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Amiodarone is a benzofuranic derivative originally
introduced in Europe in 1964 as an antianginal drug
because of its vasodilatator properties. Some years
later, it was also shown to be highly effective in the
treatment of intractable cardiac arrhythmias, for
which it is now prescribed frequently [1,2]. The
drug exhibits antiarrhythmic effects by prolonging
the duration of the action potential and is opposed
to cardiac hyperexcitability. It displays a bradycardic
effect and tends to slow down auriculoventricular
conduction. In addition to its coronary vasodilator
action, amiodarone reduces systemic resistance and
myocardial contractability, and it contributes to
restoring the balance of oxygen supply and demand
[3,4].

However, amiodarone therapy is associated with
severe side-effects on the lungs, liver, nervous
system, thyroid gland, cornea and skin [2,5]. The
drug induces adverse phototoxic effects in patients
after exposure to sunlight [6]. A common feature of
all these side-effects is the accumulation of the drug
inagreat variety of tissues where lysosomal inclusions
may be detected [7]. Long-term administration
perturbs phospholipid metabolism, leading to cellular
phospholipidosis [§].

Amiodarone hydrochloride, 2-butyl-3-(3',5'-
diiodo - 4’ - § - N - diethyl - aminoethoxybenzoyl)
benzofuran hydrochloride (cordarone R), belongs
to a class of cationic amphiphilic drugs whose
relatively highly lipophilic moiety can strongly
interact with membranes (Scheme 1).

Previous observations have suggested that part of
both the therapeutic activity of the drug and its side-
effects may be related to its lipophilicity. Here, we
will examine the data given in the literature
concerning the incorporation of amiodarone into
membranes and the possible consequences on
its phototoxic and antioxidant properties. More
particularly, its capacity to induce or inhibit lipid
peroxidation will be considered with regard to its
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location in the membranes. The chemical aspects of
the problem will be emphasized, whereas the bio-
logical and pharmacological aspects, which are
largely beyond the scope of this report, will be
discussed only briefly. Our discussion will be focused
on amiodarone. The case of its main metabolite,
desethylamiodarone, will not be considered, as both
compounds have neighbouring structures and
frequently similar effects.

Interactions of amiodarone with membranes

Amiodarone displays a low water-solubility and a
strong lipophilic character, which could explain most
of its behaviour. In wvitro, these hydrophobic
properties are reflected by a high partition coefficient
value, which, apart from discrepancies, should be
above 16,500 [9, 10] and a Zf value up to 9.46 [11],
micelle formation [12], and spreading at the air-
water interface [13}]. In vivo, amiodarone is taken
up efficiently by the cells [14, 15], although more
slowly than other cationic amphiphilic drugs. The
effect of amiodarone on the physical state of
membrane phospholipids has been investigated in
several models, ranging from multilamellar vesicles
[10, 16-19] to natural membranes {9, 20, 21]. In pure
lipid membrane models, a striking feature of
amiodarone behaviour is that this compound has
a fluidizing effect below the phase transition
temperature (gel state) of phospholipids and a
rigidizing effect above this temperature (liquid
crystalline phase), as has been shown by Chatelain
et al. [17] and by Sautereau er al. [19] from
fluorescence polarization experiments. Chatelain et
al. also established that this effect on fluidity depends
on amiodarone concentration and on the length of
the lipid acyl chain.

NMR studies [16] have shown that amiodarone is
present in the outer monolayer of the liposome, as
found by Eriksson [22] for other amphiphilic drugs.
In fact, the location of the probe in the lipid matrix
is the subject of much controversy; some authors
have found the drug deeply buried in the hydrocarbon
core of the liposomes [17] while others believe that
the drug is located near the hydrocarbon/water
interface [16,19]. A deeper insight into the con-
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troversy shows that contradictions between the
different authors are mostly superficial. In our
opinion, it is just to consider four distinct cases: the
drug being found in either its ionized or neutral form
and interacting with lipids in either the gel phase or
the liquid crystalline phase. Several pK, values have
been reported for amiodarone: 5.6 [23], 6.56 [24],
and 7.4 [25] in aqueous medium and 9.12* in a
mixture of water and organic solvent. This
reflects the difficulty encountered with classical
potentiometric or spectroscopic methods in the
determination of the aqueous dissociation constants
of a poorly water-soluble product. Surface potential
measurements, which are not affected by the
lack of solubility of amiodarone, allowed the
determination of the ionization constant at pK, =
8.7 £ 0.5. This value, which seemed more correct
for a tertiary amine, proved to be in line with
calculations performed later [18]. This means that
at physiolological pH, amiodarone is mainly in its
protonated form.

