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SUMMARY

The distinctive pharmacokinetic and pharmacodynamic activity
of amlodipine, including long onset and duration of activity as a
calcium channel antagonist, may be related to its interactions
with membranes. We have used X-ray crystallography and small-

angle X-ray scattering to examine and compare the crystal
structure of amlodipine and its location in cardiac sarcolemmal
lipid bilayers with that of uncharged dihydropyridines (DHP5)
such as nimodipine. Crystallographic analysis demonstrated that
the DHP ring of amlodipine is considerably more planar than that
of nimodipine, that amlodipine has a greater torsion angle be-
tween the DHP and aryl rings, and that the protonated amino
group extends away from the DHP ring structure. Despite the
positive charge of amlodipine at physiological pH, membrane
electron density profile structures showed amlodipine to have a
time-averaged location near the hydrocarbon core/water inter-
face similar to that observed for several uncharged DHPs. How-
ever, unlike uncharged DHPs, this location is consistent with an
ionic interaction between the protonated amino function of am-

lodipine and the negatively charged phospholipid headgroup
region, in addition to a hydrophobic interaction with the fatty acyl
chain region near the glycerol backbone similar to other DHPs.
This location may also provide an appropriate conformation and
orientation for amlodipine binding to its receptor site at this depth
in the membrane. Finally, we have measured the nonspecific
partitioning of amlodipine into native sarcoplasmic reticulum
membranes from rabbit skeletal muscle and compared these
data with those for the uncharged DHPs. The partition coefficient
into light sarcoplasmic reticulum for amlodipine was higher than
that observed for most uncharged DHPs and rates of incorpo-
ration of amlodipine into membranes were very high, as with

other DHPs, whereas the “washout time” of amlodipine from
these membranes was longer by over 1 order of magnitude.
These data suggest differences in membrane interactions for
amlodipine, compared with uncharged DHPs, that may be cor-
related with its novel pharmacodynamic and pharmacokinetic
profile.

The DHP calcium channel antagonists bind to specific re-

ceptors in cardiac and smooth muscle to modulate the trans-

membrane influx of extracellular calcium involved in the exci-

tation-contraction process (1). Amlodipine, a positively charged

DHP calcium channel antagonist, has been shown to be a

potent inhibitor of Ca2�-induced contractions of K�-depolarized

rat aorta, with an IC50 of 2 nM (2). In this in vitro system,

unlike nifedipine, amlodipine required a long contact time with

This project was primarily supported by a research grant from Pfizer Central

Research, with additional support from the National Institutes of Health (HL-

33026) and the American Heart Association. R.P.M. was supported by a Health

Center Research Advisory Committee graduate student fellowship. R.P.M. is

currently supported by an American Heart Association Postdoctoral Fellowship,
Connecticut Affiliate. S.D.W. was supported by the Whitaker Foundation. L.G.H.

is an Established Investigator of the American Heart Association. The Biomole-
cular Structure Analysis Center acknowledges support from R.JR Nabisco Inc.,

the Patterson Trust Foundation, and the State of Connecticut Department of

Higher Education’s High Technology Programs.

the tissue (up to 3.5 hr) to achieve maximal inhibition, and

recovery of contraction following drug washout was also very

slow. These in vitro data correlated with in vivo studies in

anaesthetized and conscious dogs, in which hemodynamic re-

sponses to bolus intravenous injections of amlodipine occurred

gradually (5 to 30 mm) with no decline over the 30-mm dosing

periods, whereas with nifedipine onset was rapid (0.5 to 2 mm)

and of short duration (3).

In the present study, structural analysis of the interaction of

amlodipine with purified lipid CSL multilamellar vesicles, com-

bined with the kinetics of nonspecific binding of the drug to

native biological membranes, demonstrated both similarities

and differences for this charged compound as compared with

uncharged DHPs such as nimodipine (4), whose crystal struc-

ture (5) and membrane location (6) have been previously de-

scribed. We also compare the membrane interactions for am-
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lodipine with previously described data for the charged DHP

nicardipine and the charged �3-adrenergic antagonist propran-

olol, which has a similar time-averaged membrane location (7).

Data from this study suggest an important role for the mem-

brane bilayer in the mechanism of amlodipine binding to its

sarcolemmal receptor. The distinctive interactions of amlodi-

pine with the membrane, furthermore, may help explain its

unusual pharmacodynamics and pharmacokinetics of long on-

set and duration of activity, when compared with other DHPs.

