscious SHR
than does NEP inhibition with either candoxatrilat or UK-489,329. Furthermore, the
antihypertensive effect of |osartan is associated with vasodilatation, whereas the NEP
inhibitors used were both devoid of regional vasodilator effects. There wasatrend
for the combination of either NEP inhibitor and losartan to reduce blood pressureto a
greater extent than losartan alone, but there was no evidence that the antihypertensive
effect of losartan was enhanced in a supra-additive manner by simultaneous NEP
inhibition. Although combined AT, receptor antagonism and NEP inhibition generally
caused greater renal vasodilatation than the sum of the individual drug effects,
whether or not this would provide added clinical benefit remains to be explored. In
SHR, an antihypertensive dose of losartan has no effect on plasma levels of
bradykinin (Campbell et al., 1995), but whether or not angiotensin receptor
antagonists affect any NEP-induced influence on bradykinin metabolism is unknown.
We did not measure circulating bradykinin concentrations in the present study, but

this would be an interesting area for further research.
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Legendsfor Figures

Figure 1. Structures of candoxatrilat and UK-489,329, together with |Cs values for
inhibition of neutral endopeptidase (EC 3.4.24.11) and other related peptidase

enzymes. |1Csp values are geometric mean (n>3, except where indicated).

Figure 2. Heart rate and mean arterial blood pressure over a4-day continuous
infusion of vehicle (n = 10), candoxatrilat (1.9 g kg™ min™; n = 10), losartan (8.5 g
kg min™: n = 9) or candoxatrilat together with losartan (doses as above; n = 9). Panel
(@) shows values averaged over 105 min during the 7h monitoring period on each day.
Panel (b) shows the estimated differences between each treatment group and vehicle
with 95% confidence intervals. Treatment effects are significantly different from

vehicle (P<0.05) where the confidence interval bar does not cross the zero line.

Figure 3. Changesin regional Doppler shift over a4-day continuous infusion of
vehicle (n = 10), candoxatrilat (1.9 ug kg™ min™; n = 10), losartan (8.5 ug kg™* min™;
n = 9) or candoxatrilat together with losartan (doses as above; n = 9). Panel (a) shows
values averaged over 105 min during the 7h monitoring period on each day. Panel (b)
shows the estimated differences between each treatment group and vehicle with 95%
confidence intervals. Treatment effects are significantly different from vehicle

(P<0.05) where the confidence interval bar does not cross the zero line.

Figure 4. Changesin regional vascular conductance over a4-day continuous infusion
of vehicle (n = 10), candoxatrilat (1.9 ug kg™ min®; n = 10), losartan (8.5 pg kg™ min’

! 'n = 9) or candoxatrilat together with losartan (doses as above; n = 9). Panel (a)

33

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 6, 2006 as DOI: 10.1124/jpet.106.106781
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#106781

shows values averaged over 105 min during the 7h monitoring period on each day.
Panel (b) shows the estimated differences between each treatment group and vehicle
with 95% confidence intervals. Treatment effects are significantly different from

vehicle (P<0.05) where the confidence interval bar does not cross the zero line.

Figure5. Heart rate and mean arterial blood pressure over a4-day continuous
infusion of vehicle (n = 9), candoxatrilat (6.4 ug kg* min'*; n = 9), losartan (8.5 ug
kg min®; n = 8) or candoxatrilat together with losartan (doses as above; n = 8). Panel
(@) shows values averaged over 105 min during the 7h monitoring period on each day.
Panel (b) shows the estimated differences between each treatment group and vehicle
with 95% confidence intervals. Treatment effects are significantly different from

vehicle (P<0.05) where the confidence interval bar does not cross the zero line.

