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a b s t r a c t

This study compares the lipid membrane interactions of indacaterol, an ultra long acting beta-2 agonist
that is given once a day, to salmeterol, a twice a day beta-2 agonist, in order to elucidate the potential mech-
anisms leading to their different pharmacological properties. Salmeterol but not indacaterol perturbed
dimyristoyl-phosphatidylcholine membranes. While the liposome partitioning of the two compounds
was similar, independent of the lipid composition, the membrane affinity of indacaterol was two-fold
greater than that of salmeterol when rafts, i.e. detergent-insoluble membrane domains, were used as the
partition phase. The observed association kinetics with immobilized liposomes at physiological pH were
two times faster for indacaterol than for salmeterol. A new model to explain the relationships between
almeterol
artitioning
iposomes
urface Plasmon Resonance (SPR)
inetics
embrane fluidity

the drug/membrane interactions and drug’s pharmacological properties considering multiple factors is
proposed. The synergy between the higher partitioning of indacaterol into the raft micro domains and
the faster membrane permeation of indacaterol could explain the faster onset and longer duration of
therapeutic effect of indacaterol. The higher fluidizing effect of salmeterol on membrane fluidity may
contribute to its lower intrinsic efficacy compared to indacaterol.

© 2009 Elsevier B.V. All rights reserved.
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eta-2-adrenoceptor agonist
afts

. Introduction

Inhaled beta-2-adrenoceptor agonists are effective drugs in the
anagement of pulmonary diseases such as asthma and chronic

bstructive pulmonary disease (COPD). They induce bronchodila-
ion via direct relaxation of airway smooth muscles, and give rapid
elief of symptoms (Barnes, 1977; Waldeck, 2002). Indacaterol, also
nown as QAB149, is a novel, chirally pure inhaled ultra long beta-
-adrenoceptor agonist, in registration phase for the treatment
f COPD. It provides a bronchodilating effect of 24 h after inhala-
ion, combined with a fast onset of action (about 5 min) and an
ncreased efficacy benefit compared with marketed inhaled beta-

-adrenoceptor agonists or the muscarinic receptor antagonist
iotropium (Beeh et al., 2007; Roig et al., 2009). This combination of
ast onset, long duration and high efficacy benefit is unique when
ompared to marketed beta-2-adrenoceptor agonists.

∗ Corresponding author. Current address: Laboratory of Organic Chemistry, ETH
urich, Wolfgang-Pauli-Strasse 10, CH-8093 Zurich, Switzerland. Tel.: +41 44 632
478; fax: +41 44 632 1292.

E-mail address: dario.lombardi@org.chem.ethz.ch (D. Lombardi).
1 Current address: Merck Serono S.A., Geneva, Switzerland.
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In this study, we investigated whether the beneficial thera-
eutic profile of indacaterol, in particular the combination of fast
nset and long duration, is related to its steady state and kinetic
nteractions with lipid membranes which provide the environ-

ent of the beta-2-adrenoceptor. We, therefore, compared lipid
ilayer interactions of indacaterol with those of salmeterol, a beta-
adrenoreceptor agonist that has been widely used in the past

0 years for the treatment of pulmonary diseases (Ullman and
vedmyr, 1988). Despite similar lipophilicity of the two agonists,
almeterol has a slower onset (around 15 min) and a shorter dura-
ion of action (about 12 h) than indacaterol (Lindberg et al., 2007;
almqvist et al., 1997). Other fast acting agonists, such as salbu-
amol, have significantly shorter durations of therapeutic action,
n agreement with their lower lipophilicity as compared to inda-
aterol and salmeterol. Beside the differences in time to onset
nd duration of action, salmeterol and indacaterol differ in their
harmacodynamic characteristics. While indacaterol is a highly
fficacious partial agonist at beta-2 adrenoreceptor, salmeterol is a

eak partial agonist, which might limit its clinical efficacy (Battram

t al., 2006).
Solute-membrane interactions depend on the physicochemical

haracteristics of the solute and the membrane, respectively. The
eta-2-adrenoceptor agonists are characterized by a basic amine

http://www.sciencedirect.com/science/journal/09280987
http://www.elsevier.com/locate/ejps
mailto:dario.lombardi@org.chem.ethz.ch
dx.doi.org/10.1016/j.ejps.2009.10.001
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Fig. 1. Chemical structures of indacaterol and salmeterol.

roup and an acidic phenol group, as shown in Fig. 1. In solution
hey can exist in four different ionization forms: the cation (C), two
et neutral species (N) including the uncharged species as well as
he zwitterionic species, and the anion (A). The acid–base equilib-
ia are defined in terms of the macroscopic constants Ka1 and Ka2
hat refer to the stoichiometric ionization (Bouchard et al., 2002)
here the two net neutral species are treated collectively as being

wo tautomers of a single form (N). According to the titrated pKa

alues of the two compounds, which are pKa 6.7 and pKa 8.3 for
ndacaterol and pKa 8.8 and pKa 9.8 for salmeterol, indacaterol is
resent as a combination of 4 ionization species, predominantly the
witterion (54.1%) and the neutral one (21.5%) at physiological pH
.4, while salmeterol is mainly in its cationic form (95.6%) (Cuenoud
t al., manuscript in preparation). The fact that zwitterion/neutral
pecies and cations may have different tissue interactions might
xplain, in part, why indacaterol has a significantly faster onset
nd duration of action than salmeterol. Indeed bulk hydrophobic-
ty as well as the ionization state have been shown to influence the
ffinity for liposomes and hence the duration of action of a series of
ual dopamine D2 receptor/beta-2-adrenoceptor agonists (Austin
t al., 2003).

We used liposomes of various lipid compositions to investigate a
ide range of membrane properties that could influence the inter-

ctions with the beta-2-adrenoceptor agonists. Particular attention
as given to negatively charged lipids since they are abundant in

he lung (Rodgers et al., 2005). We also investigated the effect of
holesterol on the membrane affinities of the drugs, as well as their
ffinity to extracted membrane rafts since it has been suggested
hat highly ordered membrane micro-domains are encompassing
he beta-2-adrenoceptors and could be of physiological relevance
or their function (Ianoul et al., 2005; Pontier et al., 2008; Xiang et
l., 2002). Liposomes made of bovine lipid extract surfactant (BLES)
ere used as a model to investigate the affinity of the agonists to

he lung surfactant. Beside the lipid composition, experimental pH
nd temperature were varied in order to shed light on the influ-
nce of the ionization state of drug and lipids and of the physical
embrane properties on drug/membrane interactions.
Despite the significant differences in the physicochemical prop-
rties of the two drugs, they displayed no major differences in
heir pH-distribution profiles and membrane interaction kinet-
cs in the liposomal systems. However, the two agonists differed
trikingly in their effect on membrane fluidity as determined with
he anisotropy probe 1,6-diphenyl-1,3,5-hexatriene (DPH). While

D
m
D

aceutical Sciences 38 (2009) 533–547

ndacaterol had no effect, salmeterol significantly increased mem-
rane fluidity at concentrations above 1 �M. Bilayer fluidization by
almeterol may indirectly influence the receptor activation, con-
ributing to the partial agonism properties and the observed slow
nset of action of salmeterol. Based on our results, we suggest an
dapted model for the relationships between agonist-membrane
nteractions and their biological effects.

. Materials and methods

.1. Chemicals

Salmeterol was obtained from Tocris bioscientific (Ellisville,
SA), indacaterol, 3H-indacaterol and 3H-salmeterol were from
ovartis (Basel, CH). Propranolol hydrochloride and 1,6-diphenyl-
,3,5-hexatriene (DPH) were purchased from Sigma (Buchs, CH),
wittergent® 3–14 R from Calbiochem (San Diego, USA). TritonX-
00 was purchased from Fluka (Buchs, CH). Complete®, methanol,
hloroform, trifluoro–acetic acid and acetonitrile (HPLC grade) for
ipid extraction and HPLC investigations were from Merck (Darm-
tadt, DE). All other chemicals were of analytical grade.

