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Action of AT, receptor antagonists on angiotensin II-induced tone

in human isolated subcutaneous resistance arteries
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1 Human isolated subcutaneous arteries were studied under isometric conditions in a myograph.
2 Addition of angiotensin II (AIl) induced a concentration-dependent increase in tone in isolated
arteries. The active metabolite of candesartan (CV 11974), losartan and the active metabolite of
losartan, E-3174 antagonized All-induced tone in a non-competitive manner, but the AT, selective
antagonist, PD123319, was without effect on responses to All. The effects of candesartan, losartan
and E-3174 were analysed using a classical model of non-competitive antagonism and a two-state
receptor model.

3 Mechanical removal of the endothelium; pre-incubation with N“-nitro-L-arginine methyl ester
hydrochloride (L-NAME); pre-incubation with indomethacin, a cyclo-oxygenase inhibitor; or pre-
incubation with BQ 485, an endothelin antagonist; had no significant effect on contractions induced
by AIl

4 Our results suggest AIl contracts human isolated resistance arteries by an action on AT,
receptors and does not involve release of endothelial factors. Use of a two-state receptor model
successfully described the action of the AT, antagonists without sacrificing assumptions regarding

the competitive nature of binding of these antagonists.
Keywords: Angiotensin II; AT, receptors; endothelium; nitric oxide; endothelin

Abbreviations: [A], concentration of agonist; AII, angiotensin II; ANOVA, analysis of variance; [B], concentration of
antagonist; BQ-485, (Hexahydro-1H-azepinyl)carbonyl-Leu-D-Trp-D-Trp-OH.sodium salt; ECs,, concentration
of drug producing 50% maximum response; ET-1, endothelin-1; Kj, antagonist affinity; KPSS, modified
physiological saline containing 118 mM KCI; Ly, circumference at 100 mmHg transmural pressure; L-NAME,
N@-nitro-L-arginine methyl ester hydrochloride; NE, noradrenaline; PSS, physiological saline; PSSy, modified
physiological saline containing 10.6 mm KCI

Introduction

Angiotensin II (AIl) plays an important role in regulating
blood pressure in the normal physiological state and in
hypertension. Mammalian AIl receptors have been classified
as AT, and AT, subtypes on pharmacological grounds and
these receptor subtypes may be distinguished by selective non-
peptide antagonists; losartan, candesartan (AT;) and PD
123319 (AT,) (De Gasparo et al., 1995). Losartan has been
reported to act as a competitive antagonist at AT, receptors in
functional and ligand binding experiments (Chiu et al.,
1990a,c; Rhaleb et al., 1991; Shibouta et al., 1993). Losartan
interacts with amino acids in the transmembrane domains of
AT, receptors different to those binding AII, but this binding is
presumed to interfere with binding of AIl (Ji ez al., 1994). It is
likely that closely related drugs such as candesartan cilexetil
interact with the AT, receptor in a manner similar to losartan,
although the precise amino acids involved in binding may
differ. Both losartan and candesartan cilexetil are metabolized
in some species e.g. humans and rats, to a corresponding, more
potent acid metabolite in vivo. These metabolites, E-3174
(active metabolite of losartan) and candesartan/CV 11974
(active metabolite of candesartan cilexetil) have been shown to
display non-competitive (insurmountable) antagonism of All-
induced contractions in rabbit aortic strips (Shibouta et al.,
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1993). In contrast, in radioligand binding studies, losartan,
candesartan and their metabolites displace AIl binding
competitively (Shibouta et al., 1993).

In almost all cases direct vasoconstrictor actions of AIl are
mediated by AT, receptor activation (Timmermans et al.,
1993), though AT, receptor activation has been reported to be
involved in endothelial-dependent responses to AIl in rat
cerebral arteries (Haberl, 1994). However, vasoconstrictor
responses to All show regional differences as well as variation
depending on the preparation studied (Timmermans et al.,
1993). This heterogeneity may be due to a variable
contribution of the endothelium to All-induced responses. In
some preparations, All-induced contraction has been reported
to be augmented in the presence of endothelium (Lin &
Nasjletti, 1991; Manabe et al., 1989), whereas in other
preparations All-induced contraction has been impaired in
the presence of endothelium (Cortes et al., 1996; Zhang et al.,
1995; Boulanger et al., 1995) or not affected whether
endothelium is present or not (Juul et al., 1987).

