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Molecular characterisation of the interactions
between olmesartan and telmisartan and the
human angiotensin Il AT, receptor
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Background and purpose: Whereas some angiotensin Il (Ang Il) type 1 receptor blockers (ARBs) produce surmountable
antagonism of AT, receptors, others such as olmesartan and telmisartan display varying degrees of insurmountability. This
study compared the molecular interactions of olmesartan and telmisartan with the human AT; receptor, using well
characterised in vitro methods and model systems.

Experimental approach: CHO-K1 cells that stably express human AT; receptors (CHO-hAT; cells) were used in several
pharmacological studies of olmesartan and telmisartan, including direct radioligand binding and inhibition of Ang ll-induced
inositol phosphate (IP) accumulation.

Key results: Both ARBs were found to be competitive antagonists that displayed high affinity, slow dissociation, and a high
degree of insurmountability for the AT, receptor (the latter greater with olmesartan). Their receptor interactions could be
described by a two-step process with the initial formation of a loose complex (IR) and subsequent transformation into a tight
binding complex (IR*). In washout experiments, [*H] telmisartan dissociated from the receptor with a half-life of 29 min and
the Ang ll-mediated IP accumulation response was 50% maximally restored within 24 min, whereas values for [3H] olmesartan
were 72 min and 76 min, respectively.

Conclusions and implications: The high degree of insurmountability, slow dissociation, and high affinity of olmesartan for its
receptor may relate to its ability to stabilise IR* via the carboxyl group of its imidazole core. In comparison, telmisartan displays
a less potent interaction with the receptor.
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Introduction

The renin-angiotensin-aldosterone system (RAAS) plays a
key role in blood pressure modulation and in the pathogen-
esis of hypertension. Angiotensin II (Ang II), the primary
product of the RAAS enzyme cascade, binds to the type 1
(AT,) receptor (de Gasparo et al., 2000) mediating vasocon-
striction of vascular smooth muscle, aldosterone secretion
from adrenal glomerulosa cells (promoting sodium and
water retention), cellular proliferation and hypertrophy.
Orally-active, non-peptide-based Ang II receptor blockers
(ARBs) that selectively antagonize the AT; receptor have
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been highly successful in the treatment of hypertension,
renal disease and heart failure (Timmermans, 1999; Oparil,
2000; Manohar and Pina, 2003; Norris and Vaughn, 2003),
and in reducing end-organ damage associated with diabetes
and atherosclerosis (Gavras, 1999). Structurally, currently
marketed ARBs consist of a substituted imidazole core
containing a biphenylmethyl moiety with either an acidic
tetrazole or carboxylic acid substituents at the 2'-position
(Berellini et al., 2005; Mire et al., 2005). While all ARBs
(including the active metabolite of losartan (EXP3174),
although not losartan) bind with high affinity (ICso~6.5—
16 nM) to the AT, receptor (Timmermans, 1999; Mire et al.,
2005), distinct differences in the mode of interaction of ARBs
with the receptor exist (Vauquelin et al., 2002, 2006). Marked
differences in the competitive blockade of Ang II at the AT,
receptor have been demonstrated (Cazaubon et al., 1993;



Criscione et al., 1993; Noda et al., 1993; Wienen et al., 1993;
Mizuno et al., 1995; Mochizuki et al., 1995) and while ARBs
such as losartan, tasosartan and eprosartan produce sur-
mountable antagonism of AT; receptors, others such as
olmesartan, irbesartan, valsartan, E3174 and telmisartan
display varying degrees of insurmountability (Timmermans,
1999; Vauquelin et al.,, 2002). The term insurmountable
antagonism is used to indicate that an agonist’s maximum
effect is reduced by pretreatment with the antagonist. This
type of antagonism can be attributed to several distinct
molecular mechanisms, including irreversible or slow rever-
sible competitive antagonism; noncompetitive antagonism;
or functional antagonism (Neubig et al., 2003).

To explain the changes observed in dose-response curves
for surmountable and insurmountable ARBs, a two-state,
two-step antagonist AT; receptor kinetic model that relates
to slow dissociation of the ARB from the AT; receptor has
been proposed (Fierens et al., 1999b; Vanderheyden et al.,
2000a; Vauquelin et al., 2001c,d). So, although all ARBs
share a common mechanism of action, differences in
molecular structure may contribute to differences in binding
kinetics and pharmacological activity.

Olmesartan medoxomil is an ARB that has a rapid onset of
action (Laeis et al.,, 2001), long-lasting antihypertensive
efficiency observed in the clinic (Smith et al.,, 2005) and
produces long-lasting inhibition of Ang II-mediated pressor
responses. This may, in part, relate to its slow dissociation
from the AT; receptor (Mire et al., 2005) as olmesartan
produces selective, insurmountable inhibition of the AT,
receptor (Yanagisawa ef al., 1996; Koike et al., 2003).
Structurally, olmesartan has a tetrazole group at the 2-position
of the biphenyl moiety and, after de-esterification of the
prodrug, a carboxyl group at the 5-position of the imidazole
ring (a group thought to have a role in receptor insurmount-
ability) (Noda et al., 1993; Mizuno et al., 1995). It also has a
hydroxyalkyl substituent at the imidazole 4-position that is
unique to olmesartan and contributes significantly to its high-
affinity binding to the AT, receptor (Yanagisawa et al., 1996).

