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1 Lipoprotein oxidation is crucial in atherogenic processes. Amiodarone is a lipophilic
antiarrhythmic/antianginal drug which is able to in¯uence the physicochemical status of biological
lipid components. Since oxidation of lipids is a�ected by their physicochemical state and amiodarone
binds to lipoproteins, we hypothesized that the drug may exert an antioxidant activity on human
lipoprotein oxidation.

2 Dose-dependent e�ects of therapeutically achievable amiodarone concentrations (1.5, 3, 5, 7 and
10 mM) were studied on copper-catalysed oxidation of the non-HDL fraction in vitro. Amiodarone
inhibited oxidation as judged by generation of thiobarbituric acid reactive substances (TBARS), lipid
hydroperoxides (LOOH) and ¯uorescent products of lipoperoxidation (FPL) as well as from the
kinetics of conjugated diene formation. This antioxidant activity was signi®cant at 1.5 mM with total
inhibition at 10 mM and an IC50 of 4 mM. The primary in vivo metabolite of amiodarone, namely
desethylamiodarone, also exhibited speci®c antioxidant properties although it was less e�ective than
amiodarone with an IC50 of 7 mM.

3 In further in vivo experiments, susceptibility to copper-mediated oxidation of the non-HDL
fraction was investigated before and 4 weeks after oral amiodarone administration to humans.
Following treatment, signi®cant inhibition of TBARS, LOOH and FPL generation was observed in
comparison with baseline levels and a placebo-treated control group, highlighting an e�ective
antioxidant capacity of amiodarone in vivo.

4 Amiodarone did not change lipoprotein vitamin E and phospholipid content in vivo and did not
show scavenging e�ects on oxidizing species involved in lipoprotein oxidation, such as peroxyl
radicals, nor metal-binding/inactivating properties, suggesting that physicochemical modi®cations of
lipoprotein lipids induced by the lipophilic drug may be involved in its antioxidant activity.

5 In conclusion, amiodarone, and its primary metabolite desethylamiodarone, show previously
unrecognized antioxidant activity on human lipoprotein oxidation. This e�ect is also evident in vivo
and at therapeutically achievable drug concentrations. Thus, amiodarone may act as an antioxidant/
antiatherosclerotic agent in humans, although this issue warrants further clinical study.
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Introduction

In recent years evidence has accumulated indicating that

lipoprotein oxidation is an important aspect of atherogenesis
which may be counteracted by compounds acting as
antioxidants of lipoprotein oxidative processes (Witzum &

Steinberg, 1991; Esterbauer et al., 1992; Berliner & Heinecke,
1996). Amiodarone is a widely used antiarrhythmic/anti-
anginal drug which binds to proteins and, especially, lipids

due to its hydrophobic properties (Heger et al., 1984; Lalloz
et al., 1984; Adams, 1985; Jandreski & Vanderslice, 1993;
Zipes, 1997). There is experimental evidence that amiodarone
can inhibit oxygen radical generation in neutrophils and

hepatic cells (Wysocka et al., 1989; Ruch et al., 1991).
Moreover, amiodarone has been shown to reduce rat liver

microsomal lipid peroxidation, and this antioxidant e�ect is

apparently related to its lipophilicity (Rekka et al., 1990). In
this regard, hydrophobic compounds are known to exert an
inhibitory activity on lipoperoxidation as a result of their

high lipophilicity, thereby in¯uencing the physicochemical
status of the lipid phase (Nagatsuka & Nakazawa, 1982;
Halliwell & Gutteridge, 1989; Breugnot et al., 1990; McLean

& Hagaman, 1990; Rekka et al., 1990; Breugnot et al., 1991;
MazieÁ re et al., 1992; Wiseman et al., 1993; Lapenna et al.,
1998; Mak et al., 1998; Mason et al., 1999). Given these
observations and bearing in mind that amiodarone is also

bound to lipoproteins in the plasma environment (Lalloz et
al., 1984; Jandresky & Vanderslice, 1993) we hypothesized
that amiodarone may exert an antioxidant e�ect on

lipoprotein oxidation. We have now investigated this
possibility in the present paper using both in vitro and ex
vivo experiments.
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Methods