Aslong as the liquid crystalline phase is considered,
amiodarone has the same influence as cholesterol at
equal concentration on the bilayer structure. A
comparison between the two compounds was made
by Chatelain et al., due to similarities in behaviour
and structure [17] (a bulky hydrophobic ring with a
short polar tail). Hence, these authors postulated an
identical location for amiodarone and cholesterol in
the phospholipid phase. The decrease of fluidity due
to amiodarone was found to be independent of pH,
hence of the ionization state of the drug [17]. A
comparison was made with cholesterol and a
cholesterol analogue bearing a doubly charged polar
tail, which had a negligible influence upon micro-
viscosity variations of the lipid bilayer [26]. How-
ever, we think that the cholesterol analogue may be
located at a different depth in the membrane than
the parent compound, because the ionized tail could
bring it nearer to the hydrophilic part of the bilayer.
Actually, variations of the macroscopic view of the
lipid fluidity, as determined by fluorescence
polarization, may reflect only the presence of a drug
along the acyl chain (and until there, the comparison
with cholesterol seems to be relevant to us), but
may not be able to give more precise information
about the depth of the drug location.

Using multinuclear NMR, Jendrasiak et al. [16]
have shown that amiodarone does not order the
hydrocarbon interior of the bilayer to the extent that
cholesterol does, and that the effect obtained is

* Gachon R, Sanofi-Research. Internal Scientific and
Technical Report, 1981.

closely dependent on pH. At acidic pH, amiodarone
alters the signal arising from the phosphatidylcholine
trimethylammonium group in a way quite different
from that found with cholesterol, but the difference
gets smaller and smaller as the pH turns basic.
Addition of thiocyanate ions into the medium leads
to significant variations of the proton and phosphorus
NMR spectra in acidic medium, whereas the spectum
remains unchanged when amiodarone is in its neutral
form. Moreover, Ferreira et al. [18] demonstrated,
by differential scanning calorimetry, that only the
ionized form of amiodarone has the capability of
decreasing the transition temperature and the
enthalpy of melting, the variation being linearly
correlated with the number of charged amiodarone
moles. From these observations, we assume a
different location of amiodarone in the liquid
crystalline phase according to its ionization state. In
its ionized form, amiodarone would be located near
the interfacial region of the bilayer, the tertiary
amine group of amiodarone neighbouring the head-
group region of the lipid matrix. This is in agreement
with Sautereau et al. [19], who observed, by UV
spectroscopy, an interaction between amiodarone
and the polar head of negatively charged lipids. On
the contrary, neutral amiodarone would be more
deeply embedded in the bilayer.

If we now consider lipids in the gel phase, the
main difference is that the effect of the drug upon
lipid fluidity is now related to pH. The neutral form
of amiodarone leads to a far weaker decrease of
ordering than the ionized form does. This has been
attributed to the formation of clusters between
neutral amiodarone molecules, thus minimizing the
interaction with lipids and consequently the
destabilization [18]. On the contrary, the repulsion
due to the charge would favour the distribution of
ionized drug molecules into the bilayer, as suggested
by Ferreira et al. [18]. A change in solubility was
already noticed in the liquid crystal phase since the
liposomes became turbid and milky when the pH
was increased [16]. In the X-ray diffraction study
reported by Trumbore ez al. [10], the liposomes were
in the gel phase (dipalmitylphosphatidylcholine at
4°), and it can be assumed that amiodarone was
poorly ionized due to the low degree of hydration
used. In these conditions, the drug was located in
the bilayer core. The orientation of the drug in the
membrane has not been experimentally achieved
yet, although it has been suggested that the high
electron density observed in the acyl chain region of
the bilayer would be better explained by the long
axis of the drug lying parallel to the acyl chain. Since



Phototoxicity, antioxidant properties and lipophilicity of amiodarone 853

surface pressure measurements [13] showed that the
area occupied by an amiodarone molecule was the
same whatever the pH, it may be supposed that the
conformation of the drug remains unchanged,
whereas its penetration in the bilayer should be
mediated by the charge borne by the polar head.
Under physiological conditions, membrane lipids
are in their liquid crystalline phase so that the
mobility of the acyl chain should allow amiodarone
to get closer to the unsaturated double bond. The
drug should then be able to play either its photo-
sensitizing role or, in the absence of light, its
protective role towards oxidative stress.