Telmisartan (BIBR 277) distinguishes itself among the
other ARBs by its long plasma half-life (~24 h) (White et al.,
2004) and has been reported to dissociate slowly from the
AT, receptor (Maillard et al.,, 2002; Kakuta et al., 200S5).
Application of the two-state, two-step kinetic model for ARBs
suggests that slow receptor dissociation should result in a
high degree of insurmountability; (Vauquelin et al., 2001c)
however, in vitro studies have shown that telmisartan
produces only a ~50% reduction in the maximal Ang II-
mediated response (Wienen et al., 1993; Schambye et al.,
1994). Among the potential explanations for this discre-
pancy are structural differences compared with related ARBs.
In particular, telmisartan has a carboxyl substitution instead
of a tetrazole group in the biphenyl moiety and lacks
heterocyclic substitution of the benzimidazole moiety, with
no carboxyl group in the imidazole core (Ries et al., 1993;
Berellini et al., 2005).

This study compares the molecular interactions of olme-
sartan and telmisartan with the human AT, receptor using
well-characterized in vitro methods and model systems, and
evaluates whether differences in their molecular structures
could affect their binding properties.
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Methods

Cell culture

Chinese hamster ovary (CHO) cells stably expressing the
human Ang II type 1 receptor (CHO-hAT; cells) were
cultured in 24-well plates in DMEM (Dulbecco’s modified
essential medium), which was supplemented with 10% fetal
bovine serum, 2mM L-glutamine, 100IU ml! penicillin,
100 ugml™' streptomycin, 1% (vv™') of a solution of
non-essential amino acids and 1mM sodium pyruvate
(Life Technologies, Merelbeke, Belgium). CHO-hAT; cells were
grown in 5% CO, at 37°C until confluence. The medium was
replaced by DMEM supplemented with 1xCiml~! myo[*H]
inositol and the cells were further grown for ~24h in 5%
CO, at 37°C.

Radioligand binding studies

Cells were initially washed three times with DMEM (~ 500 pl
per well) at room temperature (22 +2°C). Subsequently, 400 ul
DMEM was added to each well for 15min at 37°C. Incuba-
tions proceeded at 37°C and were initiated by adding 100 yl of
DMEM containing either [*H] olmesartan or [*H] telmisartan.
Each radiolabelled compound was added either alone or in
presence of unlabelled antagonists at the indicated final
concentrations. At the end of each of the incubations, the
CHO-hAT; cells were briefly washed three times with Krebs-
Ringer buffer (~500ul per well) at 4°C. The cell-bound
radioactivity in each well was determined by solubilization
with 250 pl of 1 M sodium hydroxide and counted for 3 min in
a liquid scintillation counter after the addition of 3ml
scintillation liquid (Optisafe, Wallac, Turku, Finland).

Kinetic experiments. For association binding, cells were
incubated in 500 ul DMEM containing 1.5 nM [*H] olmesartan
for 5-90 min or with either 1.5 or 5.0nM [°H] telmisartan for
5-240min at 37°C. Nonspecific binding was obtained
in the presence of 0.2 uM unlabelled candesartan per 1nMm
[*H] olmesartan or [*H] telmisartan. For dissociation experi-
ments, cells were first incubated for 40 min with 1.5nMm
[3H] olmesartan or for 20 min with 5nm [°H] telmisartan at
37°C in 500ul DMEM. Dissociation was then initiated
by rapidly washing the cells three times with 500 ul fresh
DMEM at 37°C. Cells were then incubated at 37°C for the
indicated time periods up to 240 min (that is ‘washout time’)
with 500 ul DMEM either with or without 1 uM candesartan.
Nonspecific binding was determined in the presence of
unlabelled candesartan and since the nonspecific binding in
these studies displayed a timewise dissociation (data not
shown), these values were subtracted from total binding to
yield specific binding.

Saturation binding studies. Cells were incubated at 37°C in
500 ul DMEM for 40 min with either [*H] olmesartan (0.25-
10nM) or for 20min with [®H] telmisartan (0.5-15nm).
Nonspecific binding was obtained, as above, in the presence
of 0.5uM candesartan per 1nMm [*H] olmesartan or 0.2 uM
candesartan per 1nM [>H] telmisartan. The protein content
was determined using a bicinchoninic acid protein assay
(Pierce, Rockford, IL, USA).
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Competition binding studies. Cells were preincubated for
30min at 37°C in 450 ul DMEM either with an unlabelled
antagonist (olmesartan, telmisartan or losartan) or without
these antagonists (control binding). Then, 50ul DMEM
containing either [°H] olmesartan (1.5nM final concentra-
tion) or [°H| telmisartan (5nM final concentration) was
immediately added and the cells were further incubated for
40 min at 37°C. The amount of specific binding after various
time intervals was determined.

Measurement of inositol phosphate accumulation

in CHO-hAT; cells

CHO-hAT; cells were first grown for 20h in supplemented
DMEM with 1 4Ciml~! myo-[3H] inositol, then washed twice
with ~500ul DMEM. Cells remained in 400ul DMEM
containing 10mM LiCl for 15 min at 37°C.

Olmesartan and telmisartan preincubation experiments. Preincu-
bation studies were initiated by adding 50 ul DMEM-LiCl
medium either with the indicated concentrations of un-
labelled olmesartan or telmisartan or without these antago-
nists (controls for basal and maximal IP production) and
allowed to continue at 37°C for 30 min. Subsequent incuba-
tions with agonists were also initiated by adding 50 pul
DMEM-LiCl medium with or without (control) the indicated
concentrations of Ang II. Incubations continued at 37°C for
only an additional 5 min.

