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Abstract—This paper uses a recent approach toward drug discovery, in which in silico tools and experimental data are combined
together to study the structural features of amlodipine and their relevance in the peculiar pharmacodynamic and pharmacokinetic
profiles of this long acting calcium antagonist.

Results reveal for amlodipine two families of conformers (folded and extended) but also demonstrate that protonation is the pre-
dominant factor governing amlodipine intermolecular interactions among which ionic forces play a major role.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

1,4-Dihydropyridines (1,4-DHPs) are a well-known
class of calcium antagonists, drugs used in the treatment
of hypertension. The original lead compound of the
class of 1,4-DHP is nifedipine, (1 in Fig. 1) which is
still widely used today in therapy. 1,4-DHPs can be clas-
sified either according to their pharmacodynamic prop-

properties (duration of action).! Amlodipine (2 in
Fig. 1), lacidipine (3), and lercanidipine (4) belong to
the third generation of 1,4-DHPs, pharmacokinetically
characterized by prolonged effect.>3

Amlodipine (2-[(2-aminoethoxy)methyl]-4-(2-chlorophen-
yl)-3-ethoxycarbonyl-5-methoxycarbonyl-6-methyl-1,4-
dihydropyridine)*) is comparable from a pharmaco-

erties and/or according to their pharmacokinetic dynamic point of view (potency and selectivity) to

Abbreviations: 1,4-DHPs, 1,4-dihydropyridines; 1,2-dce, 1,2-dichloroethane/water system; AM1, Austin Model 1; ASA, the water-accessible surface
area; ASA+, the positive surface area; CASA™, the charge-weighted positive surface area; FCASA™, the fractional charge-weighted positive surface
area; HB, hydrogen bonding; HBD, H-bond donor acidity; HBA, H-bond donor basicity; GB/SA, generalized born surface area; HMC, Hybrid
Monte Carlo; IAM, immobilized artificial membranes; log P?C[, logarithm of the partition coefficient of the neutral form in the n-octanol/water;
log PY.., logarithm of the partition coefficient of the neutral form in the 1,2-dichloroethane/water; log P, logarithm of the partition coefficient of the
neutral form in the n-dibutylether/water; log Pﬁ‘p, logarithm of the partition coefficient of the neutral form in the liposomes/water system; long?[,
logarithm of the distribution coefficient at a given pH in the n-octanol/water system; log P!, logarithm of the partition coefficient of an ionized
species I in the n-octanol/water system; longjce, logarithm of the partition coefficient of an ionized species I in the 1,2-dichloroethane/water system;
difflog PN7"), difference between the log P of the neutral form of a compounds and the log P of its ionized form; Alog Poc;_gce, the difference of the
partition coefficients of the neutral species in the n-octanol/water and 1,2-dichloroethane/water systems; log k;{*M, logarithm of the IAM capacity
factor; log kSDS, logarithm of the capacity factor extrapolated to 100% aqueous solvent in RP-HPLC (ODS column); PAMPA, parallel artificial
membrane permeability assay; P. (cm/s units), the effective permeability coefficient; UWL, unstirred water layers; P,,, the true membrane perme-
ability; Py, pH-independent intrinsic permeability; PC*, the total positive partial charge; PEOE, partial equalization of orbital electronegativities;
QSAR, quantitative structure—activity relationship; RMS, root mean square.

Keywords: Isotropic lipophilicity; Anisotropic lipophilicity; Permeability; PAMPA; Molecular dynamics simulation; ASA descriptors; Intramolecular
effects.

TContribution no. 10 from pION in the series: PAMPA—a Drug Absorption in vitro Model. Ref. 14 is part 3 of the series.

* Corresponding author. Tel.: +39 011 6707282; fax: +39 011 6707687; e-mail: giulia.caron@unito.it

0968-0896/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2004.09.004


mailto:giulia.caron@unito.it 

6108 G. Caron et al. | Bioorg. Med. Chem. 12 (2004) 6107-6118

NOZ
H3;CO0C COOCH; H;CO0C
HsC II\J CHs HsC
H
1
CH=CHCOOC(CHj)3
HaCH,COOC | | COOCH,CHs HiCOOC
HsC l}l CHs HaC
H
3

Cl
COOCH,CH3
| O\/\
lil NH,
H
NO,

COOC(CHg)2CH,N(CH3)CH,CHL,CH(CgHs)2

CHs

s~ IT—Z2

Figure 1. Chemical structures of nifedipine (1), amlodipine (2), lacidipine (3), and lercanidipine (4).

nifedipine, > but shows particularly favorable pharmaco-
kinetic characteristics mainly due to the peculiar mem-
brane location and binding mode,®’ which in turn are
due to its structural features. Amlodipine in fact bears
a basic 2-aminoethoxymethyl group on the DHP ring
that is very different from substituents located in the
same position on third generation 1,4-DHPs (Fig. 1)
and strongly influences the ionization and lipophilicity
profiles of the drug.

