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tomesso, Laurent Bigler, Ferenc Follath, Giuseppe Realdi, An-
drea Pettenazzo, and Aldo Baritussio. Effects of metabolites and
analogs of amiodarone on alveolar macrophages. structure-activity
relationship. Am J Physiol Lung Cell Mol Physiol 287: L438-1.447,
2004. First published April 9, 2004; 10.1152/ajplung.00434.2003.—
Amiodarone, an antiarrhythmic drug toxic toward the lung, is metab-
olized through sequential modifications of the diethylaminoethoxy
group to mono-N-desethylamiodarone (MDEA), di-N-desethylamio-
darone (DDEA), and amiodarone-EtOH (B2-O-EtOH), whose effects
on lung cells are unclear. To clarify this, we exposed rabbit alveolar
macrophages to analogs with different modifications of the diethyl-
aminoethoxy group and then searched for biochemical signs of cell
damage, formation of vacuoles and inclusion bodies, and interference
with the degradation of surfactant protein A, used as a tracer of the
endocytic pathway. The substances studied included MDEA, DDEA,
and B2-O-EtOH, analogs with different modifications of the diethyl-
aminoethoxy group, fragments of the amiodarone molecule, and the
antiarrhythmic agents dronedarone (SR-33589) and KB-130015. We
found thefollowing: 1) MDEA, DDEA, and B2-O-EtOH rank in order
of decreasing toxicity toward alveolar macrophages, indicating that
dealkylation and deamination of the diethylaminoethoxy group rep-
resent important mechanisms of detoxification; 2) dronedarone has
greater, and KB-130015 has smaller, toxicity than amiodarone toward
alveolar macrophages; and 3) the benzofuran moiety, which istoxic to
liver cells, is not directly toxic toward aveolar macrophages.

dronedarone; KB-130015

AMIODARONE (Fig. 1) is a class Il antiarrhythmic agent used
extensively to treat ventricular and supraventricular arrhyth-
mias and to prevent atrial fibrillation in patients undergoing
cardiac surgery (16).

Despite recognized efficacy and wide use, amiodarone poses
problems to clinicians because of its peculiar pharmacokinetics
and toxicity. After absorption, amiodarone leaves the serum
compartment with a half-life of 10-20 h and accumulates in
peripheral tissues to very high levels, so that when the dosing
rate is reduced or halted, the accumulated amiodarone moves
back into serum, resulting in a long terminal elimination
half-life (18). The tissues where amiodarone accumul ates most
include adipose tissue, liver, skeletal muscle, lung, pancreas,
thyroid gland, kidney, heart, skin, adrenal glands, testis, and
lymph nodes. In the liver and other tissues, amiodarone under-

goes dealkylation to mono-N-desethylamiodarone (MDEA), a
derivative with antiarrhythmic activity, propensity to accumu-
late into tissues, and a half-life similar to those of the parent
drug but with greater toxicity (18). MDEA can be further
transformed by dealkylation to di-N-desethylamiodarone
(DDEA), by deamination to amiodarone-EtOH (B2-O-EtOH),
and by hydroxylation to n-3’-hydroxybutyl-N-desethylamioda-
rone, whose biological effects are presently unknown (unpub-
lished observations). Further degradation of these compounds
probably occurs, since several studies have reported an in-
creased excretion of free iodine during amiodarone therapy
(18). Severa P450 cytochromes, such as 3A4, 2D6, 1A1, and
1A2, are involved in amiodarone degradation (17).

Amiodarone metabolites MDEA, DDEA, and B2-O-EtOH
are formed in vivo through sequential modifications of the
diethylaminoethoxy group, but the relevance of these changes
to lung cells is unclear. In this paper, to clarify this point, we
exposed rabhit alveolar macrophages to analogs of amiodarone
with different modifications of the diethylaminoethoxy group
(Fig. 2) and then searched for biochemical signs of cell dam-
age, changes in morphology, and interference with uptake and
degradation of surfactant protein A (SP-A), used as a tracer of
the endocytic pathway (4). The substances studied included
known metabolites of amiodarone, such as MDEA, DDEA,
and B2-O-EtOH, analogs with different modifications of the
diethylaminoethoxy group, fragments of the amiodarone mol-
ecule, and derivatives with proven antiarrhythmic activity,
such as dronedarone (SR-33589) and KB-130015 (7, 21). The
effect of dronedarone and KB-130015 on the degradation of
SP-A was studied in vivo as well, by administering them
through the trachea to 3-day-old rabbits together with labeled
SP-A and then following the disappearance of label from the
airways and from the lungs.