Figure 6. Changesin regiona Doppler shift over a 4-day continuous infusion of
vehicle (n = 9), candoxatrilat (6.4 ug kg™ min™; n = 9), losartan (8.5 ug kg'* min; n
= 8) or candoxatrilat together with losartan (doses as above; n = 8). Panel (a) shows
values averaged over 105 min during the 7h monitoring period on each day. Panel (b)
shows the estimated differences between each treatment group and vehicle with 95%
confidence intervals. Treatment effects are significantly different from vehicle

(P<0.05) where the confidence interval bar does not cross the zero line.

Figure 7. Changesin regional vascular conductance over a4-day continuous infusion
of vehicle (n = 9), candoxatrilat (6.4 ug kg™ min; n=9), losartan (8.5 ug kg™ min™;
n = 8) or candoxatrilat together with losartan (doses as above; n = 8). Panel (a) shows

values averaged over 105 min during the 7h monitoring period on each day. Panel (b)
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shows the estimated differences between each treatment group and vehicle with 95%
confidence intervals. Treatment effects are significantly different from vehicle

(P<0.05) where the confidence interval bar does not cross the zero line.

Figure 8. Changesin heart rate and mean arteria pressure over a4-day continuous
infusion of vehicle (n = 8), UK-489,329 (0.15 pg kg* min'*; n=9), losartan (8.5 ug
kg min®; n = 9) or UK-489,329 together with losartan (doses as above; n = 9). Panel
(a) shows values averaged over 105 min during the 7h monitoring period on each day.
Panel (b) shows the estimated differences between each treatment group and vehicle
with 95% confidence intervals. Treatment effects are significantly different from

vehicle (P<0.05) where the confidence interval bar does not cross the zero line.

Figure 9. Changesin regiona Doppler shift over a 4-day continuous infusion of
vehicle (n = 8), UK-489,329 (0.15 ug kg™ min*; n = 9), losartan (8.5 ug kg'* min; n
= 9) or UK-489,329 together with losartan (doses as above; n = 9). Panel (a) shows
values averaged over 105 min during the 7h monitoring period on each day. Panel (b)
shows the estimated differences between each treatment group and vehicle with 95%
confidence intervals. Treatment effects are significantly different from vehicle

(P<0.05) where the confidence interval bar does not cross the zero line.

Figure 10. Changesin regional vascular conductance over a 4-day continuous
infusion of vehicle (n = 8), UK-489,329 (0.15 pg kg™ min™; n=9), losartan (8.5 ug
kg min'®; n = 9) or UK-489,329 together with losartan (doses as above; n = 9). Panel
(@) shows values averaged over 105 min during the 7h monitoring period on each day.

Panel (b) shows the estimated differences between each treatment group and vehicle
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with 95% confidence intervals. Treatment effects are significantly different from

vehicle (P<0.05) where the confidence interval bar does not cross the zero line.
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Table 1: Free concentrations of candoxatrilat, UK-489,329 and EXP 3174 (the active
metabolite of losartan) in plasma averaged across 4 days infusion. Values are

geometric mean with 95% confidence interval in parenthesis.

Study Treatment Compound Free concentration n
Group (nM)*
Low dose candoxatrilat ~ candoxatrilat 244 (208 — 286) 10
candoxatrilat
candoxatrilat + candoxatrilat 221 (212 - 230) 9
Losartan
candoxatrilat + EXP 3174 34.4 (28.7-41.3) 9
losartan
losartan EXP 3174 33.3(30.7-36.2) 9
High dose candoxatrilat candoxatrilat 432 (397 — 469) 9
candoxatrilat
candoxatrilat + candoxatrilat 389 (341 - 443) 8
losartan
candoxatrilat + EXP 3174 39.2(32.3-46.7) 8
losartan
losartan EXP 3174 40.1 (32.6 —49.3) 8
UK-489,329°  UK-489,329 UK-489,329 4.4 (3.7-5.3) 8
UK-489,329 + UK-489,329 4.2 (3.3-5.3) 8
losartan