Lipoprotein isolation and oxidation

The non-HDL fraction was obtained from EDTA plasma of
healthy adults (age 30 ± 60 years) as previously reported
(Phelps & Harris, 1993; Zhang et al., 1994; Lapenna et al.,

1997), using dextran sulphate (mol. wt. 500,000) plus 0.1 M

MgCl2 to precipitate the fraction itself and remove EDTA.
In a ®rst set of experiments, the non-high-density

lipoprotein (non-HDL) fraction (0.1 mg non-HDL protein
ml71) was oxidized with 5 mM CuCl2 in PBS (pH 7.4), over a
period of 3 h at 378C. The e�ect of amiodarone on this

process was studied using therapeutically achievable drug
concentrations (1.5, 3, 5, 7 and 10 mM; Holt et al., 1983;
Heger et al., 1984; Adams et al., 1985; Zipes, 1997).

Lipoprotein oxidation was evaluated by assay of thiobarbi-
turic acid reactive substances (TBARS), lipid hydroperoxides
(LOOH) and ¯uorescent products of lipoperoxidation (FPL).
TBARS were measured spectrophotometrically at 532 nm

according to the procedure of Ohkawa et al. (1979), as
previously reported (Lapenna et al., 1997). Results were
calculated as nmol TBARS mg71 non-HDL protein, using a

molar extinction coe�cient of 154,000. Drugs used in this
study did not form TBARS directly, nor alter lipoperoxida-
tion-related pink chromogen formation when included only

during the heating test phase.
LOOH were assessed spectrophotometrically at 580 nm by

the xylenol orange-ferrous oxidation assay essentially as

described by Hermes-Lima et al. (1995). Reaction mixtures
contained 0.25 mM FeSO4, 25 mM H2SO4, 0.1 mM xylenol
orange and 0.12 ml of the lipoprotein sample. Results were
calculated as nmol LOOH mg71 non-HDL protein, using a

molar extinction coe�cient for linoleic acid hydroperoxide of
47,000 (Jiang et al., 1992).
FPL were measured at 430 nm emission after excitation at

360 nm (Esterbauer et al., 1992) using a Kontron SFM 25
spectro¯uorimeter standardized with quinine sulphate
(1.0 mg ml71 in 0.1 N H2SO4) to give a ¯uorescence intensity

of 200 at 430 nm with excitation at 360 nm. Results are
expressed as units of relative ¯uorescence mg71 non-HDL
protein.
In other experiments, drug e�ects on the kinetics of

copper-catalysed lipoprotein oxidation were investigated
through continuous spectrophotometric monitoring of the
increase in absorbance at 234 nm, re¯ecting conjugated diene

(CD) formation during lipid peroxidation (Esterbauer et al.,
1992; Lapenna et al., 1997). Incubation was at 378C in quartz
cuvettes containing 0.1 mg non-HDL protein ml71 and 5 mM
CuCl2, with and without amiodarone, in PBS (pH 7.4).
Reference cuvettes contained lipoprotein or lipoprotein plus
amiodarone where appropriate. The molar extinction coe�-

cient of CD was considered to be 29,500 at 234 nm
(Esterbauer et al., 1992; Lapenna et al., 1997).
The speci®c antioxidant activity of probucol, propranolol,

vitamin E and the primary amiodarone metabolite, desethy-

lamiodarone, was also evaluated and compared with that of
amiodarone. For these experiments, the non-HDL fraction
(0.1 mg non-HDL protein ml71) was oxidized with 5 mM
CuCl2 for 3 h at 378C in PBS (pH 7.4), and lipoprotein
oxidation was assessed using the TBA-test, as described
above. Minimal drug concentration inhibiting signi®cantly

lipoprotein oxidation (ICmin), and drug concentrations
inhibiting by 50 and 100% lipoprotein oxidation (IC50 and
IC100, respectively), were determined.

Non-HDL proteins were measured by the method of
Lowry et al. (1951).