.2. Lipids

Egg phosphatidylcholine (PhC), spinal cord phospatidylserine
PhS), phosphatidylinositol (PhI) and sphingomyelin (SM), all grade
, were purchased from Lipid Products (Nutfield, UK). Dipalmi-
oylphosphoglycerol (DPPG), dipalmitoylphosphatidylcholine
DPPC), dioleoylphosphatidylcholine (DOPC), dimyristoylphos-
hatidylcholine (DMPC), dimyristoylphosphoglycerol (DMPG)
nd dipalmitoylphosphoethanolammine (DPPE) were from Avanti
olar lipids (Alabaster, USA). Cholesterol (Chol) was from Sigma
Buchs, CH). Bovine lipid extract surfactant (BLES) was purchased
rom BLES Biochemical (London, ON).

.3. Octanol/buffer partitioning

The distribution profiles in the octanol/buffer system of inda-
aterol and salmeterol were determined between pH 4 and 13
y the shake flask method (Leo et al., 1971). Propranolol was
sed as control. Between 5 and 20 �l each of 2 mM methanolic
tock solutions of the drugs were added to reaction tubes and the
ethanol was evaporated. The compounds were re-dissolved in
ml water-saturated 1-octanol and 5 ml of standardized univer-

al buffer solutions (SUBS) containing citrate, borate, phosphate
nd NaCl, adjusted to 0.21 M ionic strength (Pauletti and Wunderli-
llenspach, 1994) at the desired pH. The tubes were shaken for 1 h
t room temperature and centrifuged for 10 min at 9000 g. Shaking
or 3 h revealed the same results, indicating that equilibrium was
eached after 1 h. At the end of the experiments no significant pH
hifts were observed in the buffer phases. Samples of 200 �l from
oth phases were diluted with 800 �l methanol and the concen-
rations were determined by LC/MS/MS with a Waters 2759 HPLC
quipped with an Xterra column (C8, 3.5 m, 1 × 50 mm) and an MS
uattro Micro Mass detector. The drugs were eluted with a linear
radient of H2O/acetonitrile 95%/5% to 100% acetonitrile. The parti-
ion coefficients were calculated as the ratios of the concentrations
n the respective 1-octanol and aqueous phases.

.4. Preparation and characterization of liposomes
Liposomes with various lipid compositions (PhC, DMPC,
PPC, DOPC, SM, DMPC/Chol 60/40 mol/mol, SM/Chol 60/40
ol/mol, DOPC/Chol 60/40 mol/mol, PhC/PhS 70/30 mol/mol,
PPC/DPPG 80/20 mol/mol, PhC/DPPG 70/30 mol/mol, DMPC/Chol/
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Table 1
Molecular structure of phospholipids, cholesterol and octanol.

Sphingomyelin (SM)

Phosphatidyl-choline (PhC)

Dimyristoyl-phosphatidyl-choline (DMPC)

Dipalmitoyl-phosphatidyl-choline (DPPC)

Dioleoyl-phosphatidyl-choline (DOPC)

Phospatidyl-serine (PhS)

Dimyristoyl-phospho-glycerol (DMPG)

Dipalmitoyl-phospho-glycerol (DPPG)

Phosphatidyl-inositol (PhI)

Dipalmitoyl-phospho-ethanolamine (DPPE)

Cholesterol (Chol)

Octanol

R and R1 denote naturally occurring fatty acid acyl chains; see Section 2 for details.
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Table 2
Zetapotentials of the investigated liposomes at 25 ◦C.

Lipid compositions Zetapotential (mV) in the pH range 4–10

PhC 3 ± 4, pH-independent
DMPC 3 ± 4, pH-independent
DPPC 3 ± 4, pH-independent
DOPC 3 ± 4, pH-independent
SM 3 ± 4, pH-independent
DMPC/Chol 60/40 3 ± 4, pH-independent
SM/Chol 60/40 3 ± 4, pH-independent
DOPC/Chol 60/40 3 ± 4, pH-independent
PhC/PhS 70/30 −24 (pH 4) to −36 (pH 10)
DPPC/DPPG 80/20 −12 (pH 4) to −24 (pH 10)
PhC/DPPG 70/30 −14 (pH 4) to −26 (pH 10)
DMPC/Chol/DMPG 30/40/30 −14 (pH 4) to −26 (pH 10)
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Spectrometer (Perkin Elmer) (Belli et al., 2009; Lentz, 1993; Seo et
al., 2006). The wavelengths of excitation and emission were 355
and 430 nm, respectively, with a bandwidth of 5 nm each. Inves-
tigated lipid compositions and temperatures are summarized in
Table 3. To investigate the influence of indacaterol and salmeterol

Table 3
Membrane fluidity.

Lipid compositions Texp (◦C) TM (◦C) Anisotropy of DPH

DMPC 37 23b 0.074 ± 0.003
DMPC 4 23b 0.315 ± 0.001
DMPC/Chol 60/40 37 0.142 ± 0.002
PhC 37 −5a 0.038 ± 0.008
PhC 22 −5a 0.051 ± 0.002
PhC/Chol 60/40 37 0.089 ± 0.001
PhC/DPPG 70/30 37 0.047 ± 0.004
DPPC 37 41.5b 0.288 ± 0.004
DPPC/DPPG 80/20 37 0.284 ± 0.002
SM 37 41.4b 0.159 ± 0.002
SM 4 41.4b 0.362 ± 0.003
SM/Chol 60/40 37 0.272 ± 0.002
DOPC 37 −21b 0.089 ± 0.001
Raft-like 37 0.121 ± 0.001
Raftsc 37 0.082 ± 0.003
Octanol 22 0.019 ± 0.001

The anisotropy values are the mean of 3 independent experiments ± standard devi-
36 D. Lombardi et al. / European Journal of

MPG 30/40/30 mol/mol, SM/Chol/DPPE/PhI/PhS/DPPC 16/32.2/
5.8/6.5/6.5/13 mol/mol (raftlike) and BLES), were prepared by
xtrusion (Kramer et al., 1998; Mayer et al., 1986). The molecular
tructures of the phospholipids are summarized in Table 1.

Since SM and PhS are extracted from bovine spinal cord while
hC and PhI are from eggs and wheat germ, respectively, they con-
ain a mixture of fatty acid chains. The predominant molecular
eight of SM, PhS and PhI species is 749, 788 and 856 respectively.

he major fatty acids in PhC are palmitic and stearic acid.
Raft-like liposomes were prepared according to the composition

f the raft-extract analyzed by (Kamau et al., 2005). BLES contains
% cholesterol, 79% phospatidylcoline (53% is saturated), 11% phos-
hatidylglycerol (23% is saturated), phosphatidylethanolamine,
hosphatidylinositol, lyso-bis-phosphatidic acid and sphin-
omyelin. Moreover it contains the two highly hydrophobic
urfactant associated proteins “B” and “C” (Yu et al., 1983).

The lipids were dried from a chloroform/methanol solution to a
hin layer in a round flask. The lipid film was subsequently resus-
ended with SUBS, pH 7.4, to form multilamellar vesicles (MLV)
ontaining 20 mg lipid per ml. The MLV were submitted to 5 cycles
f freeze and thaw. Large unilamellar vesicles (LUV) were prepared
t 50 ◦C by extrusion of the MLV preparation through polycarbon-
te filters (0.1 or 0.2 �m pore size, Nucleopore R, Whatman) using
he 10 ml Lipex extruder from Northern Lipids (Burnaby, Canada).
iposome preparations were equilibrated overnight before being
sed. The lipid content in liposome preparations was characterized
ith HPLC by injecting 50 �l of sample in a BDS Hypersil C8 col-
mn (150 mm × 4.6 mm I.D., 5 �m particle size, Thermo, Bellefonte,
A, USA) kept at 50 ◦C. The mobile phase was an isocratic mixture
f acetonitrile:trifluoroacetic acid:water (86.9:0.1:13 v/v) for DPPC
nd DPPG containing liposomes or acetonitrile:water (87:13 v/v)
or the other lipid compositions. The flow rate was 2 ml/min. The
avelength of the detector was 215 nm.