! Free concentration = total concentration x free fraction in plasma (candoxatrilat,
0.80; UK-489,329, 0.10; EXP 3174, 0.016)
2 Concentrations of EXP 3174 were not determined in this study
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Table 2. Resting heart rate (HR), mean blood pressure (MBP), renal (R), mesenteric (M) and hindquarters (H) Doppler shift (DS) and vascular
conductance (VC) values prior to any intervention in conscious spontaneously hypertensive rats. Values are mean + s.e. mean. Units for vascular
conductance are (kHz mmHg™) 10%. Experiment 1:- Group 1, candoxatrilat (1.9 pug kg™ min™), n=10, Group 2, losartan (8.5 pg kg™ min™),
n=9, Group 3, candoxatrilat + losartan (doses as above), n=9, Group 4, vehicle, n=10. Experiment 2:- Group 5, candoxatrilat (6.4 ug kg™ min
1, n=9, Group 6, losartan (8.5 pg kg™ min™), n=8, Group 7, candoxatrilat + losartan (doses as above), n=8, Group 8, vehicle, n=9. Experiment
3:- Group 9, UK-489,329 (0.15 ug kg™ min'), n=9, Group 10, losartan (8.5 ug kg™ min'*), n=9, Group 11, UK-489,329 + |osartan (doses as

above), n=9, Group 12, vehicle, n=8.

Group 1 2 3 4 5 6 7 8 9 10 11 12
HR (b mi n'l) 315410 315+11 300+£5 327+7 31949 31948 339+11 318+10 326x9 303+6 327+5 31810
MBP (mmHg) 162+7 163+3 164+4 169+5 170+5 16145 171+4 164+4 1603 15243 167+4  158+7
RDS (kHz) 85+05 6.8+04 7.1+08 6.2+0.6 6.2+05 8.9+1.1 6.6£05 7.2+0.7 6.5+05 6.8+0.6 5.8+04 6.2+0.6
MDS (kHz) 8.6+0.5 8.8+0.6 84+05 84408 9.0+0.8 8.8+0.8 8.0+0.6 8.0+0.7 7.4+05 7.8+0.8 8.2+0.6 8.5+0.8
HDS (kHz) 3.9+04 43+05 35+05 44+03 3.8+04 4.2+04 42+04 39+0.3 52+05 52+05 56+06 55+t04
RVC (units) 5314 42+2 44+6 374 37+3 55+7 39+3 44+5 41+3 454 35£3 41+5
MV C (units) 54+4 54+4 51+3 505 5315 54+4 47+4 49+4 46+4 52+6 49+3 56x7
HVC (units) 24+3 27+3 2143 26+2 23+2 2612 25+3 24+2 333 34+4 3445 36+3
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Figure 1. Structures of candoxatrilat and UK-489,329, together with IC, values for

inhibition of NEP (neutral endopeptidase EC 3.4.24.11) and related peptidase enzymes. IC,,

values are geometric mean (n>3) with 95% confidence interval in parenthesis..

I\I/Ie
I\I/Ie 0]
° C
7 0
HO— g
L o>
COH
UK-489329 Candoxatrilat
IC, (nM)?*
Enzyme Species/ source Candoxatrilat UK-489,329
NEP Human kidney 6.4 0.29
Rat kidney (4.2-9.9) (0.24-0.34)
2.3 0.19
(2.0-2.8) (0.12-0.29)
SEP Human recombinant 25.2 17.7
(22.8-27.8) (13.7-22.6)
ACE Human kidney >10,000 271
(244-300)
ECE-1 Human recombinant ND >10000
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NEP = neutral endopeptidase (EC 3.4.24.11); SEP = soluble secreted endopeptidase;
ACE = angiotensin converting enzyme; ECE-1 = endothelin converting enzyme-1 ;.
L All IC s were obtained using substrate concentrations less than 1/3'@ Km, where
IC,, approximates to K. for competitive inhibitors.

ND = not determined.
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Figure 10
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