Materials and Methods

Chemicals. Amlodipine [2-(2-aminoethoxy)methyl-4-(2-chloro-
phenyl)-3-ethoxycarbonyl-5-methoxycarbonyl-6-methyl-1,4-dihydro-
pyridine] and [3H]amlodipine (77 Ci/mmol) were provided by Pfizer
Central Research (Sandwich, Kent, England) as a maleate salt. The
chemical structures of amlodipine and nimodipine are given in Fig. 1.

[3H]Nimodipine (159 Ci/mmol) was obtained from New England Nu-
clear (Boston, MA). The labeled drugs were stored in the dark at -12�.

Unlabeled drugs were stored in the dark at 4’. Dioleoyl phosphatidyl-
choline lipids were purchased from Avanti Polar-Lipids, Inc. (Birming-
ham, AL) and stored in powder form at 4’. All other chemicals were

reagent grade and all solutions were made using glass-distilled deionized

water.

CSL membrane isolation and lipid preparation. Crude canine CSL

membranes were isolated by the method previously described (8). Lipids
were extracted from these CSL preparations (9), with analytical pro-

cedures described in detail in a previous communication (10). All

organic solvents were redistilled before use.
The phospholipid composition of the CSL membranes was deter-

mined as described previously (10) and was phosphatidylcholine (45%)
and phosphatidylethanolamine (36%), with lesser amounts of phospha-
tidylserine and sphingomyelin (8%), phosphatidylinositol (7%), and

phosphatidylglycerol (1%). Cholesterol accounted for -13 mol % of the

total phospholipid.
Multilamellar vesicle preparation. Multilamellar vesicles were

prepared in the presence or absence of known amounts of amlodipine,
essentially by the method by Bangham et al. (11). CSL lipids were

dried as thin films on glass tubes under N2 and residual solvent was

removed by vacuum for 2-4 hr. A specified volume of 0.5 mM HEPES.

NaOH, pH 7.27, 2 mM NaCl, containing amlodipine, was added to the

dried lipid preparation, yielding a final phospholipid concentration of
6.7 mM with an amloclipine to phospholipid molar ratio of 1:35. The

control samples did not contain drug. DOPC lipids were dissolved in

ChCl3 at 12.7 mM. The desired amounts of lipids were placed in a glass

test tube and dried down to a thin film by simultaneously vortexing

and drying with a N2 stream. Buffer (0.5 mM HEPES . NaOH 2.0 mM
NaC1, pH 7.27), with and without a known amount of amlodipine, was

added to provide a final phospholipid concentration of 6.0 mM. Again,
the final amlodipine:phospholipid molar ratio was 1:35. Following the

addition of buffer, the CSL and DOPC solutions were immediately

vortexed rapidly for 3 mm at ambient temperature to form multila-

mellar vesicles. These solutions were then stored at 4’.

Thin layer chromatography of amlodipine, CSL, and DOPC lipid

Fig. 1. The chemical structures of amlodipine and nimodipine are shown.
The asterisk indicates the protonated amino function of amlodipine (pK�
= 9.02).Me,methyl; Et, ethyl.

samples showed that the X-ray dosage did not cause any degradation

of the constitutents of the system.

Preparation of multibilayer samples for small angle X-ray

diffraction. Multilamellar lipid bilayer samples were prepared as

described in detail in a previous communication (10). Briefly, 50 Ml of

the multilamellar vesicle preparation were added to lucite sedimenta-
tion cells containing an aluminum foil substrate. The vesicles were

sedimented onto the substrate at 85,000 x g for 30 mm in a SW-28
rotor. The normal bucket caps were then replaced with “spin dry caps,”

which are caps with single i#{248}0-�mholes in them (10), and the pelleted

vesicles were spin dried using the centrifuge’s own vacuum at 65,000 X

g for 3 hr. On completion of the spin dry process, the samples were
mounted and rehydrated in sealed brass canisters containing saturated
salt solutions that defined specific relative humidities. Saturated salt
solutions were used to maintain the samples at specific humidities, e.g.,

NaNO2 for 66% relative humidity.

Partition coefficient measurements in LSR membranes. The

nonspecific binding of amlodipine to isolated LSR membranes was

determined by centrifugation at various concentrations of [3H]amlo-

dipine from 1 X iO� M to 5 x iO� M. These methods have been

previously described in detail (12).