Liposome size distributions and zetapotentials were analyzed
y dynamic light scattering and microelectrophoresis using a Zeta-
izer 3000 HSA (Malvern Instruments, UK). The hydrodynamic
verage mean diameters of all preparations were between 80 and
20 nm and 180 and 210 nm, respectively (intensity distribution).
he polydispersity index was less than 0.1, indicating a narrow size
istribution with a standard deviation of less than 32%, assum-

ng a Gaussian distribution function. The size distribution was
nchanged after equilibrium dialysis (5 h, see below) between pH
.0 and 10.5. The zetapotential measurements of the liposomes
ere performed with liposome suspension containing 0.1 mg lipids
er ml. Negatively charged liposomes revealed increased abso-

ute values of negative zetapotential with increasing pH. This was
ssigned to an increase in the surface charge density according to
he pH-dependence of the protonation/deprotonation equilibria of
hS, PhI, PhE or DPPG (Kramer et al., 1997, 1998; Sacre and Tocanne,
977). Zetapotentials are summarized in Table 2.

.5. Preparation of rafts

Rafts were prepared as previously described by Bucher et al.
2005). In brief, about 4 × 108 P388/ADR or P388 cells (Belli et al.,
009) were incubated on ice with 2 ml buffer 25 mM Tris, 150 mM
aCl, 5 mM EDTA (TNE), pH 7.4, containing Complete® and 1% (v/v)
riton X-100. The cell lysate was homogenized at 4 ◦C with 50
trokes at 1000 rpm using a Dounce homogenizer (Biotech Interna-
ional). The homogenate was mixed with an equal volume of 80%

ucrose in TNE, transferred into a centrifuge tube and overlaid with
ml each of 30%, 20%, 10% sucrose and 1.5 ml of 5% sucrose in TNE.
ll sucrose solutions contained Complete®. After centrifugation at
00 000 × g for 19 h at 4 ◦C in an SW41Ti rotor (Beckman Instru-
ents) the rafts were visible as a turbid band in the upper part of

a
o
a

Raft-like −10 (pH 4) to −32 (pH 10)
BLES −16 (pH 4) to −26 (pH 10)

ipid compositions according to Section 2.

he centrifuge tube (density range between 1.04 and 1.09 g/cm3)
nd were pooled in a 2.5 ml fraction. Protein concentrations of dif-
erent raft preparations were typically between 75 and 120 �g/ml.
aft fractions showed an average mean diameter between 240 and
80 nm with polydispersity indices between 0.4 and 0.5, indicat-

ng a broad size distribution. The quantification of the total protein
mount was performed with the DC protein assay kit from Bio-Rad
Hercules, CA, USA), the lipid content was estimated from the con-
entration of proteins assuming a ratio protein/lipid 1:3 (Brown
nd Rose, 1992). Aliquots of 400 �l were stored at −20 ◦C and used
ithin 4 weeks.

.6. Determination of membrane fluidity

To study the fluidity of the lipid bilayers, liposomes (0.25 mg
ipids per ml) in SUBS pH 7.4 were incubated for 30 min with 10 �M
PH, which was added as a 10 mM solution in tetrahydrofuran, and

ubjected to anisotropy measurement with an LS50B Luminescence
tion. Octanol anisotropy was measured at 22 ◦C adding DPH to water-saturated
ctanol. Lipid compositions according to Section 2. Texp is the experimental temper-
ture, TM is the main transition temperature of the membranes.

a Huang and Mason (1978).
b Marsh (1990).
c Rafts preparation according to Section 2.
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n membrane fluidity as a function of temperature, the drugs were
dded in DMSO (100 mM drug) and the system was equilibrated for
0 min after each temperature change. The fluorescence intensity
alues of the vertical and the horizontal polarizers were converted
o anisotropy according to Eq. (1):

nisotropy = VV − (G × VH)
VV + (2G × VH)

(1)

here VV is the fluorescence intensity of the probe measured with
ertical excitation and vertical emission polarizers, VH is the fluo-
escence intensity with vertical excitation and horizontal emission
olarizers, and G is the instrument correction factor (G = HV/HH,
ith HV and HH fluorescence intensity with horizontal excitation

nd vertical (HV) or horizontal (HH) emission polarizers).

.7. Determination of drug–membrane affinity by equilibrium
ialysis

The membrane partitioning of indacaterol and salmeterol were
haracterized by equilibrium dialysis with liposomes of various
ipid compositions. Control experiments with propranolol were
erformed with PhC liposomes. For each investigated pH, 1 �l of
methanolic 2 mM indacaterol, salmeterol or propranolol stock

olution was dried in a reaction tube and 100 �l liposomes were
dded. The pH was adjusted to values between 6.0 and 10.5 by
ilution with SUBS. The final lipid and drug concentrations were
mg/ml (1.3 mM) and 1 �M, respectively, if not stated otherwise.
or experiments with rafts, 1 �l of drug stock solution was dried in
reaction tube and 1 ml of raft extract was added, TNE buffer pH
.4 was used for the dialysis instead of SUBS.

Equilibrium dialysis experiments (Macro 1 cells, 1.0 ml; cellu-
ose membrane, MW cut-off 10 000 (10.16) Dianorm, Germany)

ere performed for 5 h at 25 ◦C or 7 h at 4 ◦C and 37 ◦C against
UBS buffer of the respective pH. Control experiments confirmed
hat the partition equilibrium was reached at all pH values
ithin this time (data not shown). At the end of the experi-
ent, the pH was determined in the buffer phase. No significant

H shift was observed during the dialysis. The content of the
hamber containing the liposomes was diluted 1:5 in methanol
n order to solubilize the liposomes and the concentrations of
rugs in both chambers were determined as described above
or the octanol partitioning experiments. Experiments for the
H-distribution profiles were performed with up to three dif-
erent compounds simultaneously and quantified by LC/MS/MS.
ontrol experiments showed that this had no influence on the
esults under the applied experimental conditions (data not
hown).

The lipid concentration was determined at the end of the dialy-
is by HPLC with a Hitachi L2130 pump equipped with a Thermo C8
olumn (5 m, 150 × 4.6 mm) and a Hitachi L2480 UV detector. Lipids
ere eluted with acetonitrile:water (87:13 v/v) and detected at

15 nm. A calibration curve was used for quantification. No degra-
ation products such as free fatty acids or lysophosphatidylcholine
ere detected.

Control experiments performed with radio-labeled indacaterol
nd salmeterol and quantification by liquid scintillation count-
ng revealed the same results as partition experiments with
on labeled compounds and quantification by LC/MS/MS (data

ot shown). The pH-dependent partitioning of indacaterol and
almeterol was in addition analyzed after an overnight incuba-
ion of PhC liposomes with the drug. No significant differences
ere observed with or without overnight incubation (data not

hown).

T
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.8. Concentration-dependence of indacaterol and salmeterol
artitioning in the PhC liposome system

The influence of the drug concentration on the partitioning of
ndacaterol and salmeterol in PhC liposomes was investigated by

eans of equilibrium dialysis experiments at different indacaterol
nd salmeterol concentrations between 0.24 and 600 �M at pH 7.2.
o solubilize the drugs, 0.2% DMSO was added at concentrations
20 �M and 2% at concentrations ≥300 �M.

.9. Data analysis of the partitioning experiments by equilibrium
ialysis

Partition coefficients (D) of indacaterol and salmeterol between
ipid bilayers and buffer were calculated from the drug concen-
rations in the two dialysis chambers as previously described by
auletti and Wunderli-Allenspach (1994) and shown in Eq. (2)

= (CLBCB)VLB

(CBVL)
+ 1 (2)

here CLB denotes the molar solute concentration in the liposomes-
ontaining chamber and CB the molar solute concentration in the
uffer chamber. VLB is the sample volume of the liposome suspen-
ion, VL the volume of the lipophilic phase, i.e. the lipid bilayer
calculated with a density of 1 g/ml (Huang and Mason, 1978)),
ithin VLB.

The partition coefficients (P) of the single ionization species A,
and C were estimated by nonlinear curve fitting of the D/pH

iagrams with the function described in Eq. (3) (Kramer, 2001):

=
i∑

n=1

(˛i × Pi) (3)

here ˛i denotes the molar fraction of the ionization species i of the
rug and Pi is the partition coefficient of the species i. PC, PN and PA
re defined for the cationic, net neutral and anionic species, respec-
ively. For the analysis, the pKa values of salmeterol and indacaterol
ere kept variable. Data were fitted with the Systat software Table-
urve2D. For the curve fitting residuals were weighted by their
eciprocal squares.

