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The e�ects of amiodarone (AMD) on lipid peroxidation of rat liver mitochondria, the formation of superoxide
anions at the respiratory chain level, and the cytosolic and mitochondrial enzymatic protective mechanisms of
oxidative stress were studied. An attempt of classify AMD according to its toxic ability to interfere with the integrated
function of electron transport enzymes was also investigated. The results con®rm the e�ects of AMD on complex I
and permit the placing of this drug in class A of the classi®cation of Knobeloch, together with rotenone, amytal and
chaotropic agents. AMD has no e�ect on the activity of the enzymes superoxide dismutase, catalase, glutathione
reductase and glutathione peroxidase, nor on glucose 6-phosphate dehydrogenase. AMD did not promote an
increase in the formation of anion superoxide at the respiratory chain level. Pre-incubation with AMD (16�6 mM)
inhibited about 70 per cent of lipid peroxidation. The results suggest a protective e�ect of AMD against lipid
peroxidation in mitochondrial membranes by iron-dependent systems. # 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

Amiodarone {2-butyl-3-(30;50 diiodo-40a-diethyl-
amino-ethoxy-benzoyl)-benzofuran} is a potent
antianginal and antiarrythmic drug.1 Unfortu-
nately, its therapeutic e�ects were accompanied
by a number of side-e�ects.2 In spite of e�orts in
recent years, the molecular mechanisms underlying
the antiarrhythmic action, and those related with
the undesirable e�ects, are still not understood.
The amphipatic nature of AMD and its low water
solubility,3 suggest a high a�nity for membranes.
This idea has been reinforced by the high partition
coe�cient of AMD into membranes, which is, of
the order of 106,4 and by the e�ects of AMD on
biochemical parameters of the membrane of
isolated rat heart mitochondria,5 i.e. stimulation of
mitochondrial respiration, inhibition of oxidative

phosphorylation and transhydrogenation, and
conformational changes in the mitochondrial
structure. The antiarrhythmic drug decreases
the membrane potential and modi®es membrane
permeability to Na� and to K� in the presence of
valinomycin. Presumably AMD a�ects energy
transduction of the inner mitochondrial membrane
by interfering with membrane ¯uidity.6 Under
normal conditions, microsomes and mitochondria
play an important role in maintaining low con-
centrations of Ca2� in the intracellular milieu.
Accumulation of 45Ca into microsomes and mito-
chondria is signi®cantly inhibited by AMD, but
without any e�ect on the release of Ca2� from
those intracellular organelles.7

The interaction of AMD with arti®cial and
natural membranes is located along the coopera-
tivity region (the ®rst eight carbons of the acyl
chains) of the bilayer surface. From this inter-
action, an alteration in the order of the phospho-
lipid bilayers occurs. In membranes ordered by
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temperature or cholesterol, hydrophobic forces
predominate and consequently disordering e�ects
of the drug are observed. On the other hand, in
¯uid membranes, electrostatic forces also exist and
consequently AMD induces ordering e�ects.8

These changes in membrane organization induced
by AMD are presumably involved in the biochem-
ical and physiological e�ects of the drug.9±12

Sautereau et al.13 suggested that it was incorpor-
ated into the core of lipid bilayers. Indeed, under
irradiation,13 ±15 AMD undergoes a radical dehalo-
genation, and in the presence of oxygen promotes
formation of singlet oxygen, which in turn would
favour a drug-photoinduced peroxidation of lipids.

The aim of present study is to evaluate, in vitro,
the e�ect of AMD on the formation of superoxide
anions at the respiratory chain level, and mito-
chondrial lipid peroxidation, as well as on the
cytosolic and mitochondrial enzymatic protective
mechanisms of oxidative stress. An attempt to
classify AMD according to the criteria of toxicity
established by Knobeloch et al.16 is also included.

