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Abstract-The effects of an antiarrhythmic and antianginal drug, amiodarone, on the physical state of 
membrane phospholipids was investigated by means of fluorescence polarization using the apolar 
probe 1,6 diphenyl-1,3,5hexatriene incorporated in the hydrocarbon core. Multilamellar vesicles were 
prepared from neutral phospholipids (egg phosphatidylcholine, synthetic saturated phosphatidylcholine) 
alone or mixed with cholesterol or various lipids representative of the main lipid classes. Amiodarone 
reduces the temperature of the gel to liquid-crystalline phase transition and either increases or decreases 
lipid mobility in the gel or liquid-crystalline phase. In the gel state, the lipid mobility depends on drug 
concentration, degree of ionization and the length of the lipid acyl chains. In the liquid-crystalline 
state, the decreased lipid mobility which is concentration-dependent is essentially due to hydrophobic 
interactions. Amiodarone increases the lipid order parameter to the same extent as cholesterol. The 
data suggested that amiodarone is a rigid molecule deeply buried in the hydrocarbon core of the lipid 
and that amiodarone-lipid interactions are mainly hydrophobic. 

Amiodarone is used as an antianginal and anti- 
arrhythmic drug; its efficacy in the treatment of a 
wide spectrum of arrhythmias is well documented 
[l]. However, its mode of action is poorly under- 
stood. Nevertheless, several experimental obser- 
vations such as micelle formation [2], a high degree 
(295%) of fixation to serum proteins [3,4], rapid 
penetration in tissues [5,6] suggest low water-solu- 
bility and significant hydrophobic behaviour. These 
aspects were documented recently by the deter- 
mination of (1) the amiodarone-lipid partition coef- 
ficient, the log value of the neutral form of the drug 
being 5.95 [7] and of (2) the effects of the drug on 
lipid dynamics and enzyme activation in rat-brain 
synaptic membranes [8]. In the latter study, the 
inhibitory effect exerted by amiodarone on the Na+/ 
K+ ATPase has been attributed, at least in part, to 
the effect of the drug on the lipid dynamics [8]. This 
effect is unusual in that the drug decreased lipid 
fluidity. This prompted us to characterize further 
the lipid-amiodarone interactions. In the present 
communication, the drug induced fluidity modi- 
fications were studied in multilamellar vesicles 
(MLV)$ by means of a fluorescence polarization 
technique using 1,6-diphenyl-1,3 ,Ehexatriene 
(DPH) as a probe incorporated in the hydrocarbon 
core of the bilayer [9]. MLV were made of phos- 

$ Abbreviations used: Am, amiodarone; Ch, choles- 
terol; DMPC, dimyristoyl-DL-cu-phosphatidylcholine; 
DPH. 1.6-dinhenvl-1.3.5-hexatriene; DPPC. dinalmitovl- 
oL+phosph’atidyichdline; DSPC, distearoyl-DL&- 
phosphatidylcholine; MLV, multilamellar vesicle; Egg PC, 
phosphatidylcholine from egg yolk; T,, main phase tran- 
sition temperature. 

phatidylcholine alone or mixed with cholesterol or 
phospholipid of the main classes found in natural 
membranes. The drug effects were studied as a func- 
tion of drug concentration, temperature, pH and 
vesicle composition. 

MATERIALS AND METHODS 

Materials 

Amiodarone (Cordarone@, Labaz-Sanofi, 2-butyl- 
3-[4-(2-diethylaminoethoxy)-3’,5’-diiodo-benzoyl]- 
benzofuran, M.W.: 660) was obtained from the 
Chemical Department. Its chemical structure is 
depicted in Fig. 1. Lipids (dimyristoyl-DL-cy-phos- 
phatidylcholine, DMPC, dipalmitoyl-DL-a- 
phosphatidylcholine, DPPC, distearoyl-or_-a+phos- 
phatidylcholine, DSPC, egg phosphatidylcholine 
from egg yolk (type VII-E), Egg PC, phos- 
phatidylserine, phosphatidylinositol, sphingomyelin, 
phosphatidic acid, cardiolipin, phosphatidylethan- 
olamine and cholesterol) and 1,6-diphenyl-1,3,5- 
hexatriene (DPH) were purchased from Sigma 
Chemical Co (St Louis, MO). Purity of the lipids 
was analyzed by thin-layer chromatography on silica 
gel G plates using chloroform, methanol, ammoniac 
as solvent in the volume ratio 13 : 5 : 1 and staining 

‘CH, 

Fig. 1. Chemical structure of amiodarone. 
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with iodine. Lipids were used without further purific- 
ation. Distilled and deionized water was used 
throughout the experiments. All other reagents were 
of the highest purity commercially available. 