Radical scavenging activity of amiodarone

Possible scavenging e�ects of amiodarone on peroxyl
radicals, which are involved in lipoprotein oxidation, were

investigated by assessing the ability of the drug to counteract
peroxyl radical-induced oxidation of 5-thio-2-nitrobenzoic
acid (TNB), resulting in decrease in TNB-related absorbance

at 412 nm (Lapenna et al., 1998). TNB was prepared by
reduction of 5,5'-dithiobis (2-nitrobenzoic acid) with 2-
mercaptoethanol and its concentration was calculated using

a molar extinction coe�cient of 13,600 at 412 nm (Lapenna
et al., 1998). 2,2'-azobis (amidinopropane) dihydrochloride
(AAPH) was used to generate thermally peroxyl radicals.
Reaction mixtures contained 10 mM TNB, 0.1 mM diethylene-

triaminepentaacetic acid and 1 mM AAPH, with or without
amiodarone, in PBS (pH 7.4). After 45 min incubation at
378C, the absorbance at 412 nm (A412) was recorded

spectrophotometrically against appropriate drug-containing
blanks.

We also evaluated drug capacity to scavenge the stable free

radical 1,1-diphenyl-2-pycrylhydrazyl (DPH), resulting in
DPH bleaching (Blois, 1958; Lapenna et al., 1998). Reaction
mixtures contained 85 mM DPH (previously dissolved in

ethanol) in PBS (pH 7.4), with or without amiodarone. After
5 min, DPH-related absorbance values at 517 (A517) were
recorded spectrophotometrically against appropriate blanks.
Reactions were sometimes carried out directly in organic

solvents (e.g. ethanol or chloroform).

Drug-copper interaction

Initially we studied whether amiodarone was able to prevent
lipoprotein copper binding which is a process essential for

lipoprotein oxidation (Kuzuya et al., 1992). For these speci®c
experiments, the non-HDL fraction (0.5 mg non-HDL
protein ml71) was incubated for 30 min at 378C with 20 mM
CuCl2, with and without amiodarone, in PBS (pH 7.4); to

obtain the same drug : metal molar ratios of the copper-
mediated lipoprotein oxidation experiments, amiodarone was
here used at concentrations of 6, 12, 20, 28 and 40 mM. After

overnight dialysis to remove unbound metal, 0.5% deoxy-
cholic acid and 0.2 mM ascorbic acid were added to the
samples, followed by addition of 1.3 ml chloroform contain-

ing 0.2 mM bathocuproine as the copper (I) colorimetric
detector. Absorbance values at 478 nm were then recorded
spectrophotometrically using the organic layer against

appropriate blanks and results were calculated as nmol
copper mg71 non-HDL protein using a molar extinction
coe�cient for the bathocuproine-copper (I) complex of
12,700 at 478 nm.

Drug-metal interaction was also studied using the copper-
mediated ascorbate oxidation test (Empson et al., 1991).
Reaction mixtures contained 70 mM ascorbic acid and 5 mM
CuCl2, with and without amiodarone, in 0.15 M NaCl. After
5 min incubation at 258C, ascorbate-related absorbance at
265 nm was recorded spectrophotometrically against appro-
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priate drug-containing blanks. Results were calculated as
nmol ascorbic acid oxidized ml71 min71 using a molar
extinction coe�cient of 15,000.

Given the relevance of metal reduction in biomolecule
oxidant damage, we also evaluated whether amiodarone
decreased the capability of copper (II) to undergo reductive
processes with copper (I) formation. Amiodarone was

incubated for 30 min at 378C with 5 mM CuCl2, in PBS
(pH 7.4) and then 0.5 mM ascorbate was added as reductant,
followed by treatment with the chloroform± bathocuproine

reagent as reported above.
Finally, to further determine a possible interaction of

amiodarone with copper (II) and copper (I), a spectral study

from 600 to 200 nm was performed using 5 mM CuCl2 and
10 mM amiodarone, in PBS (pH 7.4), as well as 5 mM CuCl
and 10 mM amiodarone in argon-purged acetonitrile.

Lipoprotein susceptibility to oxidation after amiodarone
administration to humans

Seven subjects (5 males and 2 females, age 35 ± 68 years) were
administered orally 400 mg amiodarone twice a day for 1
week, followed by 200 mg once a day for another 3 weeks.