Olmesartan and telmisartan co-incubation experiments. Co-
incubation studies involved the simultaneous addition of
olmesartan or telmisartan and Ang II in 100 ul DMEM-LiCl
medium. Incubation proceeded at 37°C for 5 min.

Functional recovery experiments. Preincubation studies were
initiated by the addition of 50ul DMEM containing
olmesartan (2nM) or telmisartan (10nM) or lacking an ARB
(controls). Incubation continued at 37°C for 30 min. For
washout, cells were washed three times with ~ 500 ul DMEM
at 37°C and incubated for various periods of time at 37°C in
500 ul DMEM either with or without losartan (10 uM final
concentration). Cells were then incubated for 5 min at 37°C
with 450 ul fresh DMEM-LiCl medium with or without
losartan (10 uM). The total time taken by these latter two
incubations is referred to as the ‘washout time’. Finally, 50 pl
DMEM-LiCl medium with Ang II (10 uM) was added and the
incubation was performed for 5min at 37°C.

Measurement of inositol phosphate (IP, representing
inositol mono-, bis- and trisphosphates) accumulation was
performed at the end of each assay as described previously
(Vanderheyden et al., 1999). Briefly, the plates were placed
on ice and IP formation was stopped by aspiration of the
medium and by the addition of 750 ul formic acid (10 mM) at
4°C. After 30min, this solution was applied to a column
containing 1ml Bio-Rad anion exchange resin (AG 1x38,
formate form, 200-400 mesh, Bio-Rad Laboratories, Nazareth,
Belgium). To remove free inositol, the resin was first
washed twice with 3ml of formic acid (0.1 M). The inositol
mono-, bis- and trisphosphates were then eluted with 3ml
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formic acid (0.1M) containing ammonium formate (0.8 M)
and radioactivity was measured in a liquid scintillation
counter after the addition of 10ml of scintillation liquid
(Ultima-flo-AF, Packard, Groningen, The Netherlands).

Data analysis

Nonspecific radioligand binding determined using cande-
sartan was subtracted from the total binding to yield specific
binding for [*H] olmesartan and [*H] telmisartan. All
parameters were determined by using nonlinear regression
analysis of the experimental data with GraphPad Prism
software (GraphPad Software Inc., San Diego, CA, USA).
Kinetic data are the mean+s.e.m. of three separate experi-
ments with triplicate determinations each. Other data are
the mean +s.e.m. of three separate experiments with dupli-
cate determinations each. Significant differences between
two means were assessed by two-tailed t-tests with P<0.05 as
the significance level.

Materials

Olmesartan [RNH-6270; 4-(1-hydroxy-1-methylethyl)-2-pro-
pyl-1-{4-[2-(tetrazol-5-yl)phenyl]phenyljmethylimidazol-5-car-
boxylic acid] was synthesized and radiolabelled
(79CimM™") by Daiichi-Sankyo Co., Ltd (Tokyo, Japan).
Telmisartan [BIBR277; 4'-[[2-n-propyl-4-methyl-6-(1-methyl-
benz-imidazol-2-yl)benzimidazol-1-ylJmethyl]biphenyl-2-car-
boxylic acid] was synthesized by Forest Laboratories Inc.
(Parsippany, NJ, USA) and radiolabelled as [®H] telmisartan
(35 CimM™!) by Perkin-Elmer (Shelton, CT, USA). Myo-[>H]
inositol (1.0 uCiml~!) was obtained from Amersham Bios-
ciences (Buckinghamshire, UK), while candesartan [CV-
11974; 2-ethoxy-1-[(2'-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl]-
1H-benzimidazoline-7-carboxylic acid] and losartan [DuP 753;
2-n-butyl-4-chloro-5-hydroxymethyl-1-[(2'-(1H-tetrazol-5-yl)-
biphenyl-4-yl)methyl]imidazole] ~were obtained from
AstraZeneca (Molndal, Sweden) and Ang II from Neosystem
(Strasbourg, France). All other chemicals were of the
highest grade commercially available.

Results

Radioligand binding studies

[?H] Olmesartan and [°H] telmisartan binding. Specific bind-
ing of [®H] olmesartan (1.5 nM) and [*H] telmisartan (1.5 nm)
to intact CHO-hAT;, cells at 37°C increased with time until a
plateau was reached, within 30 min for [*H] olmesartan and
20min for [*H] telmisartan (Figures 1a and c, respectively).
Fitting these association data to an exponential function
resulted in pseudo-first-order association rate constants (Kops;
Table 1), yielding a t;,, value of 4.3+0.7 min for olmesartan
(1.5nM) and, for telmisartan (1.5nM), a t;, value of
6.8+ 1.3 min. The binding of [*H] telmisartan at the higher
concentration (5SnM™; Figure 1c) provided a higher Kkqps
(Table 1) with a consequently shorter t;,, of 3.2+0.3min
(P<0.05). In long-term incubations, the specific binding
of [®H] telmisartan and olmesartan (5nM) remained stable
for ~240min (data not shown). The nonspecific binding of
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Figure 1 The association and dissociation binding kinetics of [®H] olmesartan and [>H] telmisartan. Panels (a) and (c) describe the association
binding of [H] olmesartan (1.5 nm) and [2H] telmisartan (1.5 and 5.0 nm), respectively, to CHO-hAT; cells at 37°C as a function of incubation
time. Panel (b) describes the dissociation binding of [H] olmesartan (1.5 nm) from cells that were incubated for 30 min, washed and further
incubated in fresh medium or in medium containing 1.0 uM candesartan. Panel (d) describes the dissociation binding of [>H] telmisartan
(1.5nM™) in fresh medium or medium containing 1.0 uM candesartan. Remaining binding was measured at the indicated time intervals up to
240 min. Data (mean +s.e.m. from three experiments, three determinations each) refer to specific binding, and are given as the percentage of
binding at equilibrium (a and c) or binding immediately after the wash step (b and d). Calculated parameters are given in Table 1.