MATERIALS AND METHODS

These experiments were approved by the local committee on the
handling of laboratory animals.

Materials. All reagents were of analytical grade. Sodium 12| was
from Amersham Pharmacia Biotech (Little Chalfont, UK).

Drugs. Amiodarone- hydrochloride was from Sigma. MDEA -hydro-
chloride [2-n-Butyl-3-(3,5-diiodo-4-ethylaminoethoxybenzoyl)-benzo-
furan] was a gift from Sanofi (Munchenstein, Switzerland). KB-130015
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Fig. 1. Structure of amiodarone: benzofuran moiety with butyl lateral group
(A), diiodobenzoyl moiety (B), and diethylamino-B-ethoxy moiety with tertiary
nitrogen (C).

was agift from Dr. Bo Carlsson (Caro Bio, Novum, Huddinge, Sweden).
Dronedarone (SR-33589) was a gift from Sanofi-Synthelabo (Chilly-
Mazarin Cedex, France). MeAMI {(2-butyl-benzofuran-3-yl)-4-[2-(di-
methylamino-ethoxy)-3,5-diiodophenyl]-methanone}, DDEA { (2-butyl-
benzofuran-3-yl)-4[ 2-(aminoethoxy)-3,5-diiodopheny!]-methanone-
hydrochloride}, B2-O-AcOH [2-n-butyl-3-(3,5-diiodo-4-carboxyme-
thoxybenzoyl)benzofuran], B2-O-EtOH, B2-O-Et { (2-butyl-benzofuran-
3-yl)-(4-ethoxy-3,5-diiodophenyl)-methanone}, B2 [(2-butyl-benzo-
furan-3-yl)-(4-hydroxy-3,5-diiodophenyl)-methanone], D2
[4-(2-diethylaminoethoxy)-3,5-diiodobenzoic acid], and DIB-O-A (4-
carboxymethoxy-3,5-diiodobenzoic acid) were synthesized in the Car-
diovascular Therapy Research Laboratory of the Zurich University
Hospital (13). The chemica structure of newly synthesized com-
pounds was confirmed by UV, liquid chromatography-electrospray
ionization mass spectroscopy/mass spectroscopy, and nuclear mag-
netic resonance (*H and **C) spectroscopies. Purity was >98%. A
detailed description of the synthesis and analytical data supporting the
chemical structure of compounds used here will be published else-
where. Drugs were prepared as 50 mM stock solutionsin DM SO and
stored at —26°C. Drugs were added to cellsin 1 .l of DMSO/ml. No
endotoxin could be detected into these solutions using the Limulus
amebocyte lysate (Bio-Whittaker, Cambrex, Walkersville, MD; low-
est limit of detection 0.06 endotoxin units/ml).

Measurement of drug lipophilicity. Lipophilicity was estimated as
described by Zamora et al. (22) with minor modifications. Briefly,
HPL C-grade 1-octanol (Sigma) was presaturated with 0.1 M PBS, pH
7.2, and conversely, PBS was presaturated with 1-octanol. Drugs were
then dissolved in PBS at afinal concentration of 1 X 10~4 M, an equal
volume of 1-octanol was added, and the tubes were continuously
inverted for 15 min. Drug concentrations in the aqueous and octanol
phases were assessed by measuring the absorbance at the most
convenient wavelength, as determined from the UV spectra. The
partition coefficient D was calculated by dividing the absorbance in
1-octanol by the absorbance in PBS. LogioD was used as a measure
of lipophilicity (Fig. 2).