Three subjects had paroxysmal idiopathic atrial ®brillation
with spontaneous return to sinus rhythm. These subjects had
no evidence of organic disease and were not taking other

drugs. The other four subjects were healthy volunteers chosen
from our medical or technical sta�. Another seven matched
control subjects (®ve males and two females, age 37 ± 66

years) were placebo-treated for the same period. All subjects
were from the same geographic area (Chieti, Abruzzo, Italy),
and they maintained the same lifestyle during the drug
supplementation period. No subject took antioxidant com-

pounds. The study received approval by a local Ethics
Committee. The non-HDL fraction was isolated before and
after amiodarone or placebo administration and subjected to

oxidation with 5 mM CuCl2 for 3 h at 378C in PBS (pH 7.4);
TBARS, LOOH and FPL were evaluated as described above.
No adverse e�ect nor signi®cant changes of clinical chemistry

analytes were observed after amiodarone intake. In four
subjects the lipoprotein content of vitamin E and phospho-
lipid was measured before and after the period of drug
administration. Vitamin E was assayed by the spectro-

¯uorometric method of Hansen & Warwick (1969), using a-
tocopherol as standard, whilst phospholipids were measured
spectrophotometrically using ammonium ferrothiocyanate to

form a 485 nm-absorbing complex with phospholipids
themselves and egg yolk phosphatidilcholine as the standard
(New, 1990). In addition, in the three subjects with atrial

®brillation and in one volunteer, serum total amiodarone
concentrations were measured at 240 nm wavelength by high-
pressure liquid chromatography essentially according to the

procedure by Heger et al. (1984).

Data analysis and statistics

Data were calculated as mean+s.d. Drug e�ects were
evaluated by one-way analysis of variance (ANOVA) plus
Student ±Newman ±Keuls test (Glantz, 1987). When amio-

darone was administered to humans, results were studied by
paired or unpaired Student's t-test where appropriate (Glantz,
1987). P50.05 was regarded as statistically signi®cant.

Materials

Drugs and reagents were from Sigma Aldrich s.r.l., Milano,

Italy, except for desethylamiodarone, which was a generous
gift of Dr Roberto Latini, Istituto di Ricerche Farm-
acologiche Mario Negri, Milano, Italy, and AAPH, which
was from Polisciences, Warrington, USA. Drug stock

solutions were prepared daily in ethanol using the same
aliquots of ethanol in control experiments.

Results

Drug effects on lipoprotein oxidation

When the non-HDL fraction was oxidized for 3 h with 5 mM
CuCl2, amiodarone inhibited lipoprotein oxidation in a dose-
related manner (Figure 1). The lowest drug concentration to
inhibit signi®cantly TBARS, LOOH and FPL formation was
1.5 mM. A maximal e�ect (i.e. total inhibition of lipoprotein

oxidation) was achieved at 10 mM with all peroxidative
indices (Figure 1). The IC50 of amiodarone was estimated
to be 4 mM (Table 1). Desethylamiodarone was less e�ective

than amiodarone with an IC50 of 7 mM (Table 1). Comparing
IC50 values (Table 1), amiodarone was 50-fold more potent
than propranolol, but was considerably less e�ective than

probucol, which was the most powerful inhibitor of copper-
mediated lipoprotein oxidation used in this study. The
antioxidant potency of amiodarone was however close to

that of vitamin E, which had an IC50 value of 2.5 mM (Table
1).
As depicted in Figure 2, amiodarone also showed

antioxidant activity on the kinetics of copper-mediated

lipoprotein oxidation. Since the highest therapeutically
relevant drug concentration (i.e. 10 mM) gave interference
problems in the continuous spectrophotometric monitoring of

Figure 1 Concentration-dependent inhibition of copper-mediated
lipoprotein oxidation by amiodarone. The non-HDL fraction was
oxidized by 5 mM CuCl2 for 3 h at 378C, in PBS (pH 7.4), with and
without 1.5, 3, 5, 7 and 10 mM amiodarone. LOOH, FPL and
TBARS were, respectively, 297.5+48 nmol LOOH mg71 non-HDL
protein, 92.5+12 units of relative ¯uorescence mg71 non-HDL
protein and 58.5+8 nmol TBARS mg71 non-HDL protein in control
experiments. The results represent the means of percentage inhibition
of lipoprotein oxidation calculated from seven independent experi-
ments (the s.d. is less than 10% and was omitted for clarity).
*P50.05 vs control; {P50.05 vs the lower drug concentration
(ANOVA plus Student ±Newman±Keuls test).