The specific interaction between amiodarone and
aparticular lipid speciesis still controversial. Changes
of calcium binding by monolayer shows no
difference in the interaction of amiodarone with
phosphatidylserine, phosphatidylinositol and phos-
phatidylethanolamine [27]. In the same way,
Chatelain and Laruel [9] found that the drug
incorporates similarly in the different lipid systems
investigated, although electrostaticinteractions could
be masked by high partition coefficients. On the
contrary, Sautereau et al. [19] attributed the
difference found in the behaviour of amiodarone
incorporated in phosphatidylcholine or phospha-
tidylglycerol to electrostatic interaction with the
negatively charged lipids. This drug-lipid interaction
could take into account another side-effect frequently
encountered in patients, namely the formation of
drug-lipid aggregates, especially on the cornea.

Lipophilicity and phototoxicity

Phototoxicity appears to be one of the properties
of amiodarone that may be connected with its
membrane affinity. Cutaneous amiodarone-induced
photosensitivity is well known [6]. After long-term
administration of the drug, the skin of patients
exhibits an increased sensitivity to sunlight, charac-
terized by intense burning, emergence of erythema,
and swelling on the exposed area followed some-
times by a slate-grey pigmentation [5,28]. This
pigmentation is attributed to the granular accumu-
lation of lipofuscin-type pigments located within
superficial dermal macrophages [29]. These mani-
festations meet the criteria of phototoxic reactions
[30]: they appear in most patients after exposure to
sunlight (from 2 weeks to 2 months after the start
of therapy) and disappear when the treatment is
stopped, although some symptoms persist for weeks
[31, 32]. In fact, amiodarone is not only phototoxic
but may also cause photoallergic reactions. Photo-
allergy is generally hidden by phototoxicity and can
be observed only when amiodarone is eliminated
completely from the tissues. In addition, ocular
problems are pointed out frequently, but they are
reversible after withdrawal of the drug [28, 33].

The first requirement for a drug to be phototoxic
is that sufficient drug levels are present in the skin
during exposure to the sun. Actually, it is known
that amiodarone is eliminated slowly, since the mean
elimination half-life is more than 40 days and it
accumulates in tissues 1001000 times more than in
plasma [34— 36]. The incorporation of amiodarone
within a lipidic matrix allows the excited drug to
induce photochemical reactions at this level [37].

Most of the studies on drug-induced photo-
sensitization indicate that immediate phototoxicity
and related inflammatory effects may result from a
photoinduced oxidative stresson membranes, leading
to lipid peroxidation. In the case of amiodarone, the
involvement of such reactions has been studied in
vitro. Experiments carried out by Hassan et al. [37]
have shown that amiodarone photosensitizes the
hemolysis of red blood cells and is phototoxic to
lymphocytes. The membrane damage observed on
red blood cells results from both oxidative and non-
oxidative processes. The influence of specific
scavengers, such as sodium azide, mannitol, super-
oxide dismutase and catalase, on the photo-
hemolysis rate suggests that free radical species,
0, 7, H,0, and perhaps singlet oxygen are involved
in the photodamage. The effects of the quenchers
were lower than those usually observed. This is
consistent with the fact that these oxidative species
generated by amiodarone in the core of the
membrane may react preferentially with membrane
components instead of diffusing into water to
encounter the quencher.