Table 1 Kinetic parameters for [*H] olmesartan and [*H] telmisartan binding to CHO-hAT; cells

Concentration [L] (nM) Kops (M~ " min~") k_; (min™") Kp (nM)
[3H] Olmesartan 1.5 0.168+0.027 0.0096 +0.0002 0.091
[H] Telmisartan 1.5 0.105+0.018 ND 0.12
[3H] Telmisartan 5.0 0.218+0.018* 0.0237+0.0018 0.0021

kobs and k_; values were obtained from the [H] olmesartan and [>H] telmisartan association and dissociation curves shown in Figures 1a—d.
Data are mean+s.e.m. of three experiments, three determinations each. The equilibrium dissociation constant Kp was calculated as: [L]. k_1/(kops—k_1).
ND = no determination. *P<0.0058 (two-tailed t-test, 95% confidence interval) compared with value for 1.5 nMm telmisartan.

[*H] olmesartan was less than 5% of total binding, and no with fresh medium containing candesartan (1.0 uM). At this

specific binding could be detected when the same experi- concentration, AT; receptors are saturated and candesartan
ment was performed using native CHO-K1 cells (that is, cells effectively prevents the potential rebinding of free [*H] olme-
that do not express AT, receptors; data not shown). However, sartan or free [°H] telmisartan to the AT, receptor. Such a
unlike [*H] olmesartan, at concentrations of 1.5 and 5nM, phenomenon, which results from the high affinity these
nonspecific binding of [*H] telmisartan accounted for 15 and antagonists have for the AT, receptor, interferes with the
25%, respectively, of the total binding. measurement of ligand dissociation rates (Vanderheyden

In the dissociation experiments, dissociation at 37°C was et al.,, 2000b). In the presence of 1.0uM candesartan,
monitored for different periods of time under two different the specific binding of both [*H] olmesartan (Figure 1b) and
experimental conditions. First, cells were incubated further [*H] telmisartan (Figure 1d) decreased exponentially and a

British Journal of Pharmacology (2007) 151 952-962



Olmesartan and telmisartan AT, receptor binding

956 MT Le et al

greater majority of the sites were liberated at the end of the
experiment, that is, after 240min. The corresponding
dissociation rate constants (k_;) are given in Table 1
and yielded a t;,, of 65+ 11 min for [*H] olmesartan and, for
[®H] telmisartan, a t;/, of 29.4 +2 min.

In the second experimental procedure, dissociation of
the radioligands from their specific binding sites on cells
was examined by incubation in fresh medium alone. Under
this condition, specific binding of both [*H] olmesartan and
[*H] telmisartan followed a more complex pattern. When the
resulting curves were fitted with an exponential function, a
plateau of 48.6+3.2% (n=3) of the initial binding was
produced by [*H] olmesartan (Figure 1b). A plateau of 29.3+
2.1% (n=3) was produced by [*H] telmisartan (Figure 1d).

The specific binding of both [*H] olmesartan and [*H] telmi-
sartan to intact CHO-hAT; cells is a saturable process. In
agreement with a simple bimolecular ligand-receptor inter-
action, the amount of bound radioligand increased with its
free concentration according to a hyperbolic function
(Figures 2a and b, respectively). Such saturation binding
curves reveal a single class of binding site for each
radioligand and fitting the data to a hyperbolic function
gave similar B,y (the maximum amount of drug which can
bind specifically to the receptors) values (697 +22 fmol mg~!
protein for [*H] olmesartan and 690+ 18 fmolmg~" protein
for [*H] telmisartan). These experiments yielded an equili-
brium dissociation constant (Kp) for olmesartan of
0.18+0.04nM, which for a [*H] olmesartan concentration
([L]) of 1.5 nM, was about twice the Kp value calculated from
the kinetic parameters (Kp = [L]-k_1/(kons—k_1); see Table 1)
of 0.091 nM. For high-affinity radioligands, such a difference
may be related to the long delay required for equilibrium
binding to be attained at low radioligand concentrations.
Hence, the Kp values obtained from saturation binding
studies with high-affinity radioligands like [*H] olmesartan
are likely to underestimate their true affinity. The Kp for
[*H] telmisartan was 1.1+0.4nM, which is similarly double the
Kp value of 0.61 nM, calculated from the kinetic parameters
for a radioligand concentration ([L]) of 5nM (see Table 1). In
these saturation binding experiments, nonspecific [*H]
olmesartan binding was non-detectable; however, [*H]
telmisartan binding increased proportionally to its free
concentration (data not shown).
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The potency of olmesartan and telmisartan binding was
compared with that of losartan in competitive binding
experiments. As shown in Figures 3a and b, all tested
unlabelled competitor ligands for the AT, receptor produced
a concentration-dependent inhibition of the specific
[*H] olmesartan and [*H] telmisartan binding. As expected for
an homogenous class of binding sites and a simple bimole-
cular competitor-receptor interaction, the resulting competi-
tion binding curves were sigmoidal with Hill coefficients
close to unity (1.0; data not shown). Based on the ICs( values
from these studies (Table 2), unlabelled olmesartan was the
most potent in displacing [*H] olmesartan binding with
unlabelled telmisartan about eight times less potent and
losartan about 474 times less potent (Table 3).