MATERIALS AND METHODS

Three complementary mitochondrial systems were
used to analyse chemical toxicity. Most of the
results were obtained by the RET test, so named
because it is based on the ability of ETP (electron
transport particles) to perform reverse electron
transport.17 In this system, energy supplied by ATP
drives electrons from succinate in a thermodyn-
amically unfavourable direction, through the mito-
chondrial respiratory enzyme complex I to NAD� ,
reducing it to NADH. In a second assay based on
conventional forward electron transport (ETR
test), NADH is added as an electron donor, and is
spontaneously oxidized by the electron transport
system to form NAD� . A third assay is used to
analyse the drugs which exert their toxicity by
inducing a pro-oxidant state in vivo.18 This test is
based on a mechanism in which electrons are
withdrawn from the electron transport chain by
the toxic chemical to form an unstable free radical
intermediate (X

:
) which quickly reduces oxygen to

produce the superoxide radical, O:ÿ2 .19 The electron
withdrawal mediated by this type of drug is
facilitated by the addition of antimycin A which
blocks the ¯ow of electrons through complex III.
Thus, this test is called the facilitated electron
withdrawal (FEW) assay. It requires non-
phosphorylating particles which have been treated
with ethylenediaminetetraacetic acid (EDTA)

to inactivate superoxide dismutase (SOD), an
enzyme normally present in the matrix of mito-
chondria which catalyses the destruction of super-
oxide radicals. The superoxide anions generated in
this system are detected by the adrenochrome
reaction.20

Phosphorylating electron transport particles for
reverse electron transport (RET) and electron
transfer (ETR) test were prepared according to
the method of Penin et al.21 from rat liver mito-
chondria isolated as described by Low and Vallin.22

Non-phosphorylating±EDTA particles were pre-
pared by the protocol described by Lee and
Ernster23 from rat liver mitochondria isolated
according to Muscari et al.24 These particles were
used in the facilitated electron withdrawal (FEW)
assay. The washed particles were essentially free
from superoxide dismutase, as shown by activity
measurements according to Misra and Fridovich,25

as modi®ed by Boveris et al.26

Isolation of Mitochondria

Mitochondrial fractions for studies of lipid
peroxidation and enzymatic activities of super-
oxide dismutase, glutathione reductase and gluta-
thione peroxidase were obtained according to Jung
et al.27 The ®nal pellet (mitochondrial fraction) was
resuspended in the extraction medium and stored
in liquid nitrogen.

Cytosolic Fraction

Cytosol, containing the enzymes glutathione
reductase and glutathione peroxidase, catalase,
and superoxide dismutase, was obtained by
di�erential centrifugation. One portion of the
supernatant obtained from the mitochondrial
preparation (7800 g), was used for the assay of
catalase activity, and the other was recentrifuged at
105; 000 g at 48C for 60 min. The supernatant
(cytosolic fraction) was stored in small aliquots in
liquid nitrogen.

Enzymatic Activities

Glutathione reductase (EC 1.6.4.2). This activity
was measured in mitochondrial and cytosolic
fractions as described by Sies et al.28 The reaction
system contained Na phosphate bu�er 0.1 M,
EDTA 1.0 mM (pH 7.0), AMD 16�6 mM, NADPH
0.15 mM and cytosolic fraction (0.88 mg of
protein), or mitochondrial fraction (2.24 mg of
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protein). The reaction, in the presence and absence
of AMD, was started by the addition of GSSG
(0.7 mM) and the oxidation of NADPH was
followed spectrophotometrically at 340 nm. Speci-
®c activities were expressed as mmoles of NADH
oxidized minÿ1 mgÿ1 of protein.

Glutathione peroxidase (EC 1.11.1.9). This
activity was measured in mitochondrial and cyto-
solic fractions as described by FloheÂ and
Gunzler.29 The reaction medium was Na phosphate
bu�er 0.1 M, EDTA 1.0 mM (pH 7.0), glutathione
reductase 0�68 U mlÿ1, NADPH 0.15 mM, GSH
2.0 mM and mitochondrial fraction (0.63 mg of
protein) or cytosolic fraction (0.54 mg of protein).
The reaction, in the presence or absence of AMD
(16�6 mM) was started by the addition of t-butyl
hydroperoxide (0.5 mM) and monitored spectro-
photometrically at 340 nm. Speci®c activity was
expressed as mmoles of NADPH oxidized minÿ1
mgÿ1 of protein.

Catalase (EC 1.11.1.6). Enzymatic assays were
done with cytosolic fractions at 570 nm according
to Sinha.30 The reaction medium was Na phos-
phate bu�er 0.01 M (pH 7.0), H2O2 800 mmoles
and cytosolic fraction (0.35 mg of protein). The
reaction, in the presence and absence of AMD
(16�6 mM), occurred at room temperature. Aliquots
of 1.0 ml of the reaction mixture were taken every
20 s, during the ®rst minute of the reaction, and
mixed with 2.0 ml of dichromate reagent (5 per
cent) in acetic acid (1 : 3 v/v). After homo-
genization, the mixture was boiled in a water-bath
for 10 min, cooled and monitored spectrophoto-
metrically. The residual H2O2 concentration in the
aliquots was determined with a H2O2±dichromate
calibration curve. Catalase activity was expressed
as mmoles of H2O2 decomposed during the ®rst
minute of the reaction.