Methods 

Preparation of samples. Multilamellar vesicles 
(MLV) were prepared from individual phospholipids 
such as DMPC, DPPC, DSPC of Egg PC or from 
mixtures containing phosphatidylcholine plus the 
other classes of lipids at various ratios. A chloroform 
solution containing the required lipid composition, 
DPH in a molar 1:500 ratio and various amounts 
of amiodarone was evaporated to dryness under a 
stream of NZ. Trace amounts of solvent were 
removed under reduced pressure. The thin film 
which formed on the walls of the flask was dispersed 
in a Tris-HCl buffer (20 mM, pH: 7.4, NaCl 
O.l34M), unless otherwise stated, by mechanical 
agitation (Vortex 5 min) at room temperature or 
at a temperature above the main phase transition 
temperature (T,,,) of the phospholipid [lo]. MLV 
were washed by successive centrifugations (10,000 
g, 10 min) and resuspensions in the same buffer. In 
control experiments, the recovery of phospholipids 
and amiodarone was checked by determining inor- 
ganic phosphate [ll] and i4C amiodarone [7]. 
Phospholipids and amiodarone recovery were both 
>95%. The final lipid concentration was adjusted to 
around 0.2 mg/ml. 

Fluorescence polarization measurements. The 
fluorescent hydrocarbon 1,6-diphenyl-1,3,5hexatri- 
ene (DPH) was used as a probe for monitoring the 
degree of fluidity of the hydrocarbon core of the 
lipid bilayer. Excited-state lifetimes (r) of DPH were 
determined with the SLM 4800 Spectrofluorimeter. 
Steady state fluorescence polarization was measured 
using either an Elscint Microviscometer, Model MV 
1 (Elscint Ltd., Haifa, Israel) or a SLM 4800 Spec- 
trofluorimeter (SLM Instruments, Champaign, IL). 
Both apparatus were working in the T format in 
which the polarized light emitted is detected in two 
independent cross-polarized channels after passing 
through cut-off filters (A < 418 nm) or a mono- 
chromator (Ae2,, = 450 nm). The steady-state 
fluorescence polarization (Z’) is defined as follows: 

where Ill and II are the intensities of the light emitted 
with its polarization plane parallel (II) and per- 
pendicular (I) to that of the exciting beam. Cor- 
rections for light scattering were made by using ref- 
erence samples without DPH [9]. Temperature of 
the samples kept within 0.2”. The results are the 
mean of two determinations performed on two to 
four individual multilamellar vesicles preparations. 
Standard deviation, omitted for clarity, is 1% or 
better. 

RESULTS 

According to the Perrin equation: 

;-;=(-&;)(l++) (2) 

where P is the measured fluorescence depolarization, 
PO is the limiting value of P, z is the fluorescence 
lifetime, Vis the effective molar volume of the probe, 
77 is the viscosity of the medium, the movements of 
the probe within the medium depend on both t and 
77. 

It is generally assumed that t is constant at one 
temperature and thus P is directly related to 9. 
However, the presence of a third compound can 
modify t if this compound acts as a quencher. This 
direct measurement of tin the absence of a quencher 
enables this possibility to be verified. Although there 
is a trend towards a decrease in t, no significant 
decrease was found up to 25% of amiodarone incor- 
porated in a phospholipid matrix. Consequently, the 
observed variations in P values do represent vari- 
ations in DPH mobility and thus in lipid dynamics. 