Nonspecific binding rate of amlodipine to LSR membranes.

Nonspecific binding rates of amlodipine (1 x 1O�0 M) to LSR vesicles

(12.5 �ag/ml) were measured at 0’ and 25’, at time points ranging from

15 sec to 20 hr, as previously described (12).

Time dependence of drug release from LSR membranes. A
comparison of the drug release from membranes was measured by

filtration of mixtures containing either [3H]nimodipine (1 x iO� M),

or [3Hjamlodipine (4 x iO� M), with 12.5 �g/ml LSR in a pH 7.3 buffer
(10 mM Tris, 150 mM NaCl). All solutions were filtered through

Whatman GF/C glass fiber filters on a Brandell cell harvester (Brandel

Biomedical, Gaithersburg, MD) but not washed. Control reaction mix-

tures contained the radiolabeled drug but no LSR membrane. Four
filters with membranes and control filters were immediately counted

for radioactivity (maximal binding of drug to LSR membranes). The

remaining filters were placed in tubes containing 30 ml of buffer at 25’

and placed in a shaker bath. At appropriate time intervals, filters with

and without membranes were taken out of the buffer and assayed for
radioactivity and percentage of drug remaining bound to membranes

was calculated for each drug. The amount of phospholipid bound to

the filters was assayed with a phosphate assay previously described

(10) to verify that membrane was not lost during incubation on the

filter.

X-ray crystallography of amlodipine. Crystals of the maleate

salt of amlodipine, grown from ethanol in reduced light at 10’, appeared
to be rectangular and approximately 0.2 x 0.1 x 0.04 mm. Diffraction

data were collected at 23’ using copper K-a X-radiation (X = 1.54 A)

from a Rigaku RU-200 rotating anode generator equipped with an

AFC-5 diffractometer and TEXRAY control software, all obtained
from Molecular Structures Corporation (College Station, TX). Inten-

sity data were collected by measuring counts at peak positions, with

background corrections using counts collected at w values on either

side of the peak. Three standard reflections were monitored every 150

data points. Structures were solved with direct methods, using the

TEXSAN package of programs (Molecular Structures) including

MITHRIL. Structures were refined using a least squares algorithm.
Some graphics and geometric calculations used CHEM-X, which was

developed and distributed by Chemical Design Ltd. (Oxford, England).

Small-angle X-ray diffraction on multibilayer samples. For
membrane bilayer diffraction studies, the samples were centrifuged

onto aluminum foil strips, mounted on a curved glass support and

equilibrated at saturated salt solutions in sealed canisters at 6’ (13).

The curved multilayer specimens were oriented with respect to the X-

ray beam at near grazing incidence, in order to obtain the lamellar
meridional diffraction pattern, and exposed to a collimated monochro-

matic X-ray beam, under controlled temperatures (copper K-a X-rays,

x = 1.54 A), from an Elliot GX-18 rotating anode X-ray generator
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Fig. 2. This figure shows the percentage of initial concentration of DHP
nonspecifically bound to LSR membrane vesicles as a function of time

up to 25 hr, using the filtration method (see Materials and Methods). #{149},
[3H]Amlodipine (4 x 1 O� M); 0, [3H]nimodipine (1 x 1 O� M). The data
for nimodipine have been previously published (12).
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(Marconi Avionics, Ltd., Borehamwood Hertfordshire, England). The

experimental method utilized a single Frank’s mirror defining a line

source where K,,, and K,2 were unresolved. To obtain equatorial scat-

tering from the samples, two Frank’s mirrors, one horizontally and one

vertically mounted, provided a point focus for diffraction.

Diffraction data collection and reduction. The data from the

CSL and DOPC samples were recorded on both Kodak DEF-5 film

(Eastman Kodak, Rochester, NY) and a Braun Position Sensitive 1-D

Detector (Innovative Technologies, Inc., South Hamilton, MA). Rela-

tive intensities for the diffraction orders were obtained scanning films

using a Zeineh model SL-2000UV soft laser scanning densitometer or

directly from digitized computer plots of the detector data using an

integration routine. Data reduction (background and other geometrical

corrections) for either method of data collection has been described

previously (13). A Lorentz correction factor of 1, proportional to 2sinO/

x, was applied to the data. The Lorentz correction arises from the

cylindrical curvature ofthe multilayers and, hence, is a weighting factor

for the intersection of the reciprocal lattice of the multilayer with the
Ewald sphere. This weighting is an approximation for how long the