.10. Surface Plasmon Resonance (SPR) measurements

The interactions of indacaterol and salmeterol with PhC bilay-
rs were investigated at 25 ◦C in a pH range between 5 and 10
ith a Biacore 3000 instrument equipped with an L1 chip accord-

ng to (Lombardi et al., 2009). Sensor chips were pre-conditioned
ith two consecutive 30 s pulses of 20 mM Zwittergent® deter-

ent followed by 50 mM HCl in 50% (v/v) isopropanol at a flow
ate of 0.1 ml/min before their first use (Abdiche and Myszka,
004). Liposomes were typically diluted in SUBS pH 7.4 to 5 mg

ipids per ml and captured to saturation across isolated flow
ells at 0.005 ml/min for 2 min. The flow rate was increased to
.075 ml/min and the liposome surface was washed with running
uffer at the respective pH (SUBS containing 0.2% DMSO) for 1000 s
efore drug injection.

To compare the pH-dependent kinetics of the interactions
etween the compounds and the lipid bilayers, 0.25 ml of inda-
aterol or salmeterol in running buffer containing 0.2% DMSO at pH
alues between 5 and 10 were injected at a flow rate of 0.05 ml/min.

he injection type was “Kinject” and 400 s were chosen as dis-
ociation time. After each binding cycle, the sensor surface was
egenerated to the original matrix by injecting 50 mM HCl in 50%
v/v) isopropanol at 0.05 ml/min. The data were not corrected for
he binding to the reference surface (unmodified lipid-free flow
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Fig. 3. Influence of indacaterol and salmeterol on DPH anisotropy in DMPC lipo-
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ig. 2. Distribution profiles in the octanol/buffer system. pH-Distribution profiles of
ndacaterol (squares), salmeterol (circles) and propranolol (triangles). Experimental
ata were fitted with Eq. (3) (see Section 2). The fitted partition coefficients P and
he inflection points are shown in Table 4.

ell) for avoiding artifacts due to non-specific binding to the chip
s previously described by Lombardi et al. (2009).

At an excess of lipids over solute, i.e. at indacaterol or salme-
erol concentrations <100 �M, the kinetics were independent of the
rug concentrations (Lombardi et al., 2009). Kinetic experiments
ere therefore performed with 60 �M indacaterol or salmeterol.
bsorption and desorption phases followed bi-exponential func-

ions and data were analyzed with Eq. (4) (adsorption) and Eq. (5)
desorption),

U(t) = RU(0) + RUmax 1 × e−k1×t + RUmax 2 × e−k2×t (4)

U(t) = RU(0) + RUmax 1 + RUmax 2

−(RUmax 1 × e−k1×t + RUmax 2 × e−k2×t) (5)

here RU(t) and RU(0) are the RUDrug at time t and the RU at
ime zero, i.e. before injection of the drug, respectively. RUmax1 and
Umax2 are the fitted plateau values of the two exponentials and
1 and k2 are the faster and the slower apparent rate constants,
espectively.

The faster apparent rate constants were not reproducible and
n some cases beyond the time resolution of the instrument and

ere, therefore, not further analyzed. Kinetic data were analyzed
s described earlier (Lombardi et al., 2009). Data points recorded
or 150 s after the injection of drug or buffer were fitted with Table-
urve2D neglecting the data of the first 5 s (Rebolj et al., 2006). The
esiduals were weighted by their reciprocal squares.

. Results

.1. Partitioning in the octanol/buffer system

The partitioning behavior of indacaterol, salmeterol and pro-
ranolol in the octanol/buffer system was examined between pH 4
nd 13. The concentration was between 7.2 and 21.5 �M for inda-
aterol and salmeterol and between 80 and 330 �M for propranolol.
he resulting D–pH diagrams were bell-shaped for indacaterol and
almeterol and sigmoidal for propranolol (Fig. 2). For indacaterol, D
as highest at pH 8.2 (6500), decreasing to approximately 10 at pH

3 and 100 at pH 4. For salmeterol, D was highest at pH 10.1 (1250),
ecreasing to approximately 100 at pH 4 and 40 at pH 13. In order to
uantitatively describe the D–pH diagrams we used a combination

f Henderson–Hasselbalch equations (Eq. (3)). To fit the curves the
nflection points (“pKa” in Eq. (3), see Section 2) were kept variable.
itted partition parameters and inflection points for indacaterol
nd salmeterol are shown in Table 4. Of all three drugs, the net
eutral species had the highest affinity for octanol. Indacaterol was

3
p

s

omes at pH 7.4. Closed circles, DMPC liposomes in the absence of drug (DMSO
ad no influence on the profile, not shown). Closed triangles, 100 �M indacaterol.
losed squares, 100 �M salmeterol; open squares, 10 �M salmeterol; open circles,
�M salmeterol; open triangles, 0.1 �M salmeterol.

he most lipophilic compound (PN 7720), followed by propranolol
PN 2054) and salmeterol (PN 1692). At pH 7.4, D was highest for
ndacaterol, medium for salmeterol and lowest for propranolol.

.2. Membrane fluidity

The lipid order of liposome membranes was tested by flu-
rescence anisotropy measurements as described in Section
. Liposomes of varying lipid composition were analyzed and
nisotropy values calculated according to Eq. (1).

Table 3 summarizes the anisotropy values at different tem-
eratures and shows the published transition temperatures (TM)

f available. Bilayers containing cholesterol in amount greater or
qual to 30% (mol/mol) were considered in the lo (liquid ordered)
hase (Laisc, 1993). In general, lipid bilayers with TM below the
xperimental temperature, i.e. in their ld (liquid disordered) phase,
ad lower anisotropy values than those with higher TM (lo phase),

ndicating that bilayers in ld phase were more fluid than bilayers
n lo phase.

DOPC which contains two oleic acid residues with one unsatura-
ion each, revealed a higher anisotropy value at 37 ◦C than the fully
aturated DMPC and the partially unsaturated PhC at the same tem-
erature, all in their ld phase (Nagle and Tristram-Nagle, 2000). The
uidity of DOPC bilayers appears to be lower than that of DMPC and
hC bilayers, despite its low TM. Cholesterol generally enhanced the
nisotropy, indicating a reduction in fluidity of the lipid bilayers.

.3. Influence of the drug on the membrane fluidity

In order to investigate the influence of indacaterol and salme-
erol on membrane fluidity, liposomes were incubated with the
rugs at the indicated concentrations and anisotropy was deter-
ined in the temperature range between 4 and 40 ◦C. As shown in

ig. 3, salmeterol but not indacaterol had a prominent influence on
PH anisotropy in DMPC bilayers at temperatures lower than TM.
he effect of salmeterol was concentration-dependent starting at
concentration of 1 �M. Anisotropy was not affected at 4 ◦C and

bove TM. No significant effect on DPH anisotropy was observed in
M and SM/Chol liposomes, all changes were less than 12% of the
nisotropy value in the absence of drug (data not shown).
.4. Concentration-dependence of salmeterol and indacaterol
artitioning in the liposome system

To study concentration-dependent partitioning in the liposome
ystems and to investigate whether the concentration-dependent
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Table 4
Membrane affinity parameters of indacaterol and salmeterol in different liposomal systems.