British Journal of Pharmacology vol 133 (5)

Amiodarone as a lipoprotein antioxidantD. Lapenna et al 741



UV absorbance at 234 nm, it was not used in these
experiments. The lag time of oxidation was 64+6.7 min in

control experiments, and it was signi®cantly prolonged by
amiodarone in a dose-dependent fashion (88+12.5, 117+23,
148+18.7 and 177+19.5 min with 1.5, 3, 5 and 7 mM,
respectively, all P50.05 vs control; 1.5 vs 3 mM, 3 vs 5 mM
and 5 vs 7 mM, P50.05; n=7). Oxidation rate was instead
signi®cantly decreased by amiodarone (from 1.35+0.3 nmol
CD min71 mg71 non-HDL protein of control experiments to

0.93+0.2, 0.75+0.25, 0.45+0.23 and 0.35+0.15 nmol CD
min71 mg71 non-HDL protein using 1.5, 3, 5 and 7 mM
amiodarone, respectively, all P50.05 vs control; 5 vs 1.5 and

3 mM, and 7 vs 1.5 and 3 mM, P50.05; 1.5 vs 3 mM, and 5 vs
7 mM, P40.05; n=7).

Radical scavenging activity of amiodarone

Amiodarone, even at the highest therapeutically achievable
concentration (i.e. 10 mM), did not antagonize peroxyl

radical-induced TNB oxidation. In fact, incubation with
AAPH caused a marked decrease in TNB-related A412 values,
which was similar with and without 10 mM amiodarone (from

0.136+0.005 to 0.032+0.004 and 0.030+0.003 absorbance
units, respectively, with and without the drug, P40.05; n=4).
Thus, amiodarone would appear to have no direct scavenging

activity on peroxyl radicals. Moreover, amiodarone did not
scavenge the stable free radical DPH. Indeed, DPH-related
A517 values were 0.507+0.015 in control experiments, not

signi®cantly di�erent from those observed in the presence of
10 mM amiodarone (0.512+0.018; n=4). Notably, amiodar-
one was also ine�ective when the reaction was carried out
directly in organic solvents (e.g. chloroform), using lower

DPH concentration (30 mM) and a more prolonged incuba-
tion time (0.147+0.007 vs 0.150+0.005 absorbance units of
control experiments after 120 min incubation, P40.05; n=4).

Drug-copper interaction

The amount of copper bound to the non-HDL fraction was
6.6+0.7 nmol mg71 non-HDL protein, not di�erent from
that measured in the presence of the highest amiodarone

concentration used in this speci®c experiment, i.e. 40 mM
(6.8+0.9 nmol mg71 non-HDL protein; P40.05, n=4); the
drug was therefore incapable of preventing lipoprotein metal
binding. Moreover, copper-driven ascorbate oxidation was

similar in the presence and absence of 10 mM amiodarone
(7.7+0.35 and 7.9+0.3 nmol ml71 min71, respectively,
P40.05; n=4), suggesting that metal redox potential and

catalytic activity are una�ected by the drug. In line with these
experiments, amiodarone did not in¯uence the capability of
copper (II) to undergo ascorbate-mediated reduction with

copper (I) formation. In fact, absorbance values at 478 nm
related to the bathocuproine-copper (I) complex were
0.060+0.003 and 0.058+0.002 with and without 10 mM
amiodarone, respectively (P40.05; n=4). Finally, as shown
in Figure 3, the spectral characteristics of amiodarone were
substantially identical in the absence or presence of CuCl2;
similarly, the drug spectrum was una�ected by CuCl (not

shown), further indicating no apparent interaction between
amiodarone and copper both in the oxidized and reduced
form.