Figure 2 shows a typical fluorescence depolar- 
ization versus temperature scan of a MLV suspension 
prepared from DPPC without and with increasing 
amounts of amiodarone. The DPPC scan is charac- 
terized by two transitions determined graphically at 
42” and 33”. The sharp main transition in temperature 
(T,,,) corresponds to a phase transition, i.e. from the 
gel to the liquid-crystalline state. Below T,, the fatty 
acid chains are packed in a highly ordered array; this 
corresponds to a restricted motion of DPH and to 
high P values. Above T,, the chains are disordered 
and possess more motional freedom. This leads to 
increased mobility of DPH and to low P values. 
Incorporation of amiodarone is responsible for the 
disappearance of the lower transition temperature 
(for amount superior to 2%), and to dose-dependent 
downward shift of the main transition temperature 
(Fig. 2 insert), a decrease of P when DPPC is in the 
gel state and an increase of P when DPPC is in the 
liquid-crystalline state. The downward shift of the 
main transition temperature, usually taken as the 
main criterion to characterize the disordering effect 
of a drug [12,13], reaches a plateau for approxi- 
mately 15% of amiodarone, i.e. one drug molecule 
for six phospholipids (Fig. 2 insert). It can be hypoth- 
esized that, in these experimental conditions, this 
corresponds to the maximal effect on lipid dynamics, 
the latter being packed in a highly ordered hexagonal 
assay. 

The differential effect of amiodarone on lipid 
dynamics has been further investigated using a series 
of phosphatidylcholines (DMPC, DPPC, DSPC, Egg 
PC) and measuring the effect of increasing amounts 
of the drug at various temperatures (Fig. 3). When 
the lipid is in the gel state (DMPC, DPPC and DSPC 
at 15”, DPPC and DSPC at 25”, DSPC at 45”), 
amiodarone induces a dose-dependent decrease in 
P, i.e. an increase in lipid mobility. These results 
confirm and extend the data shown in Fig. 1 for 
DPPC below T,. They are along the same line as 
the depression of the phase-transition temperature 
induced by the compound (Fig. 2 insert). Thus the 
effects of amiodarone on both the phase-transition 
temperature and lipid mobility in the gel state suggest 
that the drug upsets the highly ordered lipid organ- 
ization and increases fluidity of the lipid matrix. 

On the other hand, when the phospholipid is in the 
liquid-crystalline phase (Egg PC at all temperatures 
studied, DMPC at 25”, DMPC and DPPC at 45”, 
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Fig. 2. Fluorescence depolarization scan of DPH in DPPC MLV in the absence (0) and in the presence 
of increasing amounts of amiodarone (0, 2%; 0, 5%; n , 10%; A, 15%; A, 20%; X, 25%). The 
quantity of amiodarone is expressed in per cent of the quantity of DPPC. Insert: change of the main 

transition mid-point temperature (7’,) as a function of amiodarone concentration. 

DMPC, DPPC and DSPC at 60” (not shown)), ami- amiodarone is able, in the liquid-crystal phase, to 
odarone induces a dose-dependent decrease in P, restrict the motional freedom of the hydrocarbon 
i.e. reduces lipid mobility. These observations con- chains. It must be emphasized that the downward 
firm and extend the data shown in Fig. 2 for DPPC shift in the main phase-transition temperature (Fig. 
above T,,,. Thus, at the opposite to the gel state, 2 insert) and the decrease in fluidity (Fig. 3 upper 
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Fig. 3. Variation (AP) of fluorescence depolarization of DPH as a function of amiodarone concentration. 
AP is defined as the difference of fluorescence depolarization in the presence (Pam) and in the absence 
(P,) of amiodarone, AP = P,, - P@ The effect of amiodarone on the following phospholipids: Egg PC 
(O), DMPC (0), DPPC (II) and DSPC (A), was studied at 15” (left panel), 25” (middle panel) and 45” 

(right panel). 
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Fig. 4, Influence of the length of the lipid acyl chz’ns 
(DMPC, 14 C; DPPC, 16 C; DSPC, 18 C) on the effect of 
amiodarone in both gel (15’) and liquid crystalline (60”) 
states. Amiodarone concentration: 0, 2%; q , 5%; fl, 

10%; A, 15%; A, 20%; *, 25%. 

panels) are linear with the amiodarone concentration 
up to =15% and then tend towards a plateau. Such 
a plateau is not observed when the phospholipid is 
in the gel state. Both flui~~cation and ri~~fication 
effects of amiodarone are further quantified in Fig. 