Glucose 6-Phosphate Dehydrogenase (G6PDH;
EC 1.1.1.49). The rate of increase in absorbance at
340 nm is a measure of G6PDH activity according
to the method of Deutsch.31 The reaction mixture
was Tris±HCl bu�er 50.0 mM (pH 7.5), MgCl2
6.3 mM, NADP� 0.38 mM, G6P 3.3 mM. The
mixture was incubated with or without AMD
(16�6 mM) over 5 min at room temperature. The
reaction was started by adding G6PDH. The
activity of G6PDH was expressed as mmoles of
NADP� reduced minÿ1 unitÿ1 of enzyme. One
unit of G6PDH is de®ned as the amount of enzyme

that oxidizes 1�0 mmole of glucose 6-phosphate to
6-phosphogluconate minÿ1 in the presence of
NADP� at pH 7.8.

Superoxide Dismutase (EC 1.15.1.1.). Super-
oxide dismutase was assayed as described by Misra
and Fridovich25 as modi®ed by Boveris et al.26

from mitochondrial and cytosolic fractions. Epine-
phrine (1.0 mM) was incubated with glycine±
NaOH bu�er (pH 10.2) for 1 min at 288C, followed
by the addition of 2.94 mg of mitochondrial
protein, or 0.58 mg of cytosolic protein. Epine-
phrine oxidation was monitored spectrophoto-
metrically at 450 nm. For the liberation of the
mitochondrial enzyme, Triton X-100 was used.
AMD (16�6 mM) was added to the system. Under
the conditions of the assay, one unit is de®ned as
the amount of enzyme that reduces to one half the
spontaneous rate of adrenochrome formation.

Lipid Peroxidation in Mitochondria

Lipid peroxidation in rat liver mitochondria27

was evaluated by the reaction of malondialdehyde
(MDA) with thiobarbituric acid (TBA), according
to the method described by Buege and Aust.32 The
reaction medium33 containing 3.5 mg of mitochon-
drial protein, mannitol 250.0 mM, HEPES 10.0 mM

(pH 7.25), ADP 2.0 mM and FeCl3 0.2 mM, was
incubated at 378C, in the absence or presence of
AMD (16�6 mM). The reaction was initiated by the
addition of 2-oxoglutarate (5.0 mM) � succinate
(5.0 mM). At the times indicated, aliquots of 0.5 ml
were taken from the mixture and mixed with 2.0 ml
of the TBA reagent32 plus BHT (butylated hydro-
xytoluene) 0.01 per cent. The mixture was heated
for 15 min in a boiling water-bath, cooled and
centrifuged at 12;000 g for 1 min. The supernatant
was monitored at 535 nm against a blank with all
components but lacking mitochondrial protein.

Protein Determination

Protein concentrations were estimated by the
method of Lowry et al.34 with bovine serum
albumin as the standard.

Chemicals

Amiodarone was a generous gift from Labaz-
Sano® Laboratories (Montpellier, France). For the
assays, AMD was dissolved in N'-N'-dimethyl-
formamide. In order to check each assay, duplicate
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solvent controls with DMF were included and
found to have no e�ect. Biochemicals were
obtained from Sigma Chemical Co. (St. Louis,
Mo, U.S.A.) unless otherwise stated. All other
reagent-grade chemicals were from Merck (Darm-
stadt, Germany) or Carlo Erba (SaÄ o Paulo, Brazil).

Animals

The animals used were albino rats of either
sex (Wistar strain; 220±300 g): they received a
standard laboratory diet (Purina). All animals were
not fed 12 h before being killed, and none were
found to have any gross pathological lesions.

Statistical Analysis

The results are expressed as the mean+standard
error. Signi®cance among the groups was calcu-
lated by the analysis of variance. Comparisons
among individual means were made by Tukey's

test. Identical letters indicate that the means are
similar statistically.

All determinations were monitored spectro-
photometrically with an Aminco-Chance Dual
wavelength/split-beam recording spectrophoto-
meter.