Effect of amiodarone administration on lipoprotein
susceptibility to oxidation

Serum amiodarone concentrations were 1.52+0.4 mM in the
subjects analysed after the period of drug administration. The
content of vitamin E in the non-HDL fraction of amiodar-

one-treated subjects was similar before and after the period of
pharmacological treatment (1.8+0.43 vs 1.85+0.37 mg mg71

Table 1 Drug inhibitory activities on the oxidation of
human non-HDL fraction induced by copper

ICmin IC50 IC100

(mM) (mM) (mM)

Amiodarone 1.5 4 10
Desethylamiodarone 3 7 16
Propranolol 100 200 450
Probucol 0.2 0.4 0.8
Vitamin E 1 2.5 6

ICmin: minimal drug concentration inhibiting signi®cantly
copper-mediated lipoprotein oxidation; IC50: drug concen-
tration inhibiting by 50% lipoprotein oxidation; IC100: drug
concentration inhibiting by 100% (i.e. totally) lipoprotein
oxidation. Oxidant damage of the non-HDL fraction was
evaluated by the TBA-test, as reported in the Methods
section.

Figure 2 Antioxidant activity of amiodarone on the kinetics of
copper-mediated oxidation of the non-HDL fraction evaluated by
continuous spectrophotometric monitoring of absorbance increase at
234 nm due to conjugated diene formation. Trace 1: control; traces 2,
3, 4 and 5: 1.5, 3, 5 and 7 mM amiodarone, respectively. The results
shown are representative of seven similar experiments. See Methods
and Results sections for further explanations.

Figure 3 Spectral characteristics of 10 mM amiodarone in the
absence (trace A) and presence (trace B) of 5 mM CuCl2 in PBS
(pH 7.4). See Methods and Results sections for further explanations.
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non-HDL protein, P40.05), as was that of phospholipids
(125.2+16.3 vs 123+12.5 mg mg71 non-HDL protein,
P40.05). As a result of amiodarone administration, a

decreased susceptibility of the non-HDL fraction to copper-
mediated oxidation was observed. At the end of 3 h
incubation with 5 mM CuCl2, TBARS, LOOH and FPL were
indeed signi®cantly lowered with respect to both baseline

levels and the values detected in the placebo-treated controls,
who showed instead a lipoprotein vulnerability to oxidation
similar to that observed before placebo administration (Table

2). It is therefore worth emphasizing that amiodarone also
exhibits antioxidant activity on human lipoprotein oxidation
in man in vivo.

Discussion

The present study shows that amiodarone has signi®cant
antioxidant e�ects on copper-catalysed human lipoprotein
oxidation. A number of mechanisms may be involved

including (1) metal chelation-inactivation; (2) chain-breaking
antioxidant activity, namely scavenging of radical species
involved in speci®c oxidative processes; (3) stabilization of

the lipoprotein lipid moiety by drug hydrophobic groups,
resulting in physicochemical modi®cations of the lipid phase
with decreased propensity to undergo oxidative radical-chain

reactions; and/or (4) changes in the endogenous lipoprotein
antioxidant and/or lipid status (this mechanism may be
operative essentially in vivo after chronic drug intake). Our

data indicate that amiodarone has no copper chelating-
inactivating properties; moreover, the drug does not act as a
chain-breaking antioxidant since it is incapable of scavenging
peroxyl radicals and the free radical DPH. The possibility

that amiodarone may scavenge some lipophilic (e.g. lipid)
radicals generated during oxidative processes directly within
the hydrophobic lipoprotein core cannot be excluded.

However, such a mechanism appears unlikely, considering
that the drug is incapable of scavenging DPH even in

hydrophobic environment like chloroform. Such a lack of
e�ect of amiodarone to scavenge these speci®c radicals is
apparently in contrast to a recent report by Ide et al. (1999)

showing a protective e�ect of the drug on cardiac myocytes
by a free radical scavenging activity. However, this activity
was reported to be exerted speci®cally on hydroxyl radical
(OH.) generated by chelated iron/H2O2 (Ide et al., 1999). Free

OH. can promote peroxidation of some lipid systems but does
not seem to be involved in lipoprotein oxidation, which is
instead driven essentially by oxidant species such as peroxyl