The deconvolution of information from ionization and
lipophilicity data could furnish a simple prediction tool
for membrane permeation ability useful in the design of
long action drugs. In fact besides their numerical value
lipophilicity data contain a variety of information about
inter- and intramolecular forces affecting partitioning,
binding, and their related biological phenomena.®!! In
this paper a sort of ‘in combo’ approach'?> has been
undertaken to extract structural information related to
pharmacokinetic properties from ionization and lipo-
philicity results. In particular the strategy consists of
three steps: (a) measurement, collection, and analysis
of experimental data concerning ionization and lipophi-
licity in various systems; (b) simple and reliable in vitro
permeability measurements,'>'* and (c) molecular
modeling investigations. For the sake of completeness,
nifedipine was used as reference compound.

2. Results and discussion
2.1. Ionization behavior

For 2 experimental values of pK, can be divided in
two groups: (a) direct aqueous values (9.07 here,
9.02 in Ref. 6, 9.26 in Ref. 15) and (b) extrapolated
aqueous values (9.03 in Ref. 16 using methanol as
co-solvent, 9.31 in Ref. 17 using dioxane as co-solvent).
All measurements are in good agreement (differences
less than 0.5). In this study an averaged value of 9.1
was used.

The experimental pK, value is sufficiently well pre-
dicted by both SPARC'" (8.6) and ADME Boxes'®
(9.6). Because of the good agreement between experi-
mental and calculated values no particular intramole-
cular interaction is expected to occur in water neither
for the neutral nor the ionized species.

2.2. Lipophilicity behavior

2.2.1. Lipophilicity in isotropic systems. Information aris-
ing from isotropic lipophilicity (water/solvent system in
which the lipophilic phase is an organic solvent) is less
bio-mimetic than lipophilicity in anisotropic media
(e.g., liposomes), but a number of reports recently
stressed how much information is hidden in logP
data $20-22

2.2.1.1. Neutral species. Isotropic lipophilicity of
neutral amlodipine was firstly investigated in n-octa-
nol/water system.

Experimental potentiometric values for amlodipine are
reported in Ref. 16 (logPY, =2.96) and in Ref. 17
(log P}jct = 3.17) and are in good agreement. The experi-
mental value for nifedipine is more doubtful but among
data reported in MedChem95 databases the values of
Mason (2.86) and Manners (3.27) were selected because
the same authors reported a number of reliable lipophi-
licity data for amlodipine. In addition, Lombardo
et al.>3 reports 3.17 for 1. We assumed for nifedipine
an averaged log P = 3.0. It should be pointed out that
nifedipine log P cannot be determined by potentiometry
and is almost experimentally inaccessible by traditional
shake-flask method, which reasonably has logP = 3.0
as upper limit of detection.®

Calculated values of lipophilicity have been obtained by
testing various log P software programs based on differ-
ent methodologies.?? For amlodipine and nifedipine cal-
culated data variances have been illustrated by a
histogram and compared with experimental logPY

oct
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Figure 2. Comparison between calculated log P,
details see text.

(Fig. 2): the sufficient agreement between calculated data
and experimental results suggests that no intramolecular
effects govern lipophilicity of neutral amlodipine (and
nifedipine) in the octanol/water system. In particular
we chose Absolv?* as reference software for calculating
log P (Table 1) because it is able to calculate log P in
various biphasic systems.??

Table 1. Isotropic lipophilicity descriptors for neutral amlodipine and
nifedipine

Descriptor Amlodipine Source Nifedipine Source
log P2 2.96 Ref. 16 3.0 Med-
Chem95
clogPN.” 3.56 Absolv  2.51 Absolv
diffllog PP~y (.60 Here 0.49 Here
log P}, 4.02 Here >3 —
clogPl\. ° 2.89 Absolv  3.23 Absolv
difflog PP~y 1.13 Here — —
Alog Poct—dee® —1.06 Here — —
cAlog Poci—dee” 0.88 Ref.27 0 Ref. 27
log P! 1.52 Here — —
clogP}, 2.06 Absolv  1.32 Absolv
diffllog PPP—eale)k () 54 Here  — —

4 Experimental value of the logarithm of the partition coefficient of the
neutral form in n-octanol/water system.

® Calculated value (Absolv) of the logarithm of the partition coefficient
of the neutral form in n-octanol/water system.

¢ Difference between footnotes a and b.

9 Experimental value of the logarithm of the partition coefficient of the
neutral form in 1,2-dce/water system.

¢ Calculated value (Absolv) of the logarithm of the partition coefficient
of the neutral form in 1,2-dce/water system.

Difference between footnotes d and e.

¢ Difference between footnotes a and d.

b See text and cited reference for details.

! Experimental value of the logarithm of the partition coefficient of the
neutral form in the n-dibutylether/water system.

J Calculated value of the logarithm of the partition coefficient of the
neutral form in the n-dibutylether/water system.

X Difference between footnotes i and j.

2.94 2.96

2.07

O
34 \Y
O@ v

and selected experimental values: nifedipine on the left and amlodipine on the right. For further

The 1,2-dichloroethane/water (1,2-dce) was selected as
the second solvent system to investigate isotropic lipo-
philicity of 1 and 2 because 1,2-dce shows different polar
properties compared to n-octanol and thus enables
intramolecular effects to be investigated.?>?>

The experimental log P} value is 4.02 for 2 (Table 1),
whereas Absolv predicts 2.89. In this case the experi-
mental lipophilicity of amlodipine is much higher than
expected. Indeed Absolv predicts well both log PN, and
log P, (log PN in the n-dibutylether/water, see below)
for 2 and also log P, for nifedipine. Thus, the difference
found in the 1,2-dce/water between experiments and the-
ory seems to be due to intramolecular effects affecting

neutral amlodipine in apolar solvents.