At a molecular level, Paillous and Verrier [38]
demonstrated that irradiation of an alcoholic solution
of amiodarone leads to a photodehalogenation of
the drug. This loss of iodine atoms observed in vitro
was in agreement with the iodine traces detected in
macrophages coming from the skin of patients [39].
The photodehalogenation occurs via a radical
mechanism established from ESR measurements
[38, 40] and generating a carbon-centered radical:

Al- A"+ T

In an aerated medium, irradiation of amiodarone
also promotes the formation of active oxygen species.
With a high intersystem crossing quantum yield, this
drug generates 'O,, as shown by trapping experiments
[38]. It also undergoes a photoionization [40] that
may explain the subsequent formation of superoxide
anion detected by ESR.

These various radical species may attack the
unsaturated phospholipids. This was confirmed by
Li and Chignell [40], who detected the formation of
the dienyl radical derived from linoleic acid during
the photolysis of amiodarone in the presence of
unsaturated fatty linoleic acid. This process may be
at the origin of lipid peroxidation. A new series of
experiments carried out by incorporating the drug
into liposomes used as membrane model systems
supports this assumption [19]. Under these con-
ditions, it was shown that amiodarone photosensitizes
the oxidation of unsaturated phospholipids while
saturated phospholipids remain unchanged. From
the whole set of these data it could be postulated
that the radical formed by photolysis of amiodarone
removes an allylic hydrogen atom from the
unsaturated phospholipid, thus initiating lipid
peroxidation (Scheme 2). This requires amiodarone
to be close to the double bond. It may be assumed
that this condition is more easily fulfilled when the
lipid matrix is in its liquid crystalline phase as is the
case in vivo, due to the relative mobility of the acyl
chain. It would be interesting to know whether the
drug maintains its efficacy when embedded in a rigid
gel matrix, which could provide further evidence for
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the location hypothesis. The incorporation of
amiodarone in the hydrophobic core of membranes
may govern the whole photoreactive process. In this
respect, lipophilicity must be considered as a key
factor of the phototoxic properties of the drug.

The assumption that amiodarone photosensitizes
lipid peroxidation in vivo is supported by the
presence of lipofuscin deposits detected in the skin
of patients during amiodarone therapy. In fact, the
formation of lipofuscin-type pigments is attributed
to a reaction of lipid peroxidation by-products on
free amino groups of biological compounds [41].

The importance of lipophilicity in the emergence
of phototoxic properties is supported by the study
of the behaviour of benziodarone. This drug has a
chemical structure very similar to that of amiodarone,
and it has the same photochemical reactivity. It
undergoes a photodehalogenation reaction with the
same quantum yield and generates the same amount
of singlet oxygen. However. benziodarone, which
exhibits weaker lipophilicity, does not appear to be
phototoxic.*

Lipophilicity and antioxidant properties
Unexpectedly, amiodarone, which is phototoxic,
has also been reported to elicit antioxidant properties
[11]. A similar problem was pointed out by Kochevar
in the case of non-steroidal anti-inflammatory drugs
[42]. She underlined the “incongruity” that many of
these agents induce phototoxic reactions related to
inflammatory phenomena, which are at the opposite

* Paillous N, unpublished results.

of their therapeutic indications. She wondered
whether it was due to a coincidence or to a specific
mechanism.

Recently, Rekka er al. [11] demonstrated that
amiodarone could inhibit non-enzymatic lipid
peroxidation. The peroxidation was induced by Fe’*/
ascorbic acid and tested on inactivated rat
hepatic microsomal fraction. From the nineteen
antiarrhythmic drugs tested simultaneously, ami-
odarone appeared to be one of the most potent
antioxidants. This antioxidant activity of the drugs.
quantified by the percent of inhibition of lipid
peroxidation, was related by a parabolic relationship
to their lipophilicity, expressed by their Ry, or Zf
values. Hence. it may be assumed that the insertion
of amiodarone into the membrane facilitates a
protective action against a radical oxidation in the
same way that it favours a lipid oxidative process
initiated by amiodarone, as previously shown.
Nevertheless, the existence of an antioxidant activity
implies that the lipid peroxidation reaction induced
by amiodarone photosensitization is of some
importance in order not to be inhibited completely
by the antioxidant effect. From a chemical point of
view, the reaction mechanism of the drug towards
hydroxyl radicals has not been elucidated. It may be
imagined that the latter react on the aromatic ring
part of the molecule. It should be noted that this
property is consistent with the fact that partial
oxidation of amiodarone is observed during photo-
sensitization experiments.