P 

4 when the effects of increasing amounts of the 
compound are plotted as a function of lipid chain- 
length at two temperatures. These temperatures cor- 
respond to the presence of either the gel state (15”) 
or the liquid-crystalline state (60”) for each lipid. 
Two observations can be made: (a) the effect of 
amiodarone depends, in both states, on the hydro- 
carbon chain-length: the longer the chain, the smaller 
the effect; (b) although, at a given amiodarone pro- 
portion, the variation in fluidity is roughly equivalent 
in both states, the absolute value of the decrease in 
mobility is greater than the increase, the latter being 
half the value of the former. 

Bulk pH has a pronounced influence on the effects 
of amiodarone on the DPPC MLV phase transition 
and on lipid fluidity in the gel state (Fig. 5), the 
decrease in the main transition temperature and the 
increase in fluidity augmenting with the degree of 
ionization (the PKi of amiodarone is 8.7 [14]). These 
effects cannot be attributed to variations in ami- 
odarone concentration in the bilayer since the par- 
tition coefficient of the compound is insensitive to 
the bulk pH (P, Chatelain, unpublished results). 
When the lipid is in the liquid-c~stal state, the effect 
of the compound does not vary whatever the degree 
of ionization. In the range of pH values studied, few 
effects of the pH on the fluorescence depolarization 
scans of DPPC were observed. 

Various phospholipids from natural sources (alone 
or mixed) in amounts corresponding to that found 
in purified heart sarcolemmal membrane [15] were 
incorporated in Egg PC MLV. With the exception 
of cholesterol, these additions have little effect on 
the fluidity of Egg PC in the absence and in the 
presence of a fixed amount of amiodarone (Fig. 6). 

0 l-._ 
20 30 40 50 T’(T) 

Fig, 5. Influence of the bulk pH on the effects of amiodarone on the fluorescence depolarization scan 
of DPH in DPPC MLV: 0, control scan in the absence of amiodarone; 0, q , A, n , scans at the 

following pH 8.8, 8.1, 7.4, 4.4 in the presence of 15% amiodarone. 
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Fig. 6. Influence of lipid composition on the effect of amiodarone on the degree of fluorescence 
deoolarization. Amiodarone (onen column1 is incorporated at a fixed amount (1.5%). PC, PE, SM. PS. 
PI: Ch represent respectively the Egg phosphatidylcholine, phosphatidylethanolamine, sphingomyeline; 
phosphatidylserine, phosphatidylinositol and cholesterol at the indicated amounts. In the last two 

mixtures, the lipids were mixed in amounts found in purified heart sarcolemma [15]. 

The same result was obtained when 6% phos- 
phatidylinositol, 3% phosphatidic acid and 3% car- 
diolipin were incorporated in Egg PC (not shown). 
Cholesterol (25%) induced a marked increase in 
viscosity in Egg PC MLV which is even greater on 
the complete lipid mixture. Amiodarone still 
decreases the viscosity but to a lesser extent than in 
the absence of cholesterol. 

Based on the observations that the depolarizing 
rotations of DPH are anisotropic in a lipid bilayer, 
Heyn [16], Jahnig [17] and Van Blitterswijk et al. 
[18] improved the usefulness of P measurement by 
relating it to the lipid parameter order Sv, where V 
indicates the mean position of DPH along the fatty 
acid chains. They established that the steady state 
fluorescence anisotropy rs 

( 

111 - II 2P 

r =-=3-p s I,, + 211 ) 

is divided into a first decaying dynamic component 
rf and an infinitely slow decaying component r,, the 
latter yielding an average lipid order parameter sv: 

rs = rf + rz (3) 

rZ = (1 + y)r, - yr0 (4) 

where r. is the limiting fluorescence anisotropy (0.39 
in ref. 17) and y the rotational correlation time of 
the probe ($) divided by its fluorescence lifetime (r). 