Inhibition of [*H] telmisartan binding was evaluated
similarly. As shown in Figure 3b, maximal displacement of
total [*H] telmisartan binding by olmesartan, telmisartan
and losartan occurred to the same extent. Hence, the
nonspecific binding of telmisartan is a non-saturable
process, at least for concentrations up to 10 uM. Competition
binding curves were steep for all ligands and the ICsq values
for olmesartan and telmisartan were markedly lower than
that of losartan. The equilibrium dissociation constants for
olmesartan (K; =0.091 nM; as calculated using the Cheng and
Prusoff (1973) equation) and telmisartan (K;=0.47 nM) were
similar to the Kp, values for, respectively, [*H] olmesartan and
[®H] telmisartan calculated from the kinetic and saturation
binding experiments.

Ang Il-induced IP production

Co-incubation experiments. Ang II produced a concentration-
dependent increase of IP accumulation in CHO-hAT; cells,
with an ECso between 1.5 and 3.0 nM (taken from the control
curves in Figures 4a and b) when given a 5min incubation
period at 37°C. In co-incubation experiments, under the
same conditions, olmesartan (Figure 4a) produced a con-
centration-dependent rightward shift of the IP accumulation
curve (ECso=14.7+1.2 and 175+28nM for 5 and 50nMm
olmesartan, respectively). Telmisartan (Figure 4b) produced
ECso values of 13.7+1.9 and 118+19nM at concentrations
of 20 and 200 nM, respectively. Neither antagonist produced
a depression of the maximal response (Figures 4a and b).
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Figure 2 Saturation binding of [*H] olmesartan and [*H] telmisartan in CHO-hAT; cells. Cells were incubated for 40 and 20 min with

increasing concentrations of [

two determinations each) refer to specific binding and are expressed as fmolmg™
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H] olmesartan (a) and [>H] telmisartan (b), respective!y, at 37°C. All data (mean +s.e.m. from three experiments,
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Figure 3 Competition binding experiments with [3H] olmesartan (a) and [>H] telmisartan (b). CHO-hAT; cells preincubated for 30 min at
37°C without (control binding) or with increasing concentrations of olmesartan, telmisartan or losartan were further incubated for 40 min with
1.5nM [3H] olmesartan (a). CHO-hAT; cells preincubated under identical conditions without (control binding) or with increasing
concentrations of olmesartan, telmisartan or losartan were further incubated for 40 min with 5.0 nm [>H] telmisartan (b). Data (mean +s.e.m.
from three experiments, two determinations each) refer to specific binding and are expressed as percent of control binding. Calculated 1Csq

values are given in Table 2.

Table 2 Competition binding ICsq values for unlabelled antagonists

Ligand [PH] telmisartan [PH] olmesartan

ICso (nM) Potency ratio ICs0 (M) Potency ratio
Olmesartan  0.28+0.05 1.0 0.43+0.02 1.0
Telmisartan 2.6+0.1 9.3 3.6+0.1 0.12
Losartan 160+21 571 204+11 0.0021

Values were calculated from the [*H] olmesartan and [*H] telmisartan
competition binding curves shown in Figures 3a and b, respectively.

Data shown in the Table are means+s.e.m. of three experiments, two
determinations each.

Table 3 ARB AT, receptor interactions on CHO-hAT; cells

Ligand Receptor interaction | + R« IR IR*  Dissociation Binding
ty/2 (min)  potency
Fast-dissociating ~ Slow-dissociating
complexes (%) complexes (%)
Olmesartan 15 85 76 1
Telmisartan 30 70 25 0.12
EXP3174 30 70 30 0.45

Abbreviations: | =initial ARB; R = receptor. The initial interaction yields a loose,
fast-dissociating/surmountable complex (IR), which may subsequently be
transformed to a slow-dissociating, tight binding/insurmountable complex
(IR%).

The percentages of fast- and slow-dissociating complexes refer to surmoun-
table and insurmountable effects of the ARBs on Ang ll-mediated responses.
Dissociation half-lives are calculated from radioligand binding and/or
functional experiments. Their potencies are from competition binding
experiments (data for EXP3174 are from Vauquelin et al., 2006).

Preincubation experiments. In contrast, preincubation of the
cells for 30 min with either olmesartan (0.5 or 100 nm) or
telmisartan (3 or 100 nM) decreased the maximal response to
subsequently added Ang II by 41+7 and 80+2%, respec-
tively, for olmesartan (Figure 5a) and by 52+7 and 66+ 3%,
respectively, for telmisartan (Figure 5b). At the lowest
olmesartan concentration tested, there was a minimal effect
on the ECsg of Ang II (EC5o=2.2+0.3 nM; that is ~1.4-fold
shift) but at a concentration of 100 nM, a marked rightward

shift of the Ang II concentration-response curve was
observed (EC50=387+48nM; that is, a 257-fold shift).
Similarly, telmisartan at the lowest concentration tested
did not affect the ECs¢ of Ang II (ECso= 3.7 +£0.3 nM; that is,
~2.4-fold shift) but at 100nM, it produced a marked
rightward shift of the Ang II concentration-response curve
(ECs50=1514+33 nM; that is, ~100-fold shift).