Lipid compositions Texp (◦C) Indacaterol Salmeterol

Inflection
points (pH)

PC PN PA Inflection
points (pH)

PC PN PA

DMPC 37 8.2/9.2 3647 ± 296 1183 ± 1079 281 ± 180 8.0/12.6 4710 ± 213 880 ± 64 c

DMPC 4 8.2/9.4 2061 ± 132 710 ± 942 415 ± 74 8.0/12.6 2628 ± 54 196 ± 64 c

DMPC/Chol 37 a 332 ± 106 332 ± 106 332 ± 106 a 310 ± 77 310 ± 77 310 ± 77
PhC 22 6.3/9.1 4424 ± 1114 5057 ± 235 865 ± 226 8.5/12.4 3545 ± 74 1480 ± 122 c

DPPC 22 a 1680 ± 233 1680 ± 233 1680 ± 233 a 560 ± 17 560 ± 17 560 ± 17
PhC/PhS 22 8.1/9.8 17001 ± 294 1386 ± 742 257 ± 167 8.2/11.2 10758 ± 148 2643 ± 511 c

DPPC/DPPG 22 7.1/9.0 1079 ± 206 3879 ± 446 631 ± 176 7.0/11.2 786 ± 180 2297 ± 186 c

DMPC/Chol/DMPG 37 8.6/9.6 427 ± 44 108 ± 147 171 ± 150 8.2/8.3 1294 ± 93 2567 ± 526 315 ± 2
PhC/DPPG 22 7.8/10.0 40456 ± 1649 3527 ± 1414 c 8.2/b 36537 ± 2602 2878 ± 738 c

SM 37 7.1/9.0 787 ± 376 3104 ± 576 719 ± 275 a 1389 ± 426 4768 ± 620 c

SM/Chol 37 a 1299 ± 261 1299 ± 261 1299 ± 261 a 1901 ± 250 1901 ± 250 1901 ± 250
DOPC 37 8.3/10.1 21253 ± 1453 5333 ± 9280 3255 ± 1026 8.2/b 19776 ± 2682 5162 ± 2281 c

DOPC/Chol 37 8.6/b 7006 ± 594 1839 ± 6642 c 8.2/b 9588 ± 1092 2325 ± 126 c

BLES 37 7.9/9.3 10006 ± 646 5319 ± 3152 2268 ± 749 8.1/8.5 11239 ± 466 2789 ± 4645 1608 ± 106
Raft-like 37 a 604 ± 97 604 ± 97 604 ± 97 a 809 ± 86 809 ± 86 809 ± 86
Octanol 22 7.6/8.9 164 ± 97 7720 ± 528 15 ± 101 8.9/11.3 152 ± 34 1692 ± 103 c

PC, PN and PA are the partition coefficients for the cationic, net neutral and anionic species, respectively. Fitted values ± estimated standard errors are shown. Lipid compositions
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ccording to Section 2.
a No inflection points detectable.
b No second inflection point detectable.
c Outside experimental pH range.

ffect of salmeterol but not indacaterol on DPH anisotropy is
eflected in their membrane partitioning, we investigated the
oncentration-dependence of their partitioning in the PhC liposo-
al system at pH 7.2 and 22 ◦C. Drug concentrations varied from

.24 to 600 �M.
As shown in Fig. 4, partitioning was concentration-independent

p to 5 �M. At this concentration, the lipid/drug ratio within the
ipid bilayer is greater than 230 (Lombardi et al., 2009). At higher
oncentrations, D values decreased in a concentration-dependent
anner and D was about four times lower at 600 �M when com-

ared to concentrations lower than 5 �M. No significant difference
as observed in the concentration-dependence of the partitioning

f the two drugs. To guarantee concentration-independent parti-
ion profiles, all other partition experiments with liposomes were
tarted with 1 �M drug concentration in the liposome-containing
ialysis cell half.

.5. pH-Partition profiles in PhC liposomes
To investigate membrane partitioning of indacaterol and sal-
eterol, equilibrium dialysis experiments were carried out with

iposomes as described under Section 2. D values were calculated
ccording to Eq. (2) and D–pH diagrams were analyzed as described

a
(
6
p
D

ig. 4. Concentration dependence of liposome partitioning. Partitioning of (A) indacater
gonists ≥20 �M and ≥300 �M, the samples contained 0.2% and 2% DMSO, respectively.
ata are from Lombardi et al. (2009), published with permission from Elsevier Inc. and ar
bove for the octanol/buffer system. The fitted P values and the
nflection points are reported in Table 4. Equilibrium dialysis exper-
ments with PhC liposomes [TM − 5 ◦C (Huang and Mason, 1978)] at
2 ◦C revealed a similar pH-partition profile for indacaterol and sal-
eterol (Fig. 5). The differences between the P values of the single

onization species were relatively small. For salmeterol, the cation
howed the highest affinity to the membrane while PN and PC val-
es were similar in the case of indacaterol. The pH-partition profile
f propranolol is shown for comparison in Fig. 5. As reported before
Pauletti and Wunderli-Allenspach, 1994), membrane affinity was
igher for the neutral species than for the cation.

.6. Influence of the lipid order on partitioning

In order to better understand the differences between the pH-
artitioning profiles in octanol and in PhC liposomes, experiments
ith more geometrically ordered membranes, i.e. DPPC, DMPC and
MPC/Chol 60/40 liposomes, were performed. Liposomes above

nd below the TM were considered in the ld phase and in the so
solid ordered) phase, respectively (Laisc, 1993). The DMPC/Chol
0/40 bilayers were considered lo phase (Laisc, 1993). When com-
ared to PhC liposomes, equilibrium dialysis experiments with
PPC liposomes [TM 41.5 ◦C (Marsh, 1990)] at 22 ◦C (so phase)

ol and (B) salmeterol in PhC liposomes at pH 7.2 and 22 ◦C. At concentrations of
As seen from the data, DMSO had no significant effect on partitioning. Salmeterol
e shown here for comparison.
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Table 5
D and log D values of indacaterol and salmeterol in various liposomal systems, rafts and octanol at pH 7.4.

Lipid compositions Texp (◦C) Indacaterol Salmeterol

DpH 7.4 log DpH 7.4 DpH 7.4 log DpH 7.4

DMPC 37 3306 ± 605 3.52 ± 0.07 4009 ± 116 3.60 ± 0.01
DMPC 4 1861 ± 238 3.27 ± 0.05 2109 ± 89 3.32 ± 0.02
DMPC/Chol 37 332 ± 106 2.52 ± 0.12 360 ± 77 2.56 ± 0.08
PhC 22 4924 ± 166 3.69 ± 0.01 3406 ± 29 3.53 ± 0.00
DPPC 22 1680 ± 233 3.23 ± 0.06 560 ± 17 2.75 ± 0.01
PhC/PhS 22 14648 ± 1117 4.17 ± 0.03 9681 ± 212 3.99 ± 0.01
DPPC/DPPG 22 2845 ± 128 3.45 ± 0.02 1818 ± 228 3.26 ± 0.05
DMPC/Chol/DMPG 37 409 ± 63 2.61 ± 0.06 1409 ± 74 3.15 ± 0.02
PhC/DPPG 22 30971 ± 4116 4.49 ± 0.05 32122 ± 1748 4.51 ± 0.02
SM 37 2232 ± 424 3.35 ± 0.07 3324 ± 222 3.53 ± 0.03
SM/Chol 37 1299 ± 261 3.11 ± 0.08 1901 ± 250 3.28 ± 0.05
DOPC 37 16156 ± 2387 4.21 ± 0.06 17785 ± 3516 4.25 ± 0.08
DOPC/Chol 37 6686 ± 675 3.83 ± 0.04 8975 ± 117 3.95 ± 0.01
BLES 37 8756 ± 257 3.94 ± 0.01 9622 ± 551 3.98 ± 0.02
Raft-like 37 604 ± 76 2.78 ± 0.04 809 ± 76 2.91 ± 0.04

4.02 ± 0.03 4527 ± 1426 3.66 ± 0.12
3.51 ± 0.01 201 ± 47 2.30 ± 0.09

F to Section 2.
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Rafts 37 10473 ± 731
Octanol 22 3226 ± 101

itted values ± estimated standard errors are shown. Lipid compositions according

evealed lower membrane affinities for the neutral and cationic
pecies of both drugs. The partitioning was pH-independent for
oth agonists. Indacaterol had an approximately three times higher
embrane affinity than salmeterol. Results are shown in Fig. 6,

ables 4 and 5.
Partitioning behavior in liposomes consisting of DMPC [TM 23 ◦C

Marsh, 1990)] at 37 ◦C, DMPC/Chol 60/40 at 37 ◦C and DMPC at
◦C, are shown in Fig. 7. For both compounds, the pH-partitioning
rofiles with DMPC at 37 ◦C [ld phase (Pokorny et al., 2000)] and
◦C (so phase) were characterized by highest affinity of the cationic

pecies. As seen with DPPC at 22 ◦C (so phase), the partitioning was
H-independent and similar for the two drugs in the presence of
0% cholesterol (lo phase).