The endothelium produces a number of vasoactive agents
including nitric oxide (NO), eicosanoids and endothelin (ET-
1). It has been suggested that endogenous vasodilator nitric
oxide (NO) may interact with vasoconstrictor AIl responses
(Cachofeiro et al., 1995). AIl has been reported to induce
endothelial release of NO in some isolated preparations; the
receptor involved in this effect has been reported to be AT, in
rat carotid artery (Boulanger et al., 1995) and AT, in rat brain
arterioles (Haberl, 1994).
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AII has been demonstrated to release endothelin-1 (ET-1)
from human endothelial and mesangial cells (Ciafre et al.,
1993; Bakris & Re, 1993). The release of endothelin from the
endothelium has been reported to mediate responses to All in
both rat tail artery and mesentery, but not in aorta (Chen et
al., 1995).

AII has also been reported to stimulate endothelial release
of vasoconstrictor cyclo-oxygenase (as well as endothelin) in
spontaneously hypertensive rat (SHR) resistance arteries
(Dohi et al., 1992; Lang et al., 1995). The endothelial release
of contractile cyclo-oxygenase (COX) products has also been
observed in Wistar rat mesenteric arteries (Wu et al., 1994).
Therefore, it was of interest to study the interaction of AIl
with the endothelium in human arteries, especially the
endothelial release of vasodilator NO and vasoconstrictor
ET-1, COX, as these systems may possess opposing effects in
Vivo.

The aim of this study was to examine the effect of AIl and
the mode of action of AT, antagonists on contractile responses
in human subcutaneous resistance arteries and examine the
possible participation of the endothelium-derived factors in
mediating contractile responses to All in this preparation.

Methods

Experimental protocol

Human subcutaneous resistance arteries (internal diameter
337427 um, n=>54) were obtained from tissue resected at
surgery and mounted as ring segments in an isometric
myograph (Mulvany & Halpern, 1977). The myograph
contained 10 ml of physiological saline solution (PSS (mMm):
NacCl, 118; KCl, 4.7; CaCl,6H,0, 2.5; MgS0,7H,0, 1.17;
NaHCOs;, 25.0; NaH,PO,. 2H,0, 1.0; Na,EDTA, 0.03; and
glucose, 5.5) maintained at 37°C and aerated with 95% O, and
5% CO..

The vessels were allowed to equilibrate for 1 h and then set at
a ‘normalized’ internal circumference estimated to be 0.9 times
the circumference they would maintain if relaxed and exposed to
100 mmHg transmural pressure (0.9L,,). This was calculated
for each individual vessel on the basis of the passive length-
tension characteristics of the artery and the Laplace relationship
(Mulvany & Halpern, 1977). This procedure optimised active
force generation by these vessels and the internal diameters
referred to were derived from this calculation.

Prior to beginning the studies, vessel viability was assessed
by exposing arteries to 118 mM potassium solution (KPSS;
PSS with equimolar substitution of 118 mmM KCI for NaCl)
and noradrenaline (NE) (10 uM). Vessels which failed to
reproducibly produce tension equivalent to more than
100 mmHg effective pressure (by Laplace) in response to these
stimulants were discarded.

For experiments studying AIl receptor antagonists the
concentration-response relationships to AIl were performed in
PSS containing 10.6 mM KCl (PSSk), as increasing extra-
cellular potassium (KCl) had previously been reported to
reduce All-induced tachyphylaxis in other isolated vessels
(Juul ez al., 1987; Corriu et al., 1995). This was confirmed by us
in preliminary studies using human resistance arteries. In our
experiments the amount of potassium added to the PSSy
(10.6 mM KCI) only produced a small transient contraction
which rapidly returned to baseline and there was no sustained
active tone. AIl concentration-response curves were compared
before and after candesartan (1, 10, 100 pM; contact time
30 min), E-3174 (100 pM, 1 nM, 10 nM; contact time 45 min),

losartan (1, 10, 100 nM; contact time 45 min), or PD 123319
(100 nM; contact time 60 min). Time-matched controls were
performed in the absence of antagonist. The effect of the
antagonists on responses to NE (10 uM) in PSS was also
investigated. Before each concentration-response curve was
constructed the vessels were contracted with KPSS for 2 min
to ensure continuing viability.