To better quantify the maximal insurmountable effect of
olmesartan and telmisartan, cells were preincubated with
increasing concentrations of either antagonist (0.01-30 uM
for olmesartan and 0.01-10 uM for telmisartan) and then
further incubated for 5min with an elevated concentration
of Ang II (10 uM). The resulting olmesartan and telmisartan
concentration-inhibition curves were biphasic (Figure 6)
characterized by an initial steep reduction in the response,
followed by a plateau response phase and then a further
reduction of the response until complete abolition resulted
at high concentrations. It should be noted that due to the
absence of ‘receptor reserve’ in the stably transfected AT,
receptor-expressing CHO cells (Lew et al., 2001; Vauquelin
etal., 2001a, b; Le et al., 2005), the plateau component of the
curves shown in Figure 6 provides a convenient way to
determine the maximal degree of insurmountable inhibition
by AT; receptor antagonists (Fierens et al., 1999b). In the
present experiment, 89.4+0.7% of the olmesartan-AT,
receptor complexes were found to be insurmountable, while
only 69.0+1.0% of the telmisartan-AT; receptor complexes
were insurmountable.

AT receptor functional recovery studies. Further investigation
into the dissociation properties of olmesartan and telmisar-
tan from the AT; receptor was conducted using indirect
kinetic methods, by monitoring the time-dependent restora-
tion of Ang Il responses in functional ‘washout’ experiments.
To this end, cells were first incubated for 30 min at 37°C with
olmesartan (2nM) or for 20min at 37°C with telmisartan
(5 nMm), rapidly washed to remove free antagonist, and further
exposed to fresh medium or medium containing losartan
(10 uMm) for the indicated periods of time before measuring IP
production resulting from Ang II (10 uM) application. In
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Figure 4 The effect of either olmesartan or telmisartan co-incubation on Ang ll-mediated intracellular inositol phosphate accumulation in
CHO-hAT; cells. Cells were incubated for 5 min at 37°C with increasing concentrations of Ang Il, either alone or in the presence of 5 or 50 nm
olmesartan (a); or alone or in the presence of 20 or 200 nM telmisartan (b). Data (mean +s.e.m. from three experiments, two determinations
each) refer to Ang Il-mediated IP accumulation above basal levels and are expressed as percent of maximal accumulation in the absence of
either olmesartan or telmisartan.
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Figure 5 The effect of preincubation of either olmesartan or telmisartan on Ang ll-mediated inositol phosphate accumulation in CHO-hAT,
cells. In panel (a), cells were preincubated with medium alone or with 0.5 or 100 nm olmesartan for 30 min at 37°C and then further incubated
for 5 min with increasing concentrations of Ang Il. In panel (b), cells were preincubated with medium alone or with 3.0 or 100 nm telmisartan
for 30 min at 37°C and then further incubated for 5 min with increasing concentrations of Ang Il. Data are expressed as percent of maximal
IP accumulation in control cells.
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Figure 6 Concentration-inhibition curves for olmesartan (a) and telmisartan (b) on Ang ll-mediated inositol phosphate (IP) accumulation.
CHO-hAT; cells were preincubated for 30 min at 37°C without (control) or with increasing concentrations of either olmesartan or telmisartan
and then further incubated for 5 min with 10 uM Ang |l. Data (mean +s.e.m. from three experiments, two determinations each) refer to Ang II-
mediated IP accumulation over basal levels, and are expressed as percent of maximal IP accumulation in the absence of either olmesartan or
telmisartan. Calculated parameters are discussed in the Results section and given in Table 3.
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Figure 7 Time-dependent reversal of the insurmountable inhibition by olmesartan (a) and telmisartan (b) of Ang Il-mediated inositol
phosphate (IP) accumulation. CHO-hAT; cells were preincubated for 30 min without (control) or with olmesartan (2nm) or telmisartan
(10 nm), washed, and further incubated with fresh medium or medium containing losartan (10 um) for the indicated time periods before final
incubation with 10 uM Ang Il for 5 min. IP accumulation was measured in the absence or presence of losartan in the washout medium. Data
(meants.e.m. from three experiments, three determinations each) refer to Ang Il-mediated IP accumulation over basal levels and are
expressed as percent of accumulation at the corresponding time points in the absence of either olmesartan or telmisartan.

close agreement with the partial insurmountable effect of
olmesartan and telmisartan in the preceding experiments
(Figures 5a and b), Ang II produced either a 13 +2 or 25 +2%
accumulation, respectively, of IP under control conditions
(that is, after preincubation without either olmesartan or
telmisartan) at the onset of washout (Figures 7a and b).

The presence of losartan (10 uM) in the washout medium is
sufficient to prevent the potential rebinding of either
olmesartan or telmisartan to the receptor but does not
depress stimulation of the AT, receptor by a high concentra-
tion of Ang II (Vanderheyden et al., 1999, 2000a).

Under these conditions, the Ang II response increased
exponentially with the washout time lasting until full
recovery was achieved for olmesartan (that is 100+4% of
the control response; Figure 7a) and telmisartan (that is
95+2% of the control IP accumulation). The recovery rate
constant  (Krecov) determined for olmesartan  was
0.0091+0.0010 M ' min~?, which yields a t;,, of 75.9 min.
This value is in good agreement with the dissociation rate
constant determined for [*H] olmesartan in the correspond-
ing radioligand binding studies (see above). Similarly, the
recovery rate constant (Kecoy) for telmisartan was
0.0283+0.0023 M ' min !, yielding a t;,, of 24.5min. When
the washout proceeded in the absence of losartan, the Ang II
response similarly increased in a time-dependent manner;
however, AT, receptor recovery was not complete. The IP
accumulation response compared with that of controls was
only 46+2% for olmesartan and 69+ 1% for telmisartan
(Figures 7a and b, respectively).