.7. Influence of lipid head-group charge on membrane
artitioning

Next, we studied the influence of ionic and charge–charge inter-
ctions on the membrane partitioning of the two drugs. Lipid
ompositions were PhC/PhS 70/30 and PhC/DPPG 70/30 at 25 ◦C
ld phase), DPPC/DPPG 80/20 liposomes at 22 ◦C (so phase) and

MPC/Chol/DMPG 30/40/30 liposomes at 37 ◦C (lo phase). Results
re shown in Fig. 8 and Tables 4 and 5. For both compounds the
artition coefficients were highest with the negatively charged ld
embranes at pH less than 7.5. PC values were three- to four-

old higher in the PhC/PS than the PhC liposomes while PN and PA

n
D
s
t

ig. 6. Distribution profiles of indacaterol and salmeterol in DPPC liposomes. pH-Distrib
he fitted values of P are reported in Table 4.
ig. 5. pH-Dependent partitioning in PhC liposomes. pH-Distribution profiles of
ndacaterol (squares), salmeterol (circles) and propranolol (triangles) with PhC lipo-
omes at 22 ◦C. The fitted values of P and the inflection points are reported in Table 4.
almeterol and Propranolol data are from Lombardi et al. (2009), published with
ermission from Elsevier Inc. and are shown here for comparison.

alues decreased for indacaterol and PN increased for salmeterol
Table 4).
Twenty percent DPPG in combination with DPPC at 22 ◦C did
ot show the increased attraction of cations observed with 30%
PPG in PhC membranes at a similar temperature. Indacaterol and

almeterol PC values were lower than the respective PN values in
his system (Table 4).

ution profiles of indacaterol (A) and salmeterol (B) with DPPC liposomes at 37 ◦C.
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Fig. 7. Distribution profiles of indacaterol and salmeterol in DMPC and DMPC/Chol liposomes. pH-Distribution profiles of indacaterol (A) and salmeterol (B) with DMPC
liposomes at 37 ◦C (squares) or 4 ◦C (triangles) and DMPC/Chol 60/40 liposomes at 37 ◦C (circles). The fitted values of P and the inflection points are reported in Table 4.

F salme
7 C/DPP
a

3

t
(
h
t
u
s
fi
t
t
a

3
o

c
b
b
i

F
l

ig. 8. Influence of negatively charged lipids on the partitioning of indacaterol and
0/30 liposomes at 25 ◦C (squares) PhC/PhS 70/30 liposomes at 37 ◦C (triangles), DPP
t 37 ◦C (circles). See Table 4 for fitted values of P and inflection points.

.8. Influence of lipid acyl chain saturation on membrane affinity

To further investigate the influence of the membrane proper-
ies on partitioning, experiments with DOPC liposomes [TM − 21 ◦C
Marsh, 1990)], at 37 ◦C, were performed (Fig. 9, Tables 4 and 5). The
omogenous unsaturation pattern of DOPC significantly increased
he membrane affinity of both drugs as compared to partly unsat-
rated PhC (Fig. 5) and saturated DPPC (Fig. 6) or DMPC (Fig. 7)

ystems. The two drugs had similar affinities and partition pro-
les in the DOPC system. The presence of 40% cholesterol reduced
he affinity of both agonists by two- to three-fold. In contrast to
he DMPC and DMPC/Chol systems, the pH-dependence was not
ffected when cholesterol was added to DOPC.

a
p
(
d
m

ig. 9. Distribution profiles of indacaterol and salmeterol in DOPC and DOPC/Chol lipo
iposomes at 37 ◦C (diamonds) and DOPC/Chol 60/40 liposomes at 37 ◦C (triangles). The fi
terol. pH-Distribution profiles of indacaterol (A) and salmeterol (B) with PhC/DPPG
G 80/20 liposomes at 25 ◦C (diamonds) and DMPC/Chol/DMPG 30/40/30 liposomes

.9. Influence of the lipid back bone hydrogen bonding properties
n partitioning

Sphingomyelin has a ceramide backbone while phosphatidyl-
holines are built from the triglyceride backbone. The ceramide
ackbone can act as a hydrogen bond donor while the triglyceride
ackbone has only hydrogen bond acceptor capacities. Partition-

ng with SM liposomes [TM 41.4 ◦C (Marsh, 1990)] at 37 ◦C revealed

bell-shaped partitioning profile for indacaterol and a sigmoidal
rofile with PC value being lower than PN value for salmeterol
Fig. 10, Tables 4 and 5). As in the other systems, cholesterol
ecreased the affinity of neutral indacaterol and salmeterol to SM
embranes. As seen for DMPC/Chol (37 ◦C) but not DOPC/Chol

somes. pH-Distribution profiles of indacaterol (A) and salmeterol (B) with DOPC
tted values of P and the inflection points are reported in Table 4.
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ig. 10. Distribution profiles of indacaterol and salmeterol in SM and SM/Chol lipo
t 37 ◦C (squares) and SM/Chol 60/40 liposomes at 37 ◦C (circles). The fitted values

37 ◦C), pH-dependence was abolished in the SM/Chol (37 ◦C) sys-
em.

.10. Influence of cholesterol on membrane partitioning

Cholesterol is known to bring ld membranes to an lo state above
certain cholesterol/lipid ratio (Laisc, 1993). Addition of choles-

erol reduced the membrane affinities of both beta-2-adrenoceptor
gonists in general. In DPMC and SM but not in DOPC membranes,
0% cholesterol equalized the partitioning of neutral and cationic
pecies at 37 ◦C, flattening both the sigmoidal profile in DMPC with
ighest cation affinity as well as the bell-shaped profile in SM with
ighest affinity of the neutral species (Figs. 7, 9 and 10).

.11. Partitioning in liposomes from BLES, liposomes mimicking
afts and extracted raft domains

Additional equilibrium dialysis experiments were performed
ith liposomes mimicking the lipid component of raft domains

f cellular membranes and with rafts extracted from P388 or
388/ADR cells. As shown in Fig. 11, the experiments with the raft-
ike liposomes (see Section 2 for the lipid composition) revealed
imilar affinity for the two agonists and were independent of
he pH, mimicking the situation observed in other cholesterol-
ontaining liposomes (except DOPC/Chol and DMPC/Chol/DMPG).

he affinity of the agonists to rafts extracted from cells revealed an
pproximately two-fold higher affinity of indacaterol at pH 7.4 and
7 ◦C (Table 5). It has to be noted that raft extract might contain
roteins that also could affect affinity of the agonists. Experiments
ith the lipid extract from the bovine lung surfactant (BLES) are

t
f
l
a
k

ig. 11. Distribution profiles of indacaterol and salmeterol in BLES and raft-like liposo
iposomes (see Section 2) at 37 ◦C (squares) and BLES liposomes at 37 ◦C circles). See Tabl
. pH-Distribution profiles of indacaterol (A) and salmeterol (B) with SM liposomes
d the inflection points are reported in Table 4.

hown in Fig. 11. The affinity and pH-partition profiles were similar
or indacaterol and salmeterol. Affinity was highest for the cations,
s observed with the phosphatidylcholine and negatively charged
iposomes.

.12. Comparison of salmeterol and indacaterol membrane
artitioning

In contrast to the octanol/buffer partition system where inda-
aterol D value, at pH 7.4, was 16 times higher than salmeterol,
he two beta-2-adrenoceptor agonists showed similar partition
haracteristics in most of the liposomal systems studied. Signifi-
ant differences in the pH-partition profiles were only observed
n DPPC/DPPG (25 ◦C) and SM (37 ◦C) liposomes. Differences in D
alue, at pH 7.4, were highest in the DPPC (22 ◦C) system with a D
atio indacaterol/salmeterol of three and DMPC/Chol/DMPG (37 ◦C)
ith a ratio of 1/3. The respective ratio was two in extracted rafts

37 ◦C) (see Table 5).

.13. Kinetics of membrane interactions of indacaterol and
almeterol

To measure the kinetics of the interactions of the different ionic
pecies of indacaterol with PhC bilayers, liposomes were immobi-
ized on a Biacore L1 sensor chip and binding kinetics were recorded
etween pH 5 and 10 as described under Section 2. The adsorp-

ion and desorption phases of indacaterol followed bi-exponential
unctions in the pH range under investigation (Fig. 12). In our ear-
ier work (Lombardi et al., 2009), it was found that salmeterol has
bi-exponential kinetics up to pH 8.6 and mono or bi-exponential
inetics at pH above pKa1.

mes. pH-Distribution profiles of indacaterol (A) and salmeterol (B) with raft-like
e 4 for fitted parameters.