RESULTS AND DISCUSSION

Dismutation of superoxide is the main mitochon-
drial source of hydrogen peroxide, the reduction
of which generates the strong and non-speci®c
oxidant hydroxyl radical. Actually it is accepted
that nearly 4 per cent (3� 107 anion superoxide/
day) of mitochondrial O2 is incompletely reduced,
due to leakage of electrons along the respiratory
chain, forming the superoxide radical.35;37 Super-
oxide is produced in the respiratory chain by the
reaction of oxygen with iron±sulphur centres in
complex I, partially reduced ubiquinone, and
cytochrome b in complex III.38

There is ample in vitro support for the ®nding
that the inhibitors of complex I induce an increase
in intramitochondrial superoxide.39 AMD inhibits
the ¯ux of electrons at the complex I level.5;40

Figure 1 shows that formation of the anion
superoxide radical is signi®cantly ( p < 0�05) lower
than that of the experimental control (taken as
100 per cent), and has a biphasic behaviour: at low
concentrations (up to 7�0 mM) it appeared to inhibit
production of O:ÿ2 , and above this value it is
possible to observe a tendency to increase. At a
high concentration (13�3 mM) the result obtained is
not statistically di�erent from that of the control.
Therefore, AMD under the experimental condi-
tions and in the concentrations used, did not
promote an increase in the formation of anion
superoxide at the respiratory chain level, despite its
e�ects already characterized, and again con®rmed
(Figure 2) as a complex I inhibitor.

The e�ect of AMD on the activity of the enzymes
involved in the antioxidant mechanism was investi-
gated namely, superoxide dismutase, catalase,
glutathione reductase and glutathione peroxidase.
The e�ect of the antiarrythmic on the activity
of glucose 6-phosphate dehydrogenase was also
analysed, i.e. the enzyme involved in the generation
of cytosolic reducing equivalents. The results
obtained showed that AMD did not a�ect the
activity of any of the enzymes tested. On the other
hand, it is known6 that AMD inhibits (50 per cent)
the activity of transhydrogenase, the enzyme
responsible for generating intramitochondrial

Figure 1. E�ect of AMD on the formation of the superoxide
anion radical in the respiratory chain (FEW). The system was
that used by Turrens and Boveris:35 HEPES bu�er 50.0 mM

(pH 7.2), epineprhine 1.0 mM, antimycin A 0�4 mM, SOD-
depleted ETP protein 1.0 mg, and AMD in the concentrations
indicated in the ®gure. The reaction was initiated by adding
NADH 0.1 mM, and monitored spectrophotometrically at
480 nm. The superoxide anions generated in this system were
detected as nanomoles of adrenochrome formed20 minÿ1 mgÿ1
of protein, using the molar extinction coe�cient of E0 �
4�02 mM

ÿ1 cmÿ1. The ®gure shows representative tracings
obtained from six di�erent experiments.
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NADPH. Considering that, besides transhydro-
genase, isocitrate dehydrogenase (not a�ected by
AMD) is also involved in the generation of
reducing equivalents in mitochondria, the observed
e�ect cannot be restricted to the action of the
antioxidant enzymes in this organelle, principally
glutathione reductase.

Figure 2 shows the e�ect of di�erent concen-
trations of AMD on the ¯ux of electrons through
the respiratory chain of submitochondrial particles
(ETR). AMD (16�6 mM) promoted inhibition
(25 per cent) of NADH oxidation, which is
statistically signi®cant at p < 0�05. Considering
that this assay evaluates the ¯ux of electrons
through complexes I, III and IV, and that
Guerreiro et al.5;6 and KluÈ ppel and Campello40

from this laboratory, showed that AMD did not
inhibit the activity of complexes III and IV, the
results shown in Figure 2 provide evidence that the
e�ects of AMD are similar to those proposed
previously,5;6;40 i.e. partial inhibition of complex I.

Figure 3 shows the e�ect of di�erent concentra-
tions of AMD on the reverse electron transfer
(RET). RET was induced through generating a
protonmotive force by ATP hydrolysis and using
the ¯ow of electrons from succinate to O2 to reverse
electron transfer through complex I. Such a ¯ow of
electrons involves most of the electron ¯ux passing
to O2 and thereby generating a protonmotive force,
whilst a majority is driven energetically uphill to
reduces NAD� at the expense of the protonmotive
force.