These studies confirm that losartan effectively prevents the
rebinding of olmesartan and telmisartan to the AT; receptor,
and that the recovery half-lives correspond to the dissocia-
tion half-lives of these insurmountable antagonists deter-
mined directly by the radioligand binding studies.

Discussion

The present study is the first to describe the kinetic and
functional binding properties of the non-peptide ARB

olmesartan in CHO cells expressing human AT, receptors,
and compare these properties to another ARB, telmisartan. It
was shown that olmesartan is a competitive antagonist,
displaying high affinity, slow dissociation and a high degree
of insurmountability for these receptors. Interestingly, non-
specific binding of [*H] olmesartan to the CHO-hAT; cells
was virtually absent and specific binding likely only occurs
to the AT, receptors, as it could be fully displaced by other
unlabelled ARBs (Figure 3a). While the specific binding of
[3H] telmisartan to intact cells also occurred at AT, receptors,
with complete displacement by other unlabelled ARBs
(Figure 3b), there was a greater degree of nonspecific binding
of this ARB. In a manner similar to that observed in previous
competition binding experiments with [3 H] candesartan,
[3H] valsartan, [>H] itbesartan and [*H] angiotensin (Fierens
et al., 1999a; Vanderheyden et al., 1999, 2000c; Verheijen
et al., 2000), olmesartan and telmisartan binding was more
potent than that of losartan in this study (Figures 3a and b;
Table 2). However, comparative clinical data are not available
for olmesartan versus telmisartan. Therefore, with current
evidence, it is unclear whether these differences in binding
properties translate into variations in clinical characteristics
among the ARBs.

In a manner similar to previously tested ARBs (Fierens
et al., 1999a; Vanderheyden et al., 2000c; Verheijen et al.,
2000), olmesartan and telmisartan both produced concen-
tration-dependent rightward shifts of the Ang II concentra-
tion-response curve in co-incubation experiments,
characteristic of a competitive receptor antagonist. Interest-
ingly, however, when cells were preincubated with either
olmesartan or telmisartan, the drugs behaved as ‘partial’
insurmountable antagonists. The inhibition patterns ob-
served for olmesartan and telmisartan (see Figure S5) were
similar to those observed earlier for other ARBs (Fierens et al.,
1999a; Verheijen et al., 2000) and reveal that, as their
concentration rises, they produce an initial decline of the
maximal response until a specific limit is reached, followed
by a rightward shift of the Ang II concentration-response
curve. The maximal degree of insurmountability of olme-
sartan was very similar in the different preincubation-based
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experiments (~80% in Figure Sa, ~89% in Figure 6a and
~87% in Figure 7a). A comparable degree of insurmountable
antagonism with olmesartan was also observed in studies of
Ang II-mediated contraction of isolated guinea-pig aortas
(Mizuno et al., 1995). The maximal degree of insurmount-
ability of telmisartan was also very similar and consistently
lower than for olmesartan in the different experiments
(~66% in Figure 5b, ~69% in Figure 6b and ~75% in
Figure 7b).

A two-step, two-state model (Vauquelin et al., 2001b, c, d),
whereby the initial ARB (I) receptor (R) interaction yields a
fast reversible/surmountable complex (IR) and where this
complex may subsequently adopt a tight binding/insur-
mountable state (IR*), has already been proposed to explain
the competitive and partially insurmountable properties of
previously tested ARBs (that is irbesartan, valsartan, EXP3174
and candesartan), and readily explains the behaviour of
olmesartan and telmisartan in functional experiments in this
study.

ki ki
I+R=IR=1R"

K_1i k_zi

To explain the partial insurmountability observed with these
ARBs, this model stipulates that the IR < IR* interconversion
must be a reversible process and must reach an equilibrium.
As such, only some of the antagonist-AT; receptor complexes
reside in the IR* state, while the remaining complexes are in
the IR state (Fierens et al., 1999b; Vauquelin et al., 2001b, d).
The surmountable behaviour of losartan can most likely be
attributed to its inability to sufficiently stabilize the IR* state.
From a structural point of view, olmesartan (Figure 8) and
many of the previously tested ARBs (Berellini et al., 2005)
possess an acidic tetrazole group at the 2'-position of their
biphenylmethyl moiety (Mire et al.,, 2005). Based on
simulation studies, it was proposed that this moiety plays
an essential role in the initial drug-receptor binding process
(Vauquelin et al.,, 2001c). Because the initial I+R«IR

Substituted imidazole core :
IR < IR* conversion

Biphenyl-tetrazole ;
moiety : i N ;
|+ R = Rinteraction ™. S ~""

Figure 8 The chemical structure of olmesartan showing the
biphenyltetrazole moiety and the substituted imidazole core. These
structural substituents may contribute to its AT, receptor binding
profile (Mire et al., 2005).
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interaction is similar for these ARBs, differences in kinetic
binding properties likely result from the ability of the ARB to
stabilize the IR* complex.

The model also predicts that the degree of insurmount-
ability, the drug-receptor dissociation t;,, and the overall
affinity for the AT; receptor are positively correlated to one
another (Vauquelin et al., 2001c, d). This positive correlation
was observed for previously tested ARBs (Vauquelin et al.,
2006) and in the present study only for olmesartan.