D. Lombardi et al. / European Journal of Pharmaceutical Sciences 38 (2009) 533–547 543

Fig. 12. Association and dissociation kinetics of indacaterol with PhC liposomes. Representative examples of the association phases (A, C) and the dissociation phases (B, D)
at 60 �M indacaterol at pH 7.2 (A, B) and at pH 9.3 (C, D). Buffers contained 0.2% DMSO. The upper panels show the sensograms with the best-fit function; the lower panels
the residuals for the mono- (solid line) and bi-exponential (dashed line) fits. Salmeterol kinetics are shown elsewhere (Lombardi et al., 2009).

Fig. 13. pH-Dependence of the fitted apparent rate constants k2 and k of the liposome association and dissociation phases of indacaterol and salmeterol. The association (A,
B) and dissociation (C, D) phases of indacaterol (A, C) and salmeterol (B, D), respectively, to and from PhC liposomes were recorded at various pH values and the apparent rate
constants of the slow phases of the bi-exponential functions (k2, closed symbols) and of the mono-exponential functions (k, open symbols) were estimated from non-linear
curve fitting as shown in Fig. 12. Mean values of 6 independent experiments with standard deviations. Salmeterol data are from Lombardi et al. (2009), published with
permission from Elsevier Inc. and are shown here for comparison.



5 Pharm

0
a
0
i
a
a
t
w
R

4

o
c
l
f
p
d

t
l
p
p
T
s
z
m
t
f
a
o
i
c
f
t
t
A
e

t
b
z
c
a
P
n
a
t
o
2
c
o
b
B

m
f
m
b
c
t
r

b
a
c
m
l
p
t
b
n
c
c
o
h
p
m
c
h
p

t
D
D
a
s
w
o
l
a
v

t
s
a
T
a
a
b
c

i
r
t
r
m
m
b
e
i
i
2
t
s
b
a

s
n
i
o
a

44 D. Lombardi et al. / European Journal of

The k2 values of the indacaterol association phase were between
.02 and 0.06 s−1 in the investigated pH range; the respective
pparent rate constants of the dissociation phase were between
.03 and 0.06 s−1. Our previous work with salmeterol revealed pH-

ndependent k2 values between pH 5 and pH 8. The respective
pparent rate constants were between 0.01 and 0.03 s−1 for the
ssociation phase and between 0.03 and 0.07 s−1 for the dissocia-
ion phase. Salmeterol kinetics were mono-exponential above pKa1
ith k values between 0.08 and 0.12 s−1 (Lombardi et al., 2009).
esults are shown in Fig. 13.

. Discussion

In this work, we investigated how the differences in time to
nset and duration of action between indacaterol and salmeterol
ould be related to their steady state and kinetic interactions with
ipid membranes. The two beta-2 adrenoreceptor agonists dif-
ered strikingly in their effect on membrane fluidity while their
H-distribution profiles were similar in most liposome systems,
espite their different behavior in the octanol/buffer system.

The pH ranges with highest D values in the octanol/buffer par-
ition system differed for indacaterol and salmeterol. A maximum
og D value of 3.8 was found at pH 8.2 for indacaterol and of 3.2 at
H 10.1 for salmeterol. This is in agreement with the differences in
Ka values of the amine and phenolic groups of the two compounds.
he pKa values of indacaterol are lower than the respective values of
almeterol, indicating that at physiological pH indacaterol is mainly
witterionic or uncharged while the cationic form prevails for sal-
eterol (Cuenoud et al., manuscript in preparation). Accordingly,

he partition experiments in octanol/buffer at pH 7.4, revealed a 15-
old higher D value for indacaterol than for salmeterol. In contrast,
similar pH-distribution profile for indacaterol and salmeterol was
bserved in several liposome preparations regardless of differences
n acyl chain length and saturation, in head group charge, or in
holesterol and/or sphingomyelin presence. Hence, neither the dif-
erence in the ionization pattern observed in aqueous solution nor
he difference in length and flexibility of the compound tails seem
o affect the affinity of salmeterol and indacaterol to lipid bilayers.
nother striking difference to the octanol/buffer system was the
xtensive partitioning of the cationic forms of the two compounds.

Having a closer look at the lipid bilayer as a distribution sys-
em, the relatively high membrane affinity of charged species can
e rationalized as follows: while charge neutralization within the
witterion is favorable in octanol, leading to higher distribution
oefficients for zwitterions than for net charged species (Avdeef et
l., 1998; Betageri and Rogers, 1988; Hellwich and Schubert, 1995;
lember van Balen et al., 2001), in a lipid bilayer system, charge
eutralization can be achieved by interactions with the phosphate
nd the amine moieties of the lipid head groups, independent of
he presence of a counter-charge within the molecule. In support
f this hypothesis, a similar behavior, as we found with the beta-
-adrenoceptor agonists in the present study, was observed with
etirizine, a histamine H1 receptor antagonist with two basic and
ne acidic groups. The mono-cation had a higher affinity to lipid
ilayers than the zwitterionic and the anionic species (Plember van
alen et al., 2001).

Depending on the sterical arrangement of the hydrophobic
oiety/moieties and the charged groups, fewer charges may be

avorable for a good fit within the bilayer. The zwitterions of sal-

eterol and indacaterol, which are the main ionization species

etween the two pKa values and which have the highest partition
oefficient in the octanol/buffer system, may need more energy
o partition into the bilayer than the corresponding cations. It is
easonable to assume that the compounds’ hydrophobic tails are

t
t
a
7
t
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uried in the acyl chain region, independently of the charges of the
mine and phenol groups. In such a case, the positive charge of the
ations, which is localized at the amine group of the compounds,
ay interact with the negatively charged phosphate groups of the

ipids. At the same time the neutral phenolic moieties of the com-
ounds could be located at the height of the carbonyl groups and
he first C atoms of the acyl chains of the lipids, forming hydrogen
onds with the carbonyl oxygens. Upon deprotonation of the phe-
olic hydroxyl group, the preferred location of the phenolate may
hange and tend towards the head group/buffer region where it
an neutralize its charge with the quaternary amine of the choline
r with electrolytes in the water phase. Due to the loss of the
ydrophobic interaction between the aromatic ring of the com-
ound and the acyl chains of the lipids, the membrane affinity
ay decrease, although the charge distribution would fit with the

harges of the head groups. This model is sufficient to explain why
ardly any differences were detected between the pH-partition
rofiles into liposomes of the two drugs.

A striking difference between indacaterol and salmeterol was
heir effect on DPH anisotropy. Molecular dynamics modeling with
PPC bilayers at T value inferior to TM value revealed a position of
PH in the middle region of the lipid hydrocarbon chains, in a par-
llel alignment to the chains (Repakova et al., 2005). The long tail of
almeterol, corresponding to an acyl chain of 15 C atoms in lengths,
as able to perturb the membrane and therefore the environment

f DPH. In contrast, the shorter and bulkier tail of indacaterol with
ess rotational freedom, corresponding in length to a C-chain of 7
toms, did not cause significant changes in the lipid order in the
icinity of the probe.

Ochsner et al. (1999) demonstrated that the phase transition
emperature of DPPC bilayers was depressed in the presence of
almeterol at concentrations greater or equal to 100 �M. This is in
greement with our findings from the anisotropy measurements.
he perturbing effect of salmeterol is substantial, as it was observed
t concentrations down to 1 �M, where the lipid/drug ratio was
pproximately 2000 within the bilayer. This may give rise to the
eta-2-adrenoceptor independent effect observed with high con-
entrations of salmeterol (Chong et al., 1998; Nials et al., 1997).

In addition, the sustained membrane-fluidity perturbation
nduced by salmeterol may result in a reduced function of the
eceptor and hence only weak partial agonistic effect of salme-
erol. Experimental observations made over the last 10 years led
esearchers to propose that highly ordered cholesterol-enriched
embrane lipid microdomains, and more specifically caveolae,
ay influence beta-2-adrenoceptor signal transduction properties

y controlling its association with its signaling partners (Ostrom
t al., 2001; Razani et al., 1999; Rybin et al., 2000) and its dimer-
zation. The latter was suggested to play a key role in its activation
n airway smooth muscle cells (Cherezov et al., 2007; Ianoul et al.,
005; Rosenbaum et al., 2007; Xiang et al., 2002). Therefore, it is
empting to suggest that the membrane fluidity enhancement of
almeterol could indirectly reduce its coupling efficacy via pertur-
ation of the cell membrane ordered micro-domains, resulting in
lower intrinsic efficacy.