Endothelial factors

In order to assess the possible influence of release of
endothelial factors on All-induced contractions, responses to
AIl were compared before and after procedures anticipated to
affect endothelial function. These experiments were performed
in PSS with a 2 h interval between exposure to All (and in a
balanced random sequence where possible) to minimize
tachyphylaxis. The presence or absence of functional
endothelium was confirmed by the presence or absence of
relaxation in response to substance P (100 nM) when
precontracted with NE (10 um).
The following were investigated on AlI responses:

(1) The effect of endothelial removal. A concentration-
response relationship to AIl (100 pM—100 nM) was
constructed in arteries with intact endothelium. Endothe-
lium was then removed by passing a human hair through
the lumen of the myograph-mounted artery (Prieto et al.,
1995). Abolition of a subsequent relaxation to substance P
in vessels preconstricted with 10 uM NE was taken as proof
of functional endothelial removal, and the AII concentra-
tion-response curve was then repeated.

(2) The effect of inhibition of cyclo-oxygenase on Al
responses. Concentration-response data to AIl (100 pM—
100 nM) were constructed in arteries with intact endothe-
lium in the presence and absence of indomethacin (10 uM,
contact time 30 min).

(3) The effect of inhibition of endothelium-derived relaxing
factor (EDRF / NO). Concentration-response data to All
(100 pM—100 nM) were constructed in arteries with intact
endothelium in the presence and absence of N“-nitro-L-
arginine methyl ester hydrochloride (L-NAME) (10 uMm,
contact time 30 min).

(4) The effect of inhibition of endothelin-1 (ET-1). Concentra-
tion-response data to AIl (100 pM—100 nM) were con-
structed in arteries with intact endothelium in the presence
and absence of [(Hexahydro- 1H-azepinyl)carbonyl-Leu-D-
Trp-D-Trp-OH.sodium salt] BQ-485 (1 uM, contact time
30 min). Preliminary studies showed that this concentra-
tion of BQ-485 abolished contractile responses to ET-1
(100 nm).

Drugs

Candesartan was a gift from Takeda Chemical Industries,
Osaka, Japan. Noradrenaline, indomethacin and L-NAME
were purchased from Sigma (Poole, Dorset, U.K.). E-3174 and
losartan were gifts from Merck & Co. (NJ, U.S.A.). PD 123319
was purchased from Research Biochemicals International
(MA, U.S.A)). Amlodipine was a gift from Pfizer (Sandwich,
U.K.). Human AIl and BQ 485 were purchased from
Novabiochem (U.K.).

Statistics and data analysis

Concentration-response data derived from each individual
tissue were fitted seperately to a logistic function by non-linear
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regression and ECs, the concentration of drug producing 50%
of the maximal response to the same agent calculated. Non-
linear regression was carried out on a PC using commercially
available software (Inplot 4.0 and Prism 2.01, GraphPAD
Software, CA, U.S.A.). Data are presented as means+s.e.-
mean calculated from n experiments in separate tissues.
Concentration-response data were compared statistically in
terms of —log (ECs) and maximum response using a
Wilcoxon Paired rank test, a Mann-Whitney U-test or a
Kruskal Wallis non-parametric analysis of variance (ANOVA)
as appropriate. If ANOVA showed that a significant difference
existed between groups it was followed by multiple compar-
isons of ranks to determine P for individual comparisons
(Conover, 1980). A value of P<0.05 was considered
significant.

Analysis of non-competitive antagonism and calculation of
antagonist affinity (Kj) was carried out essentially as described
by Kenakin (1993). Accordingly, regression of equieffective
concentrations of agonist alone ([A]) and agonist in the
presence of antagonist was assumed to give a straight line of
slope (1—pg)~", where pj is the fraction of receptors bound by
the antagonist. Hence Kz=[B]. (slope —1)~", where [B] is the
concentration of antagonist. Analysis was performed on data
derived from individual tissues using a custom program
written in Excel (Microsoft Corp, Seattle, U.S.A.) and
means+s.e.mean of log transformed (—log Kjp) data
calculated from n experiments in separate tissues.