This intramolecular effect has been demonstrated by
another approach: the analysis of the difference of parti-
tion coefficients in n-octanol/water and 1,2-dichloro-
ethane/water (Alog Poci_qce) by a graphical tool.®2¢ To
a first approximation, for neutral species, Alog Poci_dce
is rather constant for compounds with similar H-bond
donor acidity (HBD) and H-bond donor basicity
(HBA) properties. In this case, the average Alog Poci—dce
represents the value of the y-intercept of the plot experi-
mental log P, versus experimental log Py.. (see Fig. 3).
HBD properties (defined as the number of polar atoms
able to donate one or more hydrogen atoms to form a
HB) split the set of reference compounds®®27 in three
categories. Thus, an anomalous value of AlogPci_dce
corresponds to an outlier in Figure 3, suggesting specific
intramolecular interactions affecting the lipophilicity
either in octanol/water or in 1,2-dce/water. Amlodipine
(HBD =2) is an outlier because the true location on
the graph is different from expected location: in fact 2
falls on the regression lines obtained for pure H-bond
acceptors solutes despite its HB donor characteristics.
The location of amlodipine in the plot is due to an
anomalous value log P, being log P, in the predict-
able range (see above).



6110 G. Caron et al. | Bioorg. Med. Chem. 12 (2004) 6107-6118

5
3—.
Zg) -
a1 ///
g
= - ——HBD =0 (n = 50)
L ~HBD =1 (n = 33)
~-—HBD=2(n=11)
'3 I I T I
3 -1 1 3 5 7

1Og PNdce
Figure 3. The graphical representation of experimental log P, versus
log P} : a tool to investigate the HB properties (mainly HBD) of
compounds. The position of amlodipine is indicated by a dot.

Taken together, these data suggest that the H-bonding
donor character of neutral amlodipine cannot be ex-
pressed fully in 1,2-dichloroethane/water system, proba-
bly because of the formation of intramolecular
interactions whose chemical nature will be investigated
in details below by conformational analysis.

Finally, the lipophilicity of amlodipine in n-dibutylether/
water (Table 1) turns out to be as the expected lipophi-
licity in the standard n-octanol/water system;?® for chlo-
roform/water the paucity of available data does not
allow a full interpretation of results (data for amlodipine
not reported).

2.2.1.2. Cationic species. Also for cationic amlodi-
pine, isotropic lipophilicity was firstly investigated in
the n-octanol/water system. Experimental potentiomet-
ric log P! is 1.15 (Table 2). This value is larger than ex-
pected. In fact, by assuming a difference of about three
log units (diff(log PN ")) between lipophilicities of neu-
tral and ionized species, log P is expected to be about 0.

In 1,2-dce/water system we measured logP' = —0.78.
This value is in line with a difflog PN~") of about 5 as
commonly found in this solvent system.?’ However,
the diffllog PN™") is only apparently normal. In fact we
have already demonstrated (see above) that the lipophi-
licity of neutral amlodipine is influenced by intramolec-
ular effects and thus to have a normal diff(log PN ") it is
necessary to admit that also cationic amlodipine is af-
fected by intramolecular effects.® Conformational analy-
sis (see below) confirms this hypothesis.

For n-dibutylether/water solvent systems, not enough
information is available to discuss experimental data re-
ported in Table 2.

2.2.2. Lipophilicity in anisotropic biphasic systems (non-
chromatographic methods). In Ref. 30, anisotropic
biphasic systems have been defined as systems in which
the lipophilic phase is a suspension of micelles or lipo-
somes. Anisotropic lipophilicity descriptors for amlodi-
pine and nifedipine are listed in Table 3.

Table 2. Isotropic lipophilicity descriptors for cationic amlodipine

Descriptor Amlodipine Source
log D1:4? 1.55 Ref. 16
logP. ° 1.15 Ref. 16
clogP! .° —0.04 log P73
difflog PN~y 1.81 Here
log D}4¢ 2.40 Here
log PL..\ —0.78 Here
clogP! .2 —0.98 log P53
difflog PN~hHP 4.80 Here
log Dt —0.08 Here
log Pl ) —2.23 Here
clogPl.* —1.98 log P}.33
difflog PN"1)! 3.75 Here

# Logarithm of the distribution coefficient at pH 7.4 in n-octanol/water
experimentally determined.

® Experimental value of the logarithm of the partition coefficient of the
ionized species in n-octanol/water system.

¢ Calculated value (details in the text) of the logarithm of the partition
coefficient of the ionized species in n-octanol/water system.

4log PN—log P' in n-octanol/water system.

¢ Logarithm of the distribution coefficient at pH7.4 in 1,2-dce/water
experimentally determined.

"Experimental value of the logarithm of the partition coefficient of the
ionized species in 1,2-dce/water system.