In contrast to our results, Austin et al. (2003) found a bell-
haped distribution profile for salmeterol in DMPC liposomes. The
et neutral species had a higher bilayer affinity than in our exper-

ments while cation and anion affinities were in agreement with
ur data. In the present work, indacaterol and salmeterol revealed
concentration-dependent partitioning at concentrations greater
han 5 �M. In addition, the influence of the concentration on salme-
erol partitioning was pH-dependent (Lombardi et al., 2009). While
t concentrations lower than 100 �M partitioning was higher at pH
.2 than at pH 9.5, the opposite was true at concentrations greater
han 100 �M, consistent with a bell-shaped distribution profile.
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his may explain the discrepancies between the salmeterol pH-
istribution profiles determined by other groups and the results
hown in the present work.

It is noticeable that only with liposomes consisting of
PPC/DPPG 80/20 and SM we found a higher membrane affinity

or the net neutral species than for the cations. In contrast to the
ther phospholipids, these liposomes are characterized by their
ydrogen bond donor capacity, and their relatively high TM that

eads mainly to so membranes at 37 ◦C. Why these two liposomes
evealed bell-shaped partition profiles while other liposomes with
ne of the two characteristics, such as DMPC at 4C◦ (so bilayer)
nd cholesterol-containing liposomes (hydrogen-bond donor char-
cteristics), did not show this partition behavior, can only be
peculated. First, the rigidity of the membrane could generate unfa-
orable conditions for the intercalation of the hydrophobic tail of
he compounds. Second, the hydrogen-bond donors of PG and SM
ould shield the hydrogen-bond acceptor groups of the lipids and
educe their interaction with hydrogen-bond donors of the drugs
nd in particular of the fully protonated cationic drugs. Third, the
ydrogen-bond donors of the lipids could interact in addition with
he phenolate oxygen, favoring the membrane interaction of net
eutral salmeterol and indacaterol.

The affinity of both indacaterol and salmeterol for DOPC bilay-
rs was notably increased as compared to PhC bilayers. These two
ipids have the same head groups but differ in their acyl chain
attern. While PhC contains a mix of unsaturated and saturated
hains of different length, all acyl chains of DOPC membranes con-
ain one unsaturation between C9 and C10 and are 18 C atoms
n length. It appears that the higher rigidity of DOPC does not
xclude a better intercalation of the solutes into DOPC than into PhC
embranes. Cholesterol reduced the membrane affinity of the two

rugs in general but did not abolish the pH-dependence as seen for
artially (SM) or fully (DMPC) saturated phospholipids. This differ-
nce in effect may be related to the different interactions between
holesterol and the respective phospholipids (Tsamaloukas et al.,
006).

The micro-domain structure of biological membranes has
ttracted significant attention in the past decade [see Jacobson et
l. (2007) for a review] and the function of the beta-2-adrenoceptor
as been linked with the presence of membrane rafts and calveo-

ae in airway smooth muscle (Halayko et al., 2008). We found that
hen raft vesicles, prepared by the cold TritonX-100 method, were
sed as the partition phase, indacaterol partition was two-fold
reater than that of salmeterol at pH 7.4. This two-fold higher depot
lose to the receptors could contribute to the prolonged action of
ndacaterol as compared to salmeterol.

The kinetics of drug-membrane interactions investigated by
PR were pH-dependent according to the ionization state of the
olutes. Under our experimental conditions, the apparent rate con-
tant of salmeterol and indacaterol partitioning into the membrane
t physiological pH was too fast for a quantitative analysis. The
bserved slower rate constants were assigned to the translocation
rocess (flip–flop) at physiological pH (Lombardi et al., 2009). This
rocess was two-fold faster for indacaterol than for salmeterol,

ndicative for faster membrane permeation and hence tissue dif-
usion of indacaterol over salmeterol. Faster tissue diffusion could
ontribute to the faster onset of therapeutic action of indacaterol.

Based on our results, we expand the existing ‘micro-kinetic
odel’ (Anderson et al., 1994) as shown in Fig. 14. After inhalation,

he drug moves through the lung tissue to reach the beta-2-

drenoceptor on smooth muscles before being eliminated from
he lung. In the case of compounds with moderate lipophilicity,
uch as salbutamol, a significant fraction of the drug is present in
he aqueous phases. The compound diffuses rapidly to activate the
eta-2-adrenoceptor before being rapidly eliminated from the lung

s
l
t
a
s

ig. 14. Model to explain the pharmacological profile differences between salme-
erol and indacaterol. See text for details.

esulting in a fast onset and short duration of action (Anderson et al.,
994). For the highly potent formoterol and the even more potent
armoterol, two compounds of intermediate lipophilicity, the high
otency at the receptor is likely to play a determinant role in pro-
iding a sustained duration of action of 12 and 24 h, respectively
Voss et al., 1992).

The highly lipophilic indacaterol and salmeterol extensively
artition into the membranes whilst diffusing into the lung tis-
ues at a rate that can influence the onset of action. The proximal
ree drug concentration is sustained over-time by the local release
rom the lipid compartments long after the initial inhaled bulk
ree fraction has been eliminated (Anderson et al., 1994). For inda-
aterol this is likely to be one of the main mechanisms that provide
xtended duration of action, and its 2-fold higher affinity for raft
icro-domains compared to salmeterol might contribute to the

ifference in duration of action. Regarding the fast onset of action
or indacaterol, it has been postulated that zwitterionic lipophilic
ompounds might have a faster diffusion rate across tissues than
he cations or anions (Jeppsson et al., 1989). At physiological pH
ndacaterol is mostly present as a zwitterionic species while salme-
erol, that has a slow onset, is mostly present in its cationic form
n aqueous solution. Therefore, the zwitterionic species of inda-
aterol could explain its fast onset of action when compared to
almeterol. This hypothesis is supported by our results showing a
wo fold faster translocation of indacaterol across lipid membranes
hen compared to salmeterol.

The shorter duration of action of salmeterol compared to inda-
aterol could be the result of the partial agonist properties of
almeterol, implying that occupancy of a higher number of recep-
ors is needed for sustaining a pharmacologically relevant efficacy
evel, which might be more difficult to achieve for an extended time
eriod. Supporting this view (Battram et al., 2006) have shown that
igher than expected doses of salmeterol are required in in vivo
harmacological models to achieve a significant level of efficacy
ver time which might lead to a decrease in therapeutic index.
he higher intrinsic efficacy of indacaterol implies that at equi-
ffective doses, a smaller number of beta-2-adrenoceptor need to
e reached compared to a partial agonist with similar lipophilicity
uch as salmeterol.

Another aspect to be considered is the induced receptor desen-
itization upon prolonged agonist exposure. Duringer et al. (2009)
orrelated the lipophilicity of a panel of beta-2-adrenoceptor
gonists with their capacity to induce loss in the receptor respon-
iveness after equi-effective stimulation. They showed that a high

og D value in combination with a low efficacy was predictive of
he loss of responsiveness. There were exceptions to this principle,
nd no single factor explained the rank order of reduced respon-
iveness to indacaterol and formoterol. Our suggestion is that the
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ail length, responsible for the degree of membrane perturbation,
nfluences the suppression of responsiveness.

Whether the membrane fluidizing effect of salmeterol con-
ributes to the fact that it is only a partial agonist or to its high
esensitization capacity remains unanswered here.

In conclusion, salmeterol and indacaterol show no major but
everal minor differences in their steady state and kinetic interac-
ions with lipid membranes. The sum of these small differences
ncluding higher partitioning of indacaterol into the microen-
ironment of the receptor and faster membrane permeation of
ndacaterol is likely to contribute to the faster onset and longer
uration of therapeutic action of indacaterol. A striking difference
as observed in the effect of the two compounds on membrane
uidity. While indacaterol did not alter membrane fluidity, sal-
eterol drastically increased membrane fluidity. This may affect

he function of the receptor reducing the intrinsic efficacy of the
ompound.
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