(and equivalent) radicals (Esterbauer et al., 1992; Kalyanara-
man et al., 1993; Noguchi et al., 1993; Abuja & Esterbauer,
1995). Indeed, lipoprotein oxidation is not counteracted by

OH. scavengers, such as mannitol (Steinbrecher, 1988;
Heinecke et al., 1993; Lynch & Frei, 1993), whereas it is
inhibited by metal chelators and chain-breaking antioxidants,

such as phenolic compounds, which are able to scavenge
peroxyl radicals (Leake & Rankin, 1990; Esterbauer et al.,
1992; Kalyanaraman et al., 1993; Pryor et al., 1993). Thus, it
is possible that amiodarone, which does not act as a peroxyl

radical scavenger, exerts an inhibitory e�ect on lipoprotein
oxidation unrelated to OH.-scavenging e�ects, further
suggesting that other mechanisms are operative in its speci®c

antioxidant activity. Moreover, phospholipid and vitamin E
levels of the non-HDL fraction are apparently una�ected by
amiodarone administration in vivo, indicating that drug

antioxidant properties are not associated with quantitative
changes of lipid or antioxidant lipoprotein content. On the
other hand, the e�ciency of amiodarone in vitro argues

against the possibility that its antioxidant activity might be
related to drug-induced changes in phospholipid unsaturation
in vivo. In model lipid systems, amiodarone has been shown
to penetrate deeply into the lipid matrix and markedly

decrease lipid motional freedom and ¯uidity (Chatelain et al.,
1986), which may hamper propagation of lipoperoxidative
radical-chain reactions. Thus, given these aspects and the

capacity of amiodarone to bind to lipoproteins (Lalloz et al.,
1984; Jandresky & Vanderslice, 1993), it is conceivable that
the antioxidant e�ect of the drug on lipoprotein oxidation are

directly related to its lipophilicity, resulting in stabilization of
lipoprotein lipids with a decreased propensity to undergo
oxidant damage and propagate radical-chain reactions to the
particle core. Remarkably, a direct relationship between the

lipophilicity and the antilipoperoxidative activity has been
shown for various pharmacological compounds (Rekka et al.,
1990; MazieÁ re et al., 1992; Mak et al., 1998; Mason et al.,

1999), and speci®c protective e�ects on lipoprotein oxidation
have been reported with lipophilic drugs, such as ticlopidine,
phenothiazines, calcium antagonists, beta-blockers, aci-re-

ductones and tamoxifen (Breugnot et al., 1990; 1991; MazieÁ re
et al., 1992; Wiseman et al., 1993; Lapenna et al., 1998; Mak
et al., 1998).

The primary metabolite of amiodarone is desethylamiodar-
one which is formed in vivo through N-dealkylation processes
and has pharmakodynamic properties similar to those of
amiodarone (Zipes, 1997). Our data show that desethylamio-

darone also has antioxidant e�ects on lipoprotein oxidation,
although it is less e�ective than the parent compound.
Notably, amiodarone di�ers from desethylamiodarone by the

removal of a single ethyl group in its chemical structure; the
carbon-hydrogen bonds of ethyl group are strongly apolar
and removal of such a group by N-dealkylation augments

Table 2 E�ect of amiodarone administration to humans on
the susceptibility of the non-HDL fraction to copper-
mediated oxidation

Control group Amiodarone group

Baseline Baseline
TBARS 57.5+8.7 60+9.2
LOOH 298+47 300+44.7
FPL 91.3+11.5 86.7+10.5

After placebo After amiodarone
TBARS 59.3+9.5 34+8*{
LOOH 296+52 128+39.5*{
FPL 88+12.3 37.7+11*{