In addition, data were also analysed on the basis of a two
state model as originally proposed by Katz & Thesleff (1957)
and further developed by others (Rang & Ritter 1970; Gero
1983; Robertson et al., 1994).

K
L+R == LR (active)

K ) (1S

L+R’ = LR’ (inactive)
K;

This model assumes that the AT, receptor exists in two
interconvertable states: R, a state that is activatable by the
agonist and effects a response and R’, an inactive state. It is
assumed that a ligand (L), which could be an agonist (A) or
antagonist (B), binds to both R and R’ with dissociation
equilibrium constants K; and K; respectively. Interconversion
of R to R’ under basal or drug-bound conditions is governed
by the dissociation equilibrium constants K, and K,
respectively. Consequently, depending on the affinity of a
ligand for R and R’, binding can alter the relative proportions
of R and R’. For an antagonist this may result in the
appearance of competitive or insurmountable antagonism
depending on the basal ratio of R: R’ and the relative affinity
of the antagonist for the two receptor states.

It is further assumed that binding of L to R (or R’) is more
rapid than interconversion of the two receptor states (i.e. a
hemi-equilibrium condition). For an agonist this means that
responses are the result of an instantaneous interaction with
the available pool of R. Even if the agonist has the capacity to
alter the ratio between R and R’ this is assumed not to affect
production of the response. However when antagonist
interactions are simulated, it is assumed that alterations of
the ratio of R: R’ do occur as a result of the extended pre-
exposure times allowing steady-state to be achieved.

In the model shown interactions between agonist (A),
antagonist (B) and receptor (R) are governed by the following
equilibrium equations:

AR o AR AR
(AR =Ki4 (AR = Ks4 (AR = K34

BRI BR)_ BRI
BRI R ERT Y R

where K; ;, and K, ;z are the dissociation equilibrium
constants for agonist and antagonists respectively; and K,z
and Kj;; are the affinities of the antagonist for active (R) and
inactive (R’) receptor respectively; K, determines the basal
ratio of R and R’. Assuming that the response (y) is equivalent
to the fractional occupancy of active receptors by the agonist,
then in the presence of an antagonist ([B]):

(4]

y =
B] Kip-(K3p+[Bl
([A} + Kua- {1 + I[ULD ' (1 + {KZB ' K.;ZEKlﬁﬂBBD

For the purposes of the analysis presented here the
proportion of receptor in the inactive state at rest was
assumed to be 1%. Models where different resting
active : inactive proportions were assumed resulted in
quantitatively, but not qualitatively different, comparative
estimates of state affinity for the various antagonists. Data
were fit to models by non-linear regression using macros
written in Excel (Microsoft, Seattle, U.S.A.). Estimates of
dissociation equilibrium constants derived from the two state
model were based on experiments using concentrations of
antagonist that depressed maximal responses <50%
(Kenakin, 1993).

Results

Action of AII receptor antagonists on All-induced
contraction

Candesartan inhibited AII responses in an insurmountable
manner, significantly depressing maximal responses to All
(Figure 1A). Using the model of non-competitive antagonism
—log Kz for candesartan was calculated as 11.0+0.2
(geometric mean Kz=10 pM, n=16). Analysis using the two
state model gave estimates of —log Kj of 8.9 and 13.3 for
active state and inactive state respectively. This can be
interpreted as indicating that candesartan has a ~30,000 fold
greater affinity for the inactive compared with the active state
of the AT, receptor.

AIl responses following PD 123319 (100 nM) were not
significantly different from control (Figure 1B). Furthermore,
the combination of candesartan (100 pM) and PD 123319
(100 nM) showed no greater inhibition of AII responses than
candesartan alone (Figure 1B).

Losartan and E-3174 also inhibited AII responses in an
insurmountable manner (Figure 2A and B) and using the non-
competitive model —log K for losartan was calculated as
8.1+0.3 (geometric mean Kz=7.9 nM, n=21). Analysis using
the two state model estimates of 7.3 and 9.1 for —log Kj for
active and inactive state respectively. So, in this model losartan
has a ~ 50 fold greater affinity for the inactive compared with
the active state of the AT, receptor.