AMD at a concentration of 16�6 mM inhibited the
activity of RET by about 30 per cent (Figure 3).
Considering that this assay may evaluate the
activity of complexes, I, II, III and IV, ATP syn-
thetase, as well as the e�ciency of energy trans-
duction, one or more of these aspects could be
involved with the e�ect provoked by AMD. It is
possible to exclude an e�ect of AMD on complexes
III and IV. In the same way, an e�ect on ATP
synthetase could be eliminated.5;6;40 Guerreiro

Figure 2. E�ect of AMD on the electron (ETR) ¯ow through
the respiratory chain. The system was that established by
Knobeloch et al.:16 sucrose 0.25 M, HEPES 50.0 mM, MgCl2
6.0 mM adjusted to pH 7.5, ETP 0.27 mg of protein and AMD
in concentrations shown in the ®gure. The ETR reaction was
initiated by the addition of 66�6 mM of NADH and monitored at
340 nm. The results were calculated as mmol of NADH oxidized
minÿ1 mgÿ1 of protein using the molar extinction coe�cient of
E0 � 6�2 mMÿ1 cmÿ1, and are expressed as percentages of the
control. The ®gure contains representative tracings obtained
from six di�erent experiments.

Figure 3. E�ect of AMD on the reverse of electron ¯ow
(RET) through the respiratory chain. The system16 was sucrose
0.25 M, HEPES bu�er 50.0 mM, MgCl2 6.0 mM, succinate
5.0 mM and 0�7 mg mlÿ1 antimycin A, adjusted to pH 7.5 and
warmed to 258C. AMD was added in concentrations shown in
the ®gure. The RET reaction was initiated by the addition of
1.33 mM ATP and monitored at 340 nm. The results were
expressed as mmol of NAD� reduced minÿ1 mgÿ1 of protein,
considering the molar extinction coe�cient of NADH. The
®gure shows representative tracings obtained from six di�erent
experiments.
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et al.5;6 and KluÈ ppel and Campello40 suggested that
the inner mitochondrial membrane is a�ected by
AMD, with an e�ect similar to that of detergents.

Therefore the results shown in Figures 2 and 3
analysed together with the results previously
published5;6;40 con®rm the e�ect of the anti-
arrythmic drug on complex I and allow the
placement of AMD in class A of the classi®cation
established by Knobeloch et al.16 i.e. together with
rotenone, amytal, detergents and solvents.

Moreover, and considering a detergent or solvent
e�ect, the results of ¯uorescence polarization8 also
con®rm the suggestion that AMD localizes through
the phospholipid bilayer thickness, altering the
inner mitochondrial membrane ¯uidity, either at
the outer portion, near to the polar head of
phospholipids, or at the hydrophobic centre.

The e�ect of AMD on mitochondrial lipid
peroxidation induced by Fe3�=ADP energized by
the oxidation of 2-oxoglutarate � succinate, was
tested by the production of thiobarbituric acid-
reactive substances. The time-course of accumula-
tion of lipid peroxidation products (TBARS) in the
mitochondrial fraction27 in the absence or presence
of AMD is shown in Figure 4.

In the absence of Fe3�=ADP, no TBARS was
formed. In the absence of AMD, lipid peroxidation
increased linearly with time. Pre-incubation with
AMD (16�6 mM) inhibited (70 per cent) the lipid
peroxidation.

It has been demonstrated that under irradiation,
AMD undergoes radical dehalogenation, and in
the presence of oxygen promotes the formation of
singlet oxygen14;15 that would favour a drug-
photoinduced peroxidation of lipids. It is proposed
that AMD did photosensitize phospholipid peroxi-
dation. The lipid peroxidation shown13±15 could be
a characteristic of the experimental conditions
used, since in the absence of irradiation and in a
mitochondrial metabolic situation, AMD pro-
voked inhibition of peroxidation (Figure 4). The
results suggest a protective e�ect of AMD against
lipid peroxidation in mitochondrial membranes
challenged by an iron-dependent-system. This
inhibition could be situated at the level of initiation
or propagation of peroxidation. According to
Sassa et al.41 three types of inhibition of lipid
peroxidation are possible: (1) inhibition of the
generation of active oxygen complexes, and/or
inhibition of oxidation of Fe2� to Fe3� ; (2) preven-
tion of attack of active oxygen complexes on the
membrane; and (3) direct scavenging of lipid
radicals generated by interaction of the active

oxygen species with unsaturated fatty acid chains
in phospholipid membranes (free-radical chain
reactions).

Any of these possibilities could be involved in the
inhibitory e�ect provoked by AMD on lipid
peroxidation. As this mechanism is very important
for understanding the peroxidation of biological
membranes, a study on this problem is underway.
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