€ Calculated value (details in the text) of the logarithm of the partition
coefficient of the ionized species in 1,2-dce/water system.

" log PN—log P' in 1,2-dce/water system.

" Logarithm of the distribution coefficient at pH 7.4 in n-dibutylether/
water experimentally determined.

J Experimental value of the logarithm of the partition coefficient of the
ionized species in n-dibutylether/water system.

K Calculated value (details in the text) of the logarithm of the partition
coefficient of the ionized species in n-dibutylether/water system.

"og PN—log P! in n-dibutylether/water system.

The anisotropic lipophilicity of nifedipine is 3.0.3 The
corresponding value for amlodipine is higher (4.30,
Table 3). This means that, for 2, logPE; is greater than
log PY,; but the two values are equal for 1.

In liposomes/water, cationic amlodipine is as lipophilic
as its neutral form. This behavior has been also observed
for 4-phenylbutylamine’ (a compound bearing a termi-
nal primary amine but unable to form intramolecular
hydrogen bonds), which seems to indicate that a
very low diﬁ‘(logPN*I)np (0.0 for amlodipine and 0.3
for 4-phenylbutylamine, Table 3) is a characteristic of
primary amines.

These data have been already rationalized®’-3!-33 by pos-
tulating that the charged amino portion of amlodipine
interacts with the anionic oxygen of the phospholipid
head group of the membrane bilayer, leading to an
additional stabilization not possible for nifedipine. In
addition, a specific mechanism of interaction (due the
presence of H-bonds between the N—H groups of the neu-
tral form and the phosphate groups) is present, not only
for charged amlodipine but also for the neutral species.

2.2.3. Chromatographic indices (including IAM). RP-
HPLC and IAM chromatographic indices for 1,4-DHPs
have been reported in Refs. 34 and 35. Because of the
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Table 3. Chromatographic data, anisotropic lipophilicity descriptors,
and PAMPA permeability values for amlodipine and nifedipine

Descriptor® Amlodipine Source Nifedipine Source

ElogD (pH = 7.4) 2.15 Ref. 35  2.84 Ref. 35
logk'w (pH = 7.4) 1.72 Ref. 35  2.34 Ref. 35
logkOPS (pH=7.0) 1.33 Ref. 34 245 Ref. 34
logk™M (pH=7.0)  2.59 Ref. 34 1.74 Ref. 34
log Pjy, 3.75 Ref. 7 — —

log P, 3.75 Ref. 7 — —
logK,, (pH = 7.0)° 4.30 Ref.3 3.0 Ref. 3
log P. (pH = 5.2)° -3.52 Here ei® —

%R (pH = 5.2)¢ 88 Here  ei® —
logP. (pH=6.4)° —2.99 Here ei® —

%R (pH = 6.4)° 89 Here  ei® —
log P, (pH = 7.6)° -2.99 Here ei® —

%R (pH = 7.6)° 89 Here  ei® —
log P. (pH = 8.8)° -2.86 Here ei® —

%R (pH = 8.8)¢ 89 Here  ei® —
logP. (pH =10.0)° —2.86 Here ei® —

%R (pH = 10.0) 89 Here  ei® —

log Py° 0.45 Here ei® —

log P! —2.87 Here ei® —

4 Descriptors details are reported in the original references.

® The definition reported by the authors mentions K, as the membrane
partition coefficient but it is clearly a distribution coefficient.

¢ Logarithm of P, (the effective membrane permeability) at indicated
pH.

9 Percentile of compound retained by the filter-immobilized artificial
membranes at indicated pH.

¢ Logarithm of P, (the permeability of the neutral form of amlodipine).

fLogarithm of P, (the unstirred water layer (UWL) permeability.

€ Experimentally inaccessible (see text for explanations).

pH used (ranging from 7 to 7.4) these indexes refer to
cationic amlodipine.

RP-HPLC longDS (logarithm of the capacity factor
extrapolated to 100% aqueous solvent in RP-HPLC)
values for 2 are always lower than those of 1; for the
series of nine 1,4-DHPs studied in Ref. 34, the plot
logD* versus logk®PS shows a straight line (=
0.94), in which amlodipine is not detected as an
outlier. Chromatographic indexes obtained using polar
solvents thus indicate a normal behavior for cationic
amlodipine.

When logk™™ replaces logk™%** amlodipine is a
strong outlier in the plot logD’4 versus logk!AM,
This finding confirms that TAM indices are good
descriptors of the strong interactions of basic amlodi-
pine with membranes mainly due to the presence of
the protonated amino group.

2.3. Molecular modeling

The complete deconvolution of information from
ionization and lipophilicity data to be employed in
pharmacokinetic prediction requires computational
tools. In this study we used conformational analysis to
investigate the molecular flexibility of amlodipine and
the ASA (accessible surface area) descriptors to check
the relevance of protonation in the 3D structure.

2.3.1. Molecular dynamics simulations. X-ray crystallo-
graphic investigation of an amlodipine analog* and of
the maleate salt® indicates the existence of an intramo-
lecular HB between the hydrogen linked to the nitrogen
of the dihydropyridine ring and the ether oxygen of the
basic chain.