Using the non-competitive model —log Kj for E-3174 was
calculated as 9.1 +0.4 (Kz=0.8 nM, n=20). Analysis using the
two state model gave estimates of 8.9 and 11.3 for —log Kj for
active and inactive states respectively. Therefore the affinity of
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Figure 1 (A) Comparison of the cumulative concentration-response
relationships for angiotensin II (AIl 1 pM—100 nM) in PSSk
(10.6 mm  KCIl) before (control (H)) and after exposure to
candesartan (1 pm; ), (10 pMm; A), (100 pm; O). Points represent
mean +s.e.mean of per cent control response to 118 mM potassium-
containing saline (KPSS)(n=6 in each case). (B) Comparison of the
cumulative concentration-response relationships for angiotensin II
(AIl 1 pMm—100 nM) in PSSk before (control (M), n=9) and after;
PD 123 319 (100 nm (QO), n=38), candesartan (100 pm (1), n=7),
both PD 123 319 and candesartan (A), (n=4). Points represent
mean +s.e.mean of per cent response to KPSS.

E-3174 for the inactive is approximately 250 fold greater than
for the active state of the AT, receptor.

Responses to NE (10 um) and KPSS were unaffected by any
of the antagonists at the concentrations studied (data not
shown).

Endothelial factors

Removal of endothelium by rubbing had no significant effect
on the concentration-response relationship for AIl (n=4,
NS) (Figure 3A). Pre-incubating the vessels with indometha-
cin also had no significant effect on the concentration-
response relationship for AIl when compared with untreated
vessels (=4, NS) (Figure 3B). Pre-incubation with L-
NAME had no significant effect on the AIl concentration-
response relationship when compared with untreated vessels
(n=4, NS) (Figure 4A). Similarly, in vessels pre-treated with
BQ485 the concentration-response relationship for All
showed no difference compared to control (=4, NS)
(Figure 4B).

log All concentration

Figure 2 (A) Comparison of the cumulative concentration-response
relationships for angiotensin II (AIl 1 pm—100 um) in PSSk
(10.6 mm KCl) before (control (M), n=5) and after exposure to
losartan; (1 nM (), n=7), (10 nM (A), n=7T7), (100 nm (O), n=06).
(B) Comparison of the cumulative concentration-response relation-
ships for angiotensin II (AIl 1 pm—10 um) in PSSk before (control
(M), n=4) and after exposure to E-3174; (100 pm ([1), n=4), (1 nM
(A), n=4), (10 nMm (O), n=4). Points represent mean+s.e.mean of
per cent response to KPSS.

Discussion

AIl elicited concentration-related contractions of human
subcutaneous resistance arteries. The AT, receptor antago-
nists, candesartan, losartan and E-3174, reduced the maximal
contractile response to AIl suggestive of non-competitive
antagonism. In the case of losartan the concentration-response
curve also appeared to be displaced to higher concentrations
giving the overall appearance of mixed competitive and non-
competitive antagonism. Analysis of these data using a
classical model of non-competitive antagonism (Kenakin,
1993) indicated that candesartan was ~ 1000 fold more potent
than losartan and ~ 100 fold more potent than E-3174 as an
antagonist at the AT, receptor. The finding that losartan
behaves as a non-competitive antagonist in human resistance
arteries differs from previous observations in rabbit aorta
(Chiu et al., 1990c; Wong et al., 1990a), rat aorta and rat
mesenteric artery (Corriu et al., 1995) where this drug behaved
as a competitive antagonist. In contrast, candesartan (Noda et
al., 1993) and E-3174 (Wong et al., 1990b) have previously
been reported to act in a non-competitive manner. Never-
theless all three agents generally behave as competitive
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Figure 3 (A) Line graph showing response to increasing concentra-
tions of angiotensin II in vessels with (H) and without ([1J)
endothelium (n=4). (B) Line graph showing response to increasing
concentrations of angiotensin II in vessels with functional endothe-
lium treated with 10 uM indomethacin ([J) compared with control
(M) (n=4). Points represent mean +s.e.mean of per cent response to
KPSS.