The non-HDL fraction was isolated in seven subjects before
and 4 weeks after oral amiodarone administration, as well as
in other seven placebo-treated controls, and oxidized by
5 mM CuCl2 for 3 h at 378C, in PBS (pH 7.4). TBARS:
thiobarbituric acid reactive substances (nmol TBARS mg71

non-HDL protein); LOOH, lipid hydroperoxides (nmol
LOOH mg71 non-HDL protein); FPL: ¯uorescent products
of lipoperoxidation (units of relative ¯uorescence mg71 non-
HDL protein). Means+s.d. *P50.0001 vs baseline values
(paired Student's t-test); {P50.0001 vs control subjects
(unpaired Student's t-test). See Methods section for further
explanations.
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drug polarity with decreased lipophilicity apparently resulting
in a lower antioxidant activity. Although less e�cient than
amiodarone, desethylamiodarone could however act as a

speci®c antioxidant in vivo, considering that it may reach
mean plasma levels of about 5 mM, with concentrations even
higher in tissue compartments (Adams et al., 1985; Zipes,
1997). Our data also show that amiodarone is more potent

than propranolol as a lipoprotein antioxidant, conceivably as
a result of its higher lipophilicity, but it is less e�ective than
probucol, which is not only a lipophilic agent with marked

lipid stabilizing e�ects (McLean & Hagaman, 1990), but also
has signi®cant peroxyl radical scavenging properties (Pryor et
al., 1993). It is however of note that the antioxidant potency

of amiodarone is close to that of vitamin E, which, in
concentration terms, is the major lipoprotein physiological
antioxidant (Esterbauer et al., 1992).

The therapeutic level of serum amiodarone concentrations
appears to range between 1.5 and 5 mM, but some patients
show values of 10 mM or more after long-term drug
administration (Heger et al., 1984). Side e�ects of amiodar-

one could however represent a clinical problem, especially
when serum concentrations are higher than 5 mM (Heger et
al., 1984; Zipes, 1997). Remarkably, the speci®c antioxidant

activity of amiodarone is signi®cant at concentrations well
below 5 mM, appearing therefore to be potentially of
therapeutic relevance. It is indeed worth emphasizing that

lipoproteins isolated from subjects taking amiodarone at a
dosage resulting in mean serum drug concentrations of
1.5 mM, exhibit higher resistance to oxidative processes,

indicating a speci®c antioxidant capacity of the drug in vivo.
In this regard, it is noteworthy that inhibition of lipoprotein
oxidation is higher ex vivo than in vitro at the same drug
concentration (1.5 mM). In fact, taking TBARS generation as

an example, its pharmacological inhibition is about 43 and
20% in ex vivo and in vitro experiments, respectively (Table 2
and Figure 1). It is possible that optimal drug-lipoprotein

lipids interactions occur in vivo. Moreover, metabolites of

amiodarone, such as desethylamiodarone, may contribute to
the total drug antioxidant potential. Thus, the speci®c
antioxidant e�ect of amiodarone may be especially relevant

in vivo. These novel pharmakodynamic properties should be
bene®cial in the clinical setting, which is usually characterized
by vascular atherosclerotic involvement (amiodarone is also
considered an antianginal drug). A lipoprotein-associated

lipophilic antioxidant such as amiodarone may delay
lipoprotein oxidation especially in the arterial wall, where
iron and copper are present in a catalytically-active form

(Smith et al., 1992; Evans et al., 1995) and thus the
development of atherosclerosis. Indeed, experimental studies
have shown a strong inverse relationship between the

lipoprotein content of lipophilic pharmacological antioxi-
dants, such as probucol, and the extent of vascular
atherosclerotic involvement (O'leary et al., 1996). Evidence

for the relevance of delaying lipoprotein oxidation is also
provided by clinical studies indicating an association between
the lipoprotein susceptibility to oxidation and both the
severity and the progression of atherosclerotic lesions

(RengstroÈ m et al., 1992; Andrews et al., 1995; Salonen et
al., 1997).

In conclusion, amiodarone, and its primary metabolite

desethylamiodarone, are characterized by a previously
unrecognized antioxidant e�ect on human lipoprotein
oxidation, which is evident also in vivo and at therapeutically

achievable drug concentrations. Thus, the drug could
e�ectively act as an antioxidant/antiatherosclerotic agent in
the clinical setting. This issue warrants further investigation.

In any event, the antioxidant activity of amiodarone should
be taken into account when investigating lipoprotein
susceptibility to oxidative damage in human beings.

The authors are indebted to Dr Roberto Latini, Istituto di
Ricerche Farmacologiche Mario Negri, Milano, Italy, for his
generous gift of desethylamiodarone.
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