Conformational analysis has been performed (see Sec-
tion 4) to identify the most stable geometries under var-
ious conditions and thus the presence of intramolecular
HB. Calculations have been performed on both enanti-
omers of amlodipine but giving similar results; below
we refer to the S enantiomer.

Besides the expected 1,4-DHP structural features,® for
amlodipine the formation of three intramolecular
hydrogen bonds (HB) is possible (a) between the hydro-
gen linked to the nitrogen of the 1,4-dihydropyridine
ring and the ether oxygen of the basic chain; (b) between
the ether oxygen of the basic chain and the hydrogens
linked to the basic primary amine, and (c) between
hydrogens linked to the basic primary amine and the
ester carbonyl (ether) oxygen of the lateral chain in 3
of the 1,4-DHP ring.

2.3.1.1. In vacuo results. For neutral amlodipine, 22

conformers have been found covering an energy range
of about 46kcal/mol and eight conformers differ from
less than 10kcal/mol from the most stable (conformer
nev?2 in Fig. 4A). The nine most stable conformers (with-
in the 10kcal/mol) do not show any intramolecular HB
except for conformer nevl0 (Fig. 4C), which has two
intramolecular HBs. AM1 minimization performed on
the most stable conformer (Fig. 4B) showed that semi-
empirical conditions increase planarity. Interestingly,
according to AMI1 calculations conformer nevl10 (Fig.
4D) is more or less as stable as conformer nev2 (Fig.
4B) and thus nev10 can be responsible for higher than
expected log Py value.
Also for cationic species 22 conformers have been
found, covering an energy range of about 46kcal/mol
and 12 conformers differ from less than 10kcal/mol from
the most stable cav201 (Fig. 5A); a second conformer is
found differing from the first one from less than 1kcal/
mol. All 13 conformers show at least an intramolecular
HB: the five most stable form an HB between hydrogens
linked to the basic primary amine and the ester carbonyl
oxygens, the others are consistent with the X-ray data.
AMI1 minimization performed in vacuo on the most sta-
ble conformer (Fig. 5B) confirms the presence of the
intramolecular HB which can be responsible for higher
than expected log Pl value.

2.3.1.2. The effect of solvation. For neutral species, 23
conformers have been found covering an energy range
of 107kcal/mol, with the two most stable conformers
close in energy and completely extended (no intramole-
cular HB is formed). AM1 minimization (water condi-
tions) confirms these findings.

For cationic species, 22 conformers have been found,
covering an energy range of 90kcal/mol, but only three
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Figure 4. Conformation analysis results for neutral amlodipine in vacuo. (A) The most stable conformer (nev2) obtained by the conformational
analysis, (B) the most stable conformer (nev2) obtained by the conformational analysis and minimized by AMI1, (C) the most stable conformer
(nev10) with intramolecular HB (shown in dots) obtained by the conformational analysis, and (D) the most stable conformer (nev10) with
intramolecular HB (shown in dots) obtained by the conformational analysis and minimized by AM1.

of them are close in energy with the most stable, cas204
(Fig. 5C). Intramolecular HB occurs between the hydro-
gen linked to the nitrogen of the 1,4-dihydropyridine
ring and the ether oxygen of the basic chain and affects
only the two most stable geometries. AM1 calculation
performed on the most stable conformers indicates the
low stability of the intramolecular HB which is lost in
all cases (shown in Fig. 5D for cas204).

Conformational analysis of amlodipine was already
undertaken in Ref. 37, but the presence of intramole-
cular HB has not been investigated. Nevertheless data
reported in Ref. 37 are in good agreement with our anal-
ysis (except for the neutral species in vacuo), indicating
different conformational preferences for neutral and ion-
ized species. In addition, this different behavior is also
governed by the polar/apolar nature of the medium
which, if polar, weakens the intramolecular electrostatic
interactions that stabilize the folded conformers.

2.3.2. ASA descriptors. Calculated molecular properties
from 3D molecular fields are a valuable approach to
correlate 3D molecular properties with physicochemical,
pharmacokinetic, and pharmacodynamic properties.3®
Unfortunately, many molecular fields*>*° have severe

limitations to handle charged species and thus are una-
ble to investigate the feature of the positive charge born
by 2 at physiological pH which is responsible for the
ionic interactions that are mainly responsible for the
high lipophilicity found for cationic amlodipine.

Thus to check the relevance of protonation for amlodi-
pine (i.e., how similar are the cationic folded conformers
to the neutral species), FCASA™ descriptors (see Section
4 for definition) have been used. These latter belong to
the accessible surface area (ASA)*'*? descriptors which
combine molecular surface area and partial atomic
charges, and thus not only depend on the partial charges
of the molecules but also on their conformations.