From these observations, Van Blitterswijk et al. [18] 
presented the following empirical relation between 
r, and r, which is used below: 

4 
rm = 3rs - 0.10 

The effect of amiodarone and cholesterol (alone or 
mixed) on the order parameter Sv of phospha- 
tidylcholine MLV in the liquid-crystalline state (Egg 
PC 25”, DPPC 50”) is compared in Fig. 7. In Egg PC 
MLV, control values in the absence and presence of 
cholesterol are in excellent agreement with published 
data [16] (for a review see ref. 17). Amiodarone 
alone or mixed with cholesterol at various con- 
centrations has the same effect on the structural 
order parameter. Other Egg PC/cholesterol/ami- 
odarone mixtures have been tested. As they gave 
similar results, they have been omitted from Fig. 7 
for clarity. The same observation is performed with 
DPPC. Interestingly, Sv tends towards a limiting 
value 0.8 < S, < 0.9 at 25” which is in agreement 
with the previous data obtained on natural mem- 
branes [ 181. 

DISCUSSION 

Steady state fluorescence polarization data demon- 
strated that amiodarone has a fluidizing effect below 
the phase transition temperature (gel state) of 
phospholipids and a rigidizing (ordering) effect 
above this temperature (Figs 2, 5-7). These effects 
depend on the drug concentration and ionization 
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Fig. 7. Comparison of the influence of amiodarone and 
cholesterol on the structural order parameter Sv for the 
ohosuhatidvlcholines MLV: 0, Egg PC + amiodarone; 0, 
Egg PC + cholesterol; x , Egg PClAm 10% + cholesterol; 
0. DPPC + amiodarone at 50”: A. Eaa PC + cholesterol -, 
calculated from Shinitzky and htbar rfi]. Measurements 
on Egg PC MLV were performed at 2.5”. X is the molar 

fraction of amiodarone or cholesterol. 

(Figs 2-5) and the length of the lipid acyl chains (Figs 
3, 4). Such a spectrum of effects on lipid dynamics 
is observed with long chain alcohols [20,21] and 
carboxylic acid [22] or cholesterol [19,22]. These 
compounds are buried deeply in the hydrocarbon 
core which promotes Van der Waals’ forces with the 
acyl chain. Amiodarone (Fig. 1) can be viewed as a 
bulky molecule composed of a large hydrophobic 
nucleus and a small hydrophilic tail. 

This present data suggest that amiodarone pen- 
etrates deeply into the lipid matrix. Due to the 
amphiphilic nature of the molecule, the hydrophobic 
nucleus is likely to be located along the lipid acyl 
chains and the amino residue at the lipid-water 
interface. The idea that the hydrophobic forces in 
the amiodarone-lipid interaction predominate is 
reinforced by several observations. Firstly, the 
addition of acid phospholipids in the Egg PC matrix 
does not modify the effects of amiodarone on lipid 
fluidity (Fig. 6) as shown for other amphiphilic com- 
pounds [lo, 231. Secondly, the variation of bulk pH 
does not modify the effects of amiodarone in the 
liquid-crystalline state. A similar observation was 
made by comparing the effects of a series of ana- 
logues of cholesterol on microviscosity parameters. 
Although the analogues were dipolar, positively or 
negatively charged, they induced an increase in 
microviscosity parameter similar to that of chol- 
esterol in fluid lipid matrices [24-261 which implies 
that the nature of the hydrophilic region of the lipid 
bilayer is of secondary importance in the sub- 
macroscopic view of the lipid fluidity determined 
by fluorescence depolarization [26]. The situation is 
different in the gel state where the effect of ami- 
odarone increases as the pH decreases (Fig. 5). It 
may be hypothesized that amiodarone and DPPC in 
the gel state mix unideally: amiodarone should thus 
separate out from the DPPC phase. This is, however, 

counteracted by the repulsion between the positive 
amino-groups of amiodarone, the latter effect being 
linked to the degree of ionization of the drug. 
Thirdly, in the range of concentration investigated, 
amiodarone has a pronounced effect on the structural 
order parameter (S,). In the liquid-crystalline state, 
amiodarone produces an increase in Sv, i.e. an order- 
ing of the lipid acyl chains. Furthermore, this effect 
is identical to that of cholesterol in the same experi- 
mental conditions. Thus amiodarone seems to be 
able to reduce the molecular packing (or the 
motional freedom) of the lipid acyl chains to the 
same extent as cholesterol. Since cholesterol is a 
rigid molecule located along the lipid acyl chains 
with its long axis perpendicular to the bilayer plane 
[27], comparable characteristics of rigidity in the 
molecule and position in the lipid matrix can be 
proposed for amiodarone. Studies are in progress to 
verify these conclusions. 
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