reciprocal lattice resides on that point in the Ewald sphere. We have

previously used a second factor of s proportional to 2sinO/X for both

film and detector data, as an approximate correction for the mosaic

spread of the sample, because we demonstrated that both a densitom-

eter integrating slit height through the center of each reflection arc
and the detector window height were much smaller than the full

extension ofthe reflection arc, as previously described (14). This second

correction factor was not used here because of reduced mosaic spread

in these samples and, therefore, the entire reflection arc could be

recorded by the detector. Indeed, when a second correction factor is

applied to the data, the resultant electron density profiles become

physically unreasonable, e.g., the electron density of the water space is

significantly lower than that of the acyl chain region (indicative of an

overcorrection of the data).

Data analysis: phasing the intensity functions. To phase the

lamellar reflections for each experiment, a swelling analysis was carried

out (15). We used at least three sets of intensity data at different unit

cell repeat distances in order to assign unambiguous phase factors to

the experimentally obtained six structure factors. An algorithm devised

by Stamatoffand Krimm (16) was used to compute the � values for all

possible phase combinations, with the most probable profile structure

possessing the least deviation or smallest �. Similarity in the unit cell

repeat distance and the intensities for membranes in the presence and

absence of drug resulted in assigning the same phases for both condi-

tions.

Modeling of electron density profiles. Step-function equivalent

profiles, with step-widths constrained by the resolution of the experi-

mental data, were fitted to the experimental profile to examine pertur-

bations in the electron density of the membrane due to the addition of

the halogenated amlodipine molecule. The width of the steps was larger

than the resolution limit, D/2h, where D is the Bragg’s unit cell repeat

distance and h is the highest observed diffraction order (17). For

example, the electron density profiles presented in Figs. 4 and 5 were

based on 6 diffraction orders and a unit cell repeat distance of 56 A,

for a resolution upper limit of 4.7 A in the model refinement. The steps

used to model the electron density profile corresponded to the interbi-

layer water space, phosphate headgroup region, acyl chains, and methyl

trough (18). Step-function equivalents were Fourier transformed once

to generate the continuous structure factor function, which was trun-

cated at a resolution equivalent to the experimental intensity data.

This continuous structure factor function was then Fourier trans-

formed to provide a calculated continuous electron density profile

function. When the calculated profile structure and its intensity func-

tion correlated, within experimental error, with the experimental pro-
file structure and intensity function, the calculations were terminated

(18).

Results

Measurement of PKa for amlodipine. The pK, of amlo-

dipine (0.001 M in water) at 24’ was found by potentiometry to

be 9.02 ± 0.05. The amine group, labeled with an arrow in Fig.

1, is greater than 95% protonated at physiological pH.

Membrane partition coefficients. The membrane parti-

tion coefficient, K�, for [3H}amlodipine was measured to be

19,000 ± 2,400 (mean ± SD from 12 experiments) in LSR

membranes. This K,. was independent of drug concentration

between 1 x iO-� M and 5 x iO� M. With the exception of the

iodinated DHP antagonist Bay P 8857, this K,, is higher than

that of any other of the uncharged DHPs measured (6). The

octanol/buffer partition coefficient was determined to be 29 ±

4, which, as expected from the presence of a formal charge, is

slightly lower than for the uncharged DHPs (6).

To compare the partition coefficient of amlodipine with that

ofan uncharged DHP, the K,, for [3H]nimodipine was measured

in LSR. At a [3H] nimodipine of 5 x 10’#{176}M, the K� into

membranes was 5000 ± 900 (mean ± SD, six experiments),

whereas in octanol/buffer the K� was 145 ± 7, which is consist-

ent with previous studies (6).

Rate of nonspecific incorporation of amlodipine into

the membrane. The nonspecific binding data indicated that

the equilibrium of 1 x 10_b M amlodipine binding to LSR

appears to be achieved by the earliest time point taken (20 sec).

Up to 30 mm, the amount of amlodipine bound to the LSR

membranes was constant. After 20 hr, there was a <25%

decrease in the amount of amlodipine that was nonspecifically

bound.

Time dependence of drug release from membranes. A

significant difference in the percentage of the total DHP bound

to LSR vesicles versus time was observed for amlodipine versus

the neutral DHP calcium channel antagonist nimodipine (Fig.