To check the relevance of drug flexibility to molecular
properties, FCASA™ were calculated (Table 4) for all
conformers arising from conformational analysis with
solvation conditions of amlodipine (neutral and cat-
ionic) and phenylbutylamine (neutral and cationic).
The FCASA™ range (the difference between the highest
and the lowest value) is significantly larger for cationic
amlodipine (0.31) than for cationic phenylbutylamine
(0.05). Even if less evidently the same result is also found
for neutral species (0.20 for amlodipine and 0.05 for
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(A)

cav201 ’
(E mros = 69.84 Kcal/mol)

()

cas204
(E,, 04 = -92.96 Kcal/mol)

(B)

cav201
(Ezny = -38.57 Kcal/mol)

(©)

cas204

(Egng = -116.60 Kcal/mol)

Figure 5. Conformation analysis results for cationic amlodipine. (A) The most stable conformer (cav201) obtained by the conformational analysis in
vacuo, (B) the most stable conformer (cav201) obtained by the conformational analysis and minimized by AM1 in vacuo, (C) the most stable
conformer (cas204) obtained by the conformational analysis in water (see Section 4 for details), and (D) the most stable conformer (cas204) obtained
by the conformational analysis and minimized by AMI in water (see Section 4 for details).

Table 4. ASA descriptors for neutral and cationic amlodipine and for neutral and cationic phenylbutylamine (PBA)

Descriptor
cl el
HsCO0C COOCH,CHj HyCO0C COOCH,CH; ©\M ©\M
‘ ‘ ‘ NH, N
HiC ITI O\/\NHZ HsC O\/\N+H3
H

FCASAIZW 1.66 2.41 0.52 1.29
FCASA;:igh 1.86 2.72 0.57 1.36
Range 0.20 0.31 0.05 0.05

phenylbutylamine). These findings confirm that amlodi-
pine conformers are very different from one another.

As expected, the FCASA™ range for neutral phenylbut-
ylamine (0.52-0.57) is not superimposable onto the cor-
responding range (1.29-1.36) of its cationic species.
Interestingly the same finding is shown for amlodipine,
and clearly indicates that for amlodipine the charge is
exposed on the molecular surface and also in folded con-
formers, and thus it is able to generate ionic interactions.
This is probably a general feature for primary amines;
further studies are in due course in our laboratory to
give more insight in this topic.

2.4. Permeability data

The recently developed in vitro drug absorption model,
called parallel artificial membrane permeability assay
(PAMPA), first described by Kansy et al.*3 was used
to measure membrane permeability coefficients of
amlodipine. The effective permeability coefficient, P,
(cm/s units), determined by the method, is a measure
of the rate constant which characterizes the passive-dif-
fusion transport of a molecule across a barrier formed
from the artificial phospholipid membrane and the two
unstirred water layers (UWL) adjacent to each side of
the membrane.
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Figure 6. Gradient-pH mapping PAMPA for amlodipine.

For ionizable molecules (is not possible to apply the
same technique to extract the intrinsic permeability of
nifedipine), the plot of log P, versus pH is hyperbolic
in shape (Fig. 6), with the diagonal (slope +1 for bases
and —1 for acids) and horizontal (slope 0) curve tan-
gents intersecting at a pH called the flux pK, (pK™™).!3
This unique pH value defines the point where the resist-
ance to transport is 50% due to the UWL and 50% due
to the artificial membrane barrier. For lipophilic mole-
cules, such as amlodipine, the UWL is rate limiting in
transport, and the highest measured log P, values corre-
spond approximately to the UWL permeability. The
true permeability is hidden, but can be calculated in
the assay if the true pK, of the molecule is known. After
the elimination of the effect of the UWL, the resulting
curve, log P, versus pH, represents the true permeabil-
ity. The highest position in the curve (2.8 £0.5cm/s
for amlodipine, Fig. 6), indicates log P,, which corre-
sponds to the intrinsic permeability coefficient of the
molecule. (By analogy to octanol-water partition exper-
iments, the log P, versus pH curve is like the log D,
versus pH curve, and log Py is like longfct .

The results (Table 3) indicate that neutral amlodipine
(log Py = 0.62) is highly permeable as also confirmed
by calculations (ADME Boxes, Ref. 19) and in agree-
ment with the finding that after oral administration,
amlodipine is almost completely absorbed;** conversely,
cationic amlodipine does not permeate across artificial
phospholipid barriers, this latter highly discriminating
against charged species.

In the literature a linear dependence of permeability
from log P,y has been shown.*> Our results confirm this
finding. In fact, the highly permeable neutral amlodipine
shows high log P} (higher than expected, see above),
whereas 1,2-dce/water expresses about the same inter-
molecular forces than alkane/water system.’® Con-
versely, cationic amlodipine does not permeate and is
highly retained in the PAMPA system probably because
of the strong ionic interactions with phospholipids al-
ready evidenced by the partitioning behavior in lipo-
somes/water system.

2.5. The pharmacodynamic and pharmacokinetic rele-
vance of lipophilicity, permeability, and molecular mode-
ling data

The combined analysis of logP data and molecular
modeling results reveals for amlodipine two families of
conformers (folded and extended) whose reciprocal pre-
dominance varies with (a) the electrical state of the drug
(neutral/ionized) and (b) the polar and/or anisotropic
characteristics of the medium. Indeed ASA descriptors
also demonstrate that protonation and not conforma-
tional variability is the predominant factor governing
amlodipine intermolecular interactions and, among the
latter, ionic forces play a major role.