Competition binding studies on CHO-hAT; cells with
various radioligands revealed the same order of potencies for
biphenyl tetrazole-based ARBs (that 1is candesartan
>EXP3174 >valsartan >irbesartan > losartan), and it has
consistently been found that EXP3174 is only about two
times less potent than candesartan (Fierens et al., 1999a;
Vanderheyden et al., 1999, 2000c; Verheijen et al., 2000).
Despite having the same dissociation rate and extent of
insurmountability as EXP3174, telmisartan was less potent
based on the present study (Table 3). This is likely to reflect a
lower potency at the level of the initial I + R« IR interaction,
as supported by the finding that the k_;;/k;; ratio (Vauquelin
et al., 2001b) was ~4.5-times higher for telmisartan than for
EXP3174, that is, ~10 versus ~2.2nM, respectively (unpub-
lished observation). In comparison, calculated k_;/k;; ratios
were found to be very similar for EXP3174 and other
biphenyl-tetrazole-based ARBs (Vauquelin ef al., 2001b),
consistent with the proposal that the biphenyl moiety of
these molecules plays an essential role in the initial binding
process (Vauquelin et al., 2001c). The present findings with
telmisartan are still compatible with such a model if one
assumes that the replacement of the tetrazole substituent of
the biphenyl moiety by a carboxyl group decreases the
potency of this initial interaction.

The insurmountable behaviour of olmesartan in the
present study appears better than telmisartan. From a
structural point of view, the insurmountability of ARBs like
candesartan and EXP3471 can be clearly linked to the
presence of a carboxyl group at their imidazole core. Indeed,
this group is either absent or esterified in their prodrugs,
candesartan cilexetil and losartan, and these agents are
unable to display insurmountable antagonism (Noda et al.,
1993; Mizuno et al., 1995). Yet, telmisartan, valsartan and
other ARBs (Criscione et al., 1993; Wienen et al., 1993;
Schambye et al., 1994; De Arriba et al., 1996) also show
insurmountable behaviour despite the absence of a car-
boxylic group. This suggests that besides acidic function
moieties, ARBs also utilize other pharmacophores at their
imidazole core to stabilize the IR* state of interaction. So,
while the carboxyl group at the imidazole core of olmesartan
(Figure 8) could contribute to its insurmountable behaviour,
other substituents (for example the hydroxyisopropyl group
and the isopropyl group) could further stabilize the IR*
complex and/or be necessary for a correct spatial orientation
of the carboxyl group (Mire et al., 2005).

The sigmoidal competition binding curves (see Figure 3)
and the monoexponential dissociation curves (Figures 1 and
2) suggest that [H] olmesartan and [*H] telmisartan-labelled
AT; receptors behave uniformly, which is in apparent
contrast to the two-step, two-state model. However, the
dissociation of [*H] olmesartan (Figure 1b) and of [*H]



telmisartan (Figure 1d) occur at the same rate as the
disappearance of their insurmountable effects in the func-
tional ‘washout’ experiments, that is, with a t;,, of ~72 and
~76min, respectively, for olmesartan (Figure 7a) and ~ 30
and ~25min, respectively, for telmisartan (Figure 7b). Since
these binding studies were performed under the same
conditions as the functional assays, results from both can
be objectively compared. The similarity suggests that the
observed [*H] olmesartan and [*H] telmisartan binding only
encompasses the insurmountable IR* complexes and that the
surmountable IR* complexes are too short-lived to be
detected by radioligand binding.

Previously, the dissociation rate of [*H] telmisartan has
been estimated in rat vascular smooth muscle cells under
similar conditions to those used in the present study, with a
ty2 of ~70-75min, or about ~2.5 times slower than in our
studies(Maillard et al., 2002). Similar steps were taken to
minimize experimental and other factors that are recognized
to affect ARB dissociation rates. Consequently, the reason
for the different dissociation rates is not entirely clear, but
one hypothesis may be that the binding properties of
[®H] telmisartan differ slightly between rat and human
AT; receptors. More recently, even slower telmisartan
dissociation (that is, t; =213 min) was reported by Kakuta
et al. (2005). However, the methods used differed, so these
data cannot be compared with data from the present study.

Olmesartan displayed appreciable rebinding to CHO-hAT;
cells, both in the [*H] olmesartan dissociation and functional
recovery experiments. The in vivo implications of antagonist
rebinding phenomena have yet not been explored in detail
but, together with the slow dissociation of olmesartan from
the AT, receptor, its rebinding could potentially contribute to
the marked long-lasting antihypertensive efficacy observed in
the clinic (Smith et al.,, 2005). Despite its 10-fold lower
affinity, telmisartan also displayed some rebinding-like beha-
viour in the present experiments. Given that telmisartan is
highly hydrophobic and displays a significant amount of
nonspecific binding (~25% of total binding; data not shown),
it is not clear whether this behaviour represents rebinding of
telmisartan molecules in solution or a more complicated
process involving a membrane lipid-associated pool of
molecules (Panek et al., 1995; Zoumpoulakis et al., 2003).

In conclusion, in the present study with AT; receptor-
expressing CHO cells, olmesartan and telmisartan were
found to be competitive and partially insurmountable
antagonists. As with the earlier tested biphenyl-tetrazole
ARBs, the olmesartan-AT; and telmisartan-AT,; receptor
interactions can be described by a two-state process with
the initial formation of a loose complex (IR) and its
subsequent transformation into a tight binding complex
(IR*). Telmisartan compares well with EXP3174 (the active
metabolite of losartan) with regard to the degree of
insurmountability and dissociation rate. Yet, telmisartan
displays lower affinity, presumably because its biphenyl
moiety contains a carboxyl substituent instead of a tetrazole
group. On the other hand, the high degree of insurmount-
ability, slow dissociation and high affinity of olmesartan for
its receptor can be attributed to its ability to stabilize IR* via
the carboxyl group, and possibly other substituents, of its
imidazole core.
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