2). For example, after 30 mm in the shaker bath, 90 ± 11% of

the initial amount of amlodipine that partitioned into the

membrane remained associated with the LSR membranes, as

compared with 11 ± 1% for nimodipine. Amlodipine remained

nonspecifically bound to the LSR vesicles over 1 order of

magnitude longer than the uncharged [3H]nimodipine, under

these dilution conditions. Between 2 and 25 hr, the amlodipine

concentration in the membranes was reduced to less than 5%
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of the initial value. This same low concentration (5%) was

observed between 30 mm and 2 hr for nimodipine.

Crystal structure. The crystal structure of the maleate salt

of amlodipine (Fig. 3) reveals significant differences from that

observed for other, uncharged, DHPs. Whereas the unit cells

of most DHPs are fairly uniform, that of amlodipine is very

asymmetric (8.1 A x 39.3 A x 8.5 A). The structure is similar

to that of nimodipine in that both C3 and CS ester functions

are in the cis conformation. However, the DHP ring of amlo-

dipine is more planar than that of uncharged DHPs for which

the structure is known (19). For example, the nitrogen atom of

the dihydropyridine ring (Ni), its attached hydrogen atom, and

the ether oxygen substitutent off C2 are colinear and approxi-

mately 2 A apart, indicative of a hydrogen bond and some

stabilization of the side chain. The out-of-plane angles, 2.5’ for

C4 and 5.9#{176}for Ni of amlodipine, are unusually small com-

pared, with those for nifedipine-like analogs, which are typically

-�--2O’ and ‘-15’, respectively.

CSL electron density profiles. Membrane multibilayers

composed of flattened CSL vesicles formed in the presence and

absence of amlodipine gave clearly defined, reproducible, dif-

fraction orders (amlodipine to phospholipid molar ratio of 1:35).

To optimize the diffraction quality of our CSL samples, we

examined the multibilayers under a variety of temperature and

hydration conditions. We found that the best conditions for

diffraction were a bilayer hydration of 66% and low tempera-

tures, 5-iO’. At 66% relative humidity and 6’, for example, we

observed six sharp larnellar diffraction orders, with a unit cell

repeat distance of 56 A.

Examination of the electron density profiles for the multila-

mellar vesicles with drug versus control demonstrated that the

profiles were essentially identical in unit cell repeat distance

and intrabilayer phospholipid headgroup separation (Figs. 4-

6). The regions corresponding to the phosphate headgroup and

the terminal methylene segments overlap identically between

the control and drug samples. In the presence of amlodipine, a

significant increase in electron density is observed, however,

with a center of mass at approximately x = ±i4.S A from the

center of the bilayer, corresponding to the first few methylene

PigS 3 A �omp�ri�on of the �ry�l �tructture6 of �mIodipine (a�li#{248}line)
�nd nimodipine (�1eehe#{248}line), with the DHP rlng� of the moIeci�lee
�uperimpoaed in the plene of the peae. Thie figure highlighte the greeter
tor�on engle between the dihydropyridine end eryl rings of emlodipine
vereue nimodipine. The ohergefl em�no ar�ur� of emloilipine a #{248}entitie#{248}
with en errow end cleerly exten�Je ewey from the I 4�HP ring.

x (A)

Fig. 4. Relative Electron density versus distance across a single CSL

lipid bilayer membrane in the absence of amlodipine. The peaks of

electron density correspond to the phosphate atoms of the phospholipid
headgroup and the electron density minimum in the center of the figure
corresponds to the low electron density of the terminal methyl groups in
the bilayer center. The experimental profile (solid line) was modeled
(dashed line) with a series of five steps describing the headgroup region,

acyl chains, terminal methyl trough, and water space, as described in
Materials and Methods.

segments of the fatty acyl chains (Fig. 6). This additional

electron density is attributed to the halogenated amlodipine

molecule. This equilibrium position is conserved for a variety

of bilayer hydration levels.