From a pharmacodynamic point of view, ionic interac-
tions are of poor significance. In fact the introduction
of a basically substituted alkyl chain linked to the
DHP 2-methyl group via an ether oxygen atom does
not significantly lower potency and vascular selectivity
of 2 compared to 1. Additional QSAR studies*® also
demonstrated that the basic center was not an abso-
lute requirement for calcium antagonist activity and
that the amino function could be replaced by polar
heterocycles. Interestingly these last structures lost
the pharmacokinetic optimal profile exhibited by
amlodipine.

Ionic interactions play a fundamental role in determin-
ing pharmacokinetics of amlodipine because they are
responsible for the long stay in membrane which in
turn is mandatory for the large volume of distribution,
V4, (25L/kg" and the long plasma half life (30h in
Ref. 4). The extent of ionization and the balance
between ionic and hydrophobic interactions are, there-
fore, the crucial features which differentiate the mem-
brane binding mode of amlodipine from other long
acting calcium antagonists (e.g., lacidipine and ler-
canidipine).*?

3. Conclusion

The peculiar interactions of amlodipine with biological
membranes have been generally demonstrated and stud-
ied in recent years by using biphasic anisotropic systems;
conversely, the full characterization of its physicochem-
ical profile had not been undertaken. In this paper a
strategy of combining isotropic and anisotropic lipophi-
licity, permeability, and molecular modeling tools was
adopted to study the structural features of amlodipine
and their relevance in rationalizing its pharmacological
profile.

Taken together lipophilicity showed anomalously high
values for cationic amlodipine in all systems, while neu-
tral species appear more lipophilic than expected only in
an apolar solvent such as 1,2-dce.

The correspondence between molecular dynamics simu-
lation and partitioning results was used to explain exper-
imental results. In fact simulations in vacuo mimic
partitioning systems in which the organic phase is apolar
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(e.g., 1,2-dce) while aqueous simulation give a represen-
tation of systems for which the organic phase is more
similar to water as in the case of n-octanol.

The protonation of the substituted ethanolamine moiety
undoubtedly governs molecular properties of amlodi-
pine and its biological behavior. This moiety is widely
used in drug design to enhance solubility and bioavaila-
bility of potential drug candidates with poor pharmaco-
kinetic profile. Work is in progress to extend this study
to a number of potential drug candidates bearing substi-
tuted ethanolamine moiety in the effort of extracting
more general rules of wider application.

4. Experimental
4.1. Material

Amlodipine was extracted from Novasc® (Pfizer). Nif-
edipine was purchased from Sigma (Milan, Italy).

PAMPA phospholipid was obtained from pION (GIT-
0, Double-Sink™ lipid, PN 110669), and was stored at
—20°C when not used. Spectroscopic grade dimethyl-
sulfoxide was purchased from Burdick & Jackson
(Muskegon, MI, USA). The pH of the assayed solutions
was adjusted with a universal buffer (yION, PN 100621),
and a buffer solution at pH7.4 containing a chemical
scavenger to simulate serum proteins (pION, ASB-7.4
Double-Sink™ buffer, PN 110139).

4.2. Ionization and lipophilicity

Aqueous pK, values were determined for amlodipine
by a pH-metric technique using a GLpKa apparatus'
(Sirius Analytical Instruments Ltd, Forrest Row, East
Sussex, UK) as described in detail elsewhere.!!

To gain more insights into the structural features of
amlodipine apparent ionization constants (psK,) have
been obtained by potentiometry in methanol mix-
tures because of the low aqueous solubility of com-
pounds.*’ Aqueous pK, values have been obtained by
extrapolation using the Yasuda—Shedlovsky (YS)
procedure.

Experimental log PY, log P', and log D”** values were ob-
tained by pH-metric technique using a GLpKa appara-
tus'! (Sirius Analytical Instruments Ltd, Forrest Row,
East Sussex, UK) as described in detail elsewhere!! by
using various organic solvents.

To validate logP' shake-flask experiments have been
traditionally performed.” Ionic strength was adjusted
to be 0.15M in KCL

4.3. Parallel artificial membrane permeability assay
(PAMPA)

4.3.1. PAMPA method. The PAMPA Evolution instru-
ment from pION INC (Woburn, MA, USA) was used
in this study.

In PAMPA, a ‘sandwich’ is formed from a 96-well
microtitre plate (pION, PN 100611) and a 96-well filter
plate (Millipore, IPVH brand), such that each composite
well is divided into two chambers: donor at the bottom
and acceptor at the top, separated by a 125 pm microfil-
ter disc (0.45 um pores), coated with a 20% (wt/v) dode-
cane solution of a lecithin mixture (pION GIT-0, PN
110669). This phospholipid is more concentrated than
used previously.!3:21:43:49-57

The effective permeability, P, was measured from
pH4.0 to 10.0, using five to six approximately equally
spaced pH values to ensure obtaining values above
and below the apparent pK, value (pK™) of the
compounds.

Drug samples were introduced as 10mM DMSO stock
solutions in a 96-well polypropylene microtitre plate.
The robotic liquid handling system draws a 3—-10 uL ali-
quot of the DMSO stock solution and mixes it into an
aqueous buffer solution, so that the final typical sample
concentration is 10-50uM and the DMSO concentra-
tion is <1% (v/v).