antagonists in ligand binding assays (Chiu et al., 1990a,b;
Wong et al., 1990a; Noda et al., 1993; Ojima et al., 1997),
although candesartan has been reported to dissociate slowly
from the AT, receptor (Ojima et al., 1997). In an attempt to
resolve these observations with our data we modelled the
behaviour of the AT, antagonists using a two-state model as
originally outlined by Katz & Thesleff (1957) and developed
subsequently (Rang & Ritter, 1970; Gero, 1983; Robertson et
al., 1994). The key feature of this model is that ligands may
possess different affinities for inactive as opposed to active
states of the receptor and consequently can alter the
equilibrium between active and inactive states. An overall
reduction in active states due to a relatively higher affinity of
antagonist for inactive state results in a reduction in maximal
response giving the appearance of non-competitive antagon-
ism. In contrast, a drug with equal affinity for active and
inactive states behaves as a classical competitive antagonist.
Although probably an oversimplification (Kenakin, 1997; Leff
et al., 1997), this approach was able to account for our findings
and provides an alternative explanation for apparent non-
competitive behaviour of non-peptide antagonists without the
need to postulate pseudo-irreversible interactions between
antagonist and receptor.

Although adopting a slightly different perspective this
proposal shares many features with an earlier analysis of

A
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Figure 4 (A) Line graph showing response to increasing concentra-
tions of angiotensin II in vessels with functional endothelium treated
with 10 um L-NAME ([J) compared with control (H) (n=4). (B)
Line graph showing response to increasing concentrations of
angiotensin II in vessels with functional endothelium treated with
1 um BQ485 ([0) compared with control (M) (n=4). Points represent
mean +s.e.mean of per cent response to KPSS.

peptide antagonists of AT, receptors using an operational
model of agonism (Liu er al, 1993). One interesting
consequence of the two-state model is that the apparent
behaviour of an antagonist may be influenced by factors
governing receptor state transitions at rest, i.e. the proportion
of inactive receptors under basal conditions. This could be a
mechanism accounting for species- or tissue-based differences
in antagonist behaviour.

In our studies the selective AT, antagonist, PD123319, was
not found to alter All-induced responses in human sub-
cutaneous resistance arteries, either alone or in the presence of
candesartan. The majority of cardiovascular effects of AIl
appear to be mediated via the AT, receptor and there is limited
evidence for participation of AT, receptors in vasoconstriction
in vitro although AT, binding sites have been characterized in
rat cerebral arteries (Tsutsumi & Saavedra, 1991). None-
theless, a role for the AT, receptor in blood pressure regulation
has been indicated. A study in rats has shown that AII causes
an enhanced depressor response when AT, receptors are
blocked, this effect is blocked by the AT, antagonist,
PD123177 (Scheuer et al., 1993). Another study in rats showed
that co-infusion of AIl and PD123319 results in an enhanced



R.S. Garcha et al

All and human resistance arteries 1881

blood pressure response compared to infusion of AIIl alone
(Munzenmaier & Greene, 1996). In addition, in some tissues
e.g. chick vasculature, AIl has been reported to act via a non-
AT, non-AT, receptor termed AT, receptor (Le Noble et al.,
1993). However, in the absence of a selective antagonist for this
receptor its possible functional role in human arteries could
not be investigated.

Although AT, receptors are found on smooth muscle, some
studies have implicated the endothelium in modulating
responses to All in blood vessels. The interaction of AIIl with
endothelium-derived relaxing factor (EDRF) / NO has been
extensively studied in rat renal vasculature. Vasoconstriction
of afferent and efferent arterioles was found to be significantly
attenuated by L-NAME in rat kidneys pretreated with losartan
(Ye & Healy, 1992). Furthermore, NO has been found to be a
physiological antagonist of the glomerular and tubular
responses to intra-renal AIl (De Nicola et al., 1992). Another
study has shown that endothelial release of NO mediated by
AT, receptors decreases contractions in response to All in rat
carotid artery (Boulanger et al., 1995).

AII has also been observed to induce release of endothelin-1
(ET-1) from cultured endothelial cells (Emori et al., 1991).
Functional studies found that AII responses were abolished by
inclusion of the ET4-receptor antagonist, BQ 123, in rabbit
aorta with intact endothelium (Webb et al., 1992) and in rat
tail artery (Chen et al., 1995).

Release of eicosanoids has also been proposed to contribute
to All-induced contraction. Indomethacin, a COX antagonist,
was found to almost abolish AII responses in the presence of
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