DOPC electron density profiles. The location of amlodi-

pine was examined in DOPC in the liquid crystalline state, for

comparison with the native bilayer system. At 34% relative

humidity and 10’, we observed six sharp diffraction orders

along the lamellar meridional axis, with a unit cell repeat

disttmce of 50,2 A. Moreover under these siime conditions. we

t�tXhH1iI1ttC1 I lie et1tltilt�ridl �t’tttteril1� (fOD) 1)()I�( ‘ llrt$tlf( tl �0iflt
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di�toln’e, tlUIt(tItiVC Ut iivyl chain J)1*Ckt11�( �1) I he Ii;tntl c’ry�t�1�
1�l10 Mlole, ‘I’he drug tlOt�h 0(11 thai��e I 1w h�layttr rstptutl tli�u*nt’e,
when t’o�npitrect w�i h the vontrol. Extttnii�tl ion of I he tii1�yer
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the hydrucerhon ure/wiil�r interlavr tI� 11 1’ti�(bII1 �iflitilisr 10 tlittt

�htiwn for (‘SL lipid h11ayer� in the l)re�enI’e of

reliittve tO Ike 1(1111 t’ol

Discussion

The novel ;)harl�)aeo(lyl1aInit’ zind phisrniat’uk met It’ l)rotiLC of
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brane bilayer (Fig. 7). The location of amlodipine at the hydro-

carbon core/water interface of the membrane (Fig. 6) is similar

to that observed by X-ray and neutron diffraction for the

uncharged DHPs Bay K 8644 (i4) and nimodipine (6), sug-

gesting a common, energetically favorable, hydrophobic inter-

action with the fatty acyl chain region near the glycerol back-

bone. In addition, however, amlodipine may have an ionic

interaction between its protonated amino function and the

charged anionic oxygen of the phosphate headgroup. Specifi-

cally, if one superimposes the DHP ring of amlodipine with

that of nimodipine (using structures obtained from crystallo-

graphic analysis) at the membrane location experimentally

determined by neutron diffraction for nimodipine (6), the

charged amino function of amlodipine can be placed in a region

for effective ionic interaction with the anionic oxygen atom of

the phosphate ester (Fig. 7). This additional charge-charge

interaction for amlodipine may be the structural basis for its

longer nonspecific association with the membrane and its novel

pharmacodynamics/pharmacokinetics, as just described. How-

ever, using crystal structure data to predict the drug structure

in a membrane may not always be valid, because the crystal

and energy-minimized membrane bilayer structures of amlodi-

pine may differ, as recently demonstrated for the cardiac drug

amiodarone (20). Further structure studies would be necessary

to confirm the orientation and conformation of amlodipine in

the membrane for comparison with other uncharged DHPs.

Nicardipine is also a positively charged DHP with a pK, (7.0)

lower than that of amlodipine (21). Although at physiological
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Fig. 5. Relative Electron density versus distance across a bilayer for a
CSL bilayer, in the presence of amlodipine in a 1 :35 drug:lipid molar
ratio. The experimental profile (solid line) was modeled (dashed line)
with a series of five steps describing the headgroup region, acyl chains,
terminal methyl trough, and water space, as described in Materials and
Methods. The electron density associated with a step 7 A in width near
the hydrocarbon core/water interface of the membrane bilayer was
significantly greater in the presence of amlodipine. The center of mass
for the step is ±1 4.5 A from the bilayer center.

Fig. 6. Superimposition of the step models to the experimental profile
structures for CSL in the absence and presence of amlodipine demon-
strated a single step increase with a center of mass at ±1 4.5 A from the
bilayer center. All other steps were identical. This increase (dashed line)
indicates the presence of amlodipine near the hydrocarbon core/water
interface.

Fig. 7. This figure summarizes the interaction of amlodipine with the
membrane bilayer in light of its determined center-of-mass location and
crystal structure. The drug molecules are positioned next to a phospho-
lipid molecule to indicate the potential chemical interactions between the
molecules in this two-dimensional representation. The location of amlo-
dipine near the hydrocarbon core/water interface can facilitate both a
hydrophobic interaction with the phospholipid acyl chains and an ionic
interaction between the protonated amino function of the drug and the
charged anionic oxygen of the phosphate headgroup (see Discussion).
The 1 ,4-DHP ring of amlodipine was superimposed on that of nimodipine
(using structures obtained from crystallographic analysis) at the mem-

brane location experimentally determined by neutron diffraction for ni-
modipine (6). The nimodipine structure and location are consistent with
only hydrophobic interactions with the phospholipid acyl chains and not
an electrostatic interaction with the phospholipid headgroup, as in the
case of amlodipine.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Calcium Channel Antagonist Interactions with Membranes 639