The drug solutions were filtered using a 96-well filter
plate (Corning, PVDF), and added to the donor com-
partments. The donor solutions were varied in pH
(NaOH-treated universal buffer, pION, PN 100621),
while the acceptor solution had the same pH 7.4 (pION,
PN 110139). Each donor well employed a magnetic stir-
rer, with speed set to produce about a 30-40pum un-
stirred water layer, to mimic the thickness of the layer
found in the intestine.’®

The sandwich was formed and allowed to incubate for
no longer than 30 min (15h was the original permeation
time used by Kansy and co-workers), in a sealed box
(pION Gut-Box™) containing constant humidity and
an oxygen and a carbon dioxide scrubber. The sandwich
was then separated, and both the donor and acceptor
compartments were assayed for the amount of material
present, by comparison with the UV spectrum (225-
500nm) obtained from a pure reference standard. Mass
balance was used to determine the amount of material
remaining in the membrane barrier, with the molar
amount lost to the membrane called %R.

Permeability (P.) was calculated as described previ-
ously,'*!> except that the filter area, 0.3cm? was multi-
plied by the apparent porosity, 0.76. This latter step
ensures that the UWL thickness determined from PAM-
PA assays using filters with a different porosity?!3?
would be on a comparable scale.

The buffers used in the assay are automatically prepared
by the robotic system. The quality controls of the buffers
are performed by alkalimetric titration, incorporating
the Avdeef-Bucher procedure.> Following the comple-
tion of the UV assays, the pH in each microtitre plate
well was measured to confirm correct value.

4.3.2. Permeability—pH profiles in PAMPA. For ioniza-
ble molecules, the pH-dependent membrane permeability,
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P, is related to the pH-independent intrinsic permeabil-
ity, Py, as

P = fu Py (1)

where £, is the fraction of the species in the uncharged
form at a particular pH. For a weak base, B,
[B] 1

o= T (1 + 1075 @

A permeating molecule encounters two resistances in
penetrating a PAMPA barrier, one due to the unstirred
water layer adjacent to each side of the membrane bar-
rier, and one due to the membrane itself. Since resi-
stances are additive, and permeability is the inverse of
resistance, the effective (measured) permeability, P., is
related to the membrane and intrinsic permeability
according to the relationship (weak base)

pKa—pH

LI S O B T R

Pe Pu Pm Pu PO
where P, is the unstirred water layer permeability. The
two parameters, P, and P,, were solved by weighted
regression analysis of Eq. 3 in the PAMPA Evolution
software. In the procedure, it is necessary to know the
value of the pK, of the molecule.®

4.4. Molecular dynamics simulations

The conformational hypersurface of 1 and 2 was ex-
plored by Hybrid Monte Carlo (HMC) module imple-
mented in MOE (see Section 4.6 for details). The
HMC method accelerates the conventional MD search
by periodically performing Monte Carlo steps across
torsional energy barriers, thereby addressing the barrier
crossing problem that is encountered in the standard
MD algorithm.

Firstly three different geometries were randomly chosen
as starting points on which HMC runs (itera-
tions = 20,000; save period = 100; MD steps =1, MD
time step = 0.005ps; temperature = 2000K; equilibra-
tion steps = 100) were performed. The S enantiomers
have always been considered according to X-ray data.*
By adopted conditions 200 conformers for each starting
structure were obtained, merged together and their
geometries were optimized by MMFF94 force field.®!
The next step consisted in the RMS calculation which
was performed using a PERL script. If their relative
RMS was lower than 0.33, the conformers were consid-
ered equal and put in the same cluster. Finally, the low-
est energy conformer of each cluster was included in the
final databases which was sorted by increasing energy.

To investigate medium influences on conformation pref-
erences the effect of solvation has also been tested in the
minimization step by including the energy of solvation
associated with the molecule being in a continuum sol-
vent model; practically a set of electrostatic corrections
are calculated with the GB/SA method®? and applied
to the MMFF94 force field as implemented in MOE.

AMI1 minimization on conformer of relevant interest
was finally performed by incorporating (see Section 2)
the Dixon/Hehre solvation model (water condi-
tions).63-64

4.5. ASA descriptors

FCASA™ descriptors have been calculated by MOE

package (see below) on each conformer arising from

molecular dynamics simulation, using PEOE charges,

1.4 A as the radius probe.
CASA™

4

ASA @

where FCASA™ is the fractional charge-weighted posi-

tive surface area, CASA™ the charge-weighted positive
surface area, and ASA the positive surface area.

CASA* = ASA* . PC* (5)

where PC™ is the total positive partial charge.

FCASA™ =

4.6. Hardware and software

pK, values have been calculated by ADME Boxes'? and
SPARC.!3

Lipophilicity data were calculated by Absolv,?* and by
various algorithms (ALoGp, IAlogP, cLOGP, KOWWIN,
XLOGP) available on-line at http://146.107.217.178/lab/
alogps/.

Permeability predictions were by ADME Boxes.!”

Molecular dynamics calculations were made by MOE
(the molecular operating environment).®3

The geometry optimizations performed with the AMI1
semi-empirical methods were carried out with
SPARTAN.%

All calculations described herein were performed on a
Linux based biprocessor Appro 1124 server and on a
standard IBM compatible computer.
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