Rekka et al. suggested that the antioxidant activity
of some antiarrhythmic drugs. including amiodarone.



Phototoxicity, antioxidant properties and lipophilicity of amiodarone 855

may be part of their mode of action. It is more and
more obvious that ischemia and reperfusion produce
an oxidative stress that may cause arrhythmia [43-
47]. Lipid peroxidation and free radical production
can be stimulated by disturbances in calcium
homeostasis [48]. The increase in calcium con-
centrations is able to cause myocardial after-
contractions, to activate phospholipases and, there-
fore, to enhance free radical formation from acid
metabolism [49]. It seems that a correlation can be
established between the membrane damage resulting
from the oxidative stress and rhythm disturbances.

An oxidative stress produced by polynuclear
neutrophils also participates in the generation of
reperfusion arrhythmias and myocardial damage. It
has been demonstrated that amiodarone inhibits this
stimulated superoxide anion production [50, 51].
This drug effect on the oxidative stress constitutes
an additional mechanism ofits activity. Its antioxidant
power bestows a cardioprotective function upon
amiodarone in addition to its antiarrhythmic activity
and appears as a beneficial feature for the treatment
of cardiac failure.

Relationship with the antiarrhythmic activity of the
drug

The biological action of the drug is partly
associated with its capacity to inhibit phospholipases
and Na*/K* ATPase, and possibly & and § adreno-
receptors, by a non-competitive mechanism.

After long-term treatment, amiodarone, like
other cationic amphiphiles, induces a generalized
phospholipidosis by modulating the activity of Ca®*-
dependent membrane phospholipases and Ca’*-
independent acid phospholipases [52-54]. It is
noteworthy that the relative proportions of the lipids
accumulating in the cell vary according to the nature
of the cell considered [21, 46, 53, 55]. The inhibitory
effect on phospholipases, as well as the increase in
the lipid pool, may be part of the protective effect
of amiodarone in the case of acute ischemia [55],
which induces a dramatic lipid hydrolysis. As the
inhibition of catabolism yields a modification of the
membrane composition, an important consequence
is the alteration of fluidity [36, 56].

Both the effect on lipid metabolism observed after
chronic administration of the drug and the physico-
chemical effect due to the insertion of amiodarone
into the membrane lead to a change in lipid mobility.

The direct effect of the drug upon membrane
fluidity is far more complex on biological membranes
than on membrane models. The incorporation of
amiodarone into natural membranes may induce a
dose-dependent decrease in fluidity as is the case
with erythrocyte [21] and synaptic membranes [20],
the same effect being observed before and after the
transition temperature [20]. This effect is modulated
according to the nature of the cells.

It is well-known that the variation of the bilayer
fluidity can modify the affinity of receptors and the
activity of membrane enzymatic systems. This could
partly explain the effect of amiodarone on f-
adrenergic receptors [36] and on the receptors
involved in calcium regulation [57, 58], as well as
the decrease induced in the activity of enzymes such
as Na*/K*~ ATPase [20], acetylcholine esterase,

NADH dehydrogenase, and Ca®*-dependent mem-
brane phospholipase C.

A direct action of amiodarone upon membrane
proteins must also be taken into account since
hydrophobicity is expressed here by a partition
coefficient equally high for lipids and for proteins
[9]. Amiodarone could induce a possible change in
protein conformation or distribution, thus leading
to functional alterations. Additionally, as the protein
content of membranesinfluences lipid microviscosity,
the effect on fluidity could therefore be explained
for drug doses that do not induce a change in
lipid composition [21]. Hydrophobicity, which is
responsible for this wide range of effects, could then
be one of the key determinants that contribute to
the antiarrhythmic properties of the drug.

In conclusion, the now well-established strong
affinity of amiodarone for membranes appears to
play a role in both the antiarrhythmic properties and
some of the side-effects of the drug. In particular,
its action in generating or inhibiting radicals may be
favoured by its presence in the cell membranes.
From a general point of view, the lipophilicity of the
drug that is sometimes searched for to enhance the
therapeutic properties may be a double-edged
weapon.
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