pH approximately 30% of the nicardipine molecules are

charged, this compound has a pharmacokinetic half-life similar

to that of uncharged DHPs. The location of the protonated

amino group of nicardipine is at the C3 of the dihydropyridine

ring, adjacent to the 4-phenyl substitutent. If the DHP ring of

nicardipine is at the same membrane location as that of nimo-

dipine, the charged amino group may not be able to interact

electrostatically with the charged headgroup of the membrane

bilayer, even if fully extended. Further, the presence of a benzyl

group adajcent to the charged tertiary amino group of nicardi-

pine would increase the hydrophobic character ofthe side chain,

which would be energetically unfavorable in a hydrophilic en-

vironment near the charged headgroup. Thus, despite its formal

charge, nicardipine may not demonstrate the additional elec-

trostatic interactions proposed for amlodipine. This would re-

sult in a shorter residence time in the membrane and an

observed duration of activity similar to that of uncharged

DHPs.

This discrete location for amlodipine in the membrane bi-

layer, in common with other uncharged DHPs, may result in a

particular energy-favorable orientation and conformation for

this ligand in equilibrium with a receptor site at this depth in

the membrane. The existence of a transmembrane DHP recep-

tor for the calcium channel is supported by the primary struc-

ture of the receptor (22). Thus, a putative “membrane bilayer”

pathway for DHP binding to its sarcolemmal receptor, involv-

ing drug partitioning to a discrete location in the membrane

followed by lateral diffusion to its receptor site, is consistent

with this result (23). Moreover, low DHP receptor density in

the CSL (24), combined with the high membrane partition

coefficient of amlodipine (K� = 19,000), is consistent with a

membrane bilayer pathway.

In addition to its long duration of activity, amlodipine also

exhibits a very slow onset of action, when compared with

uncharged DHPs, which has been attributed to slow association

with the DHP receptor site (2). One explanation is a slower

rate of lateral diffusion for amlodipine en route to its membrane

receptor. The formal charge of the amlodipine may inhibit

rapid amlodipine lateral diffusion through the membrane bi-

layer and, thereby, decrease its rate of association to its recep-

tor. This effect may be the result of ionic interaction between

the charged DHP and the phospholipid headgroup, as previ-

ously discussed. An uncharged DHP analog, however, has been

shown to diffuse in the membrane as rapidly (3.8 x i08 cm2/

sec) as phospholipid (iO). A second possible explanation for

amlodipine’s slow onset may be due to a slower diffusion (or

“flip-flop”) rate from the outer to inner monolayers of the

membrane, for binding to a receptor site near the cytoplasmic

surface. This explanation seems unlikely, because saturation of

the bilayer was rapid and constant over 20 hr (data not shown).

If the outer and inner leaflets were differentially saturated, one

would expect to see a significant increase in amlodipine incor-

poration into the membrane over time.

Despite its formal charge, amlodipine has a partition coeffi-

cient into LSR membranes greater than that observed for other,

uncharged, DHPs, with the exception of the iodinated com-

pound Bay P 8857 (6). The partition coefficent of amlodipine

is 4-fold higher than that observed for nimodipine and i order

of magnitude greater than that measured for propranolol (6), a

positively charged cardiac drug, in these same membranes.

Although nimodipine and propranolol share a similar mem-

brane location with amlodipine (7), the particular position of

the charged group of amlodipine in relation to the charged

headgroup appears to account for the very distinct membrane

interactions of amlodipine (Fig. 7). Consistent with previously

measured DHP partition coefficient studies, however, the par-

tition coefficient of amlodipine into octanol versus buffer was

relatively low. Thus, in contrast to a bulk phase solvent with

invariant properties, the membrane bilayer has very different

physical and chemical characteristics, as a function of distance

along the bilayer axis, which affect the membrane partitioning

of amlodipine. Amlodipine appears to be energetically most

favorable at a location that facilitates interaction with both the

hydrocarbon core and the charged headgroup of the bilayer, as

previously discussed.

Conclusion

The distinctive pharmacokinetics and pharmacodynamics of

amlodipine, including slow onset and long duration of activity

as a calcium channel antagonist, can be correlated with its

distinctive interactions with the membrane. Specifically, the

membrane location of amlodipine and its charge can facilitate

an ionic interaction, in addition to a hydrophobic interaction

with the membrane, which appears to significantly affect its

functional properties.
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