Cells. Alveolar macrophages, obtained by washing the airways of
adult rabbits with 145 mM NaCl, 5 mM KCl, 2.5 mM NaHPO4,, 2
mM HEPES, 6 mM glucose, and 0.2 mM EGTA, pH 7.4, were
washed two times with Ringer buffer (145 mM NaCl, 5 mM KCI, 2
mM Na,HPO,4, 1 mM MgCl,, 2 mM HEPES, 10 mM glucose, pH
7.4), suspended in Ringer buffer plus 1 mg/ml of BSA (RBA), and
used immediately. The cells were >90% macrophages (May-Grun-
wald-Giemsa staining) and 95 = 1% viable (means + SE, n = 47) as
determined by trypan blue exclusion.

Effect of drugs on trypan blue exclusion and on release of lactate
dehydrogenase by alveolar macrophages. Macrophages (10° cellsin 1 ml
of RBA) were incubated for 1 h at 37°C with amiodarone or amiodarone
anaogs, added in 1 pl of DMSO. At the end, asmall aiquot was used to
study trypan blue exclusion, whereas the remaining cells were sedi-
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Compound Chemical Structure log D
Amiodarone O < W, . /\ 3.51

o ' K
MDEA O $ ; O\ﬂN/\ .
Me-AMI LS . °RT,CH3 282
DDEA 2.58
Dronedarone “sQSD.; < eV %/:\_ 2.58
B2-0-EtOH O i A 2.44
B2-O-AcOH 0 < | O\_(Z_H 2.40
B2 LS . 2.39
KB130015 xS C’ L 227
B2-O-Et st o, 221

o LY

D2 H-0 O\_/N_/ -0.44
DIB-O-A H=0 , O\_(OO_H = 1.45

Fig. 2. Amiodarone analogs. Log D = Logo (absorbance of 1-octanol phase/
absorbance of water phase), average of 3 determinations. MDEA, mono-N-
desethylamiodarone; DDEA, di-N-desethylamiodarone. See MATERIALS AND
METHODS for description of abbreviated compounds.
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mented at 3,000 rpm, and lactate dehydrogenase (LDH) released in 50
of the supernatant was measured with a commercia kit (CytoTox 96,
Promega). LDH released is presented as % of the LDH liberated from the
same cells in the presence of 0.9% Triton X-100 and is compared with
LDH released from cells exposed to plain DM SO (control macrophages).
Under the present conditions, control macrophages released 2.4 + 0.7%
of total LDH per hour (means = SE), n = 6.

Effect of amiodarone and amiodarone analogs on alveolar macro-
phage morphology. Macrophages in RBA plus 50 units/ml of peni-
cillin and 50 pg/ml of streptomycin were allowed to adhere for 2 h to
six-well Falcon plates (Becton Dickinson Labware Europe, Meylan,
France; 2 X 106 cellg/plate) and were then cultured for 24 h at 37°C,
5% CO, in the presence of DMSO (1 pl/ml, control cells), 10 uM
amiodarone, or 10 wM amiodarone analogs. At the end, adhering cells
were washed with Tyrode buffer, pH 7.3, scraped, and centrifuged at
10,000 g. The resulting pellets were fixed overnight with 2.5%
glutaraldehyde in Tyrode buffer, postfixed for 2 h in 1% osmium
tetroxide, dehydrated, and embedded in Spurr resin. Semithin sections
obtained through the whole thickness of the pellets were stained with
toluidine blue and observed with a Zeiss Axiophot light microscope.
Ultrathin sections were stained with uranyl acetate and lead citrate and
observed with a Jeol 1200 EXGII electron microscope.

Morphometry was performed on 10 electron micrographs of each
experimental condition randomly taken at X4,000 magnification and
then photographically enlarged to X 10,000 magnification to appreci-
ate the details of at least 2-3 cells/micrograph. A total number of 25
cells in each experimental condition were counted. By means of a
ruler inserted within an optical magnifier, we measured the surface
area covered by the whole cell and by vacuoles or cytoplasmic
inclusions (i.e., electron-dense structures containing amorphous
and/or multilamellar membranes, not surrounded by any type of
membrane). All organelles that were detectable in the section of each
of therandomly selected cells were analyzed. Results are expressed as
% of the surface area covered by different organellesin relation to the
surface area covered by the whole cytoplasm.

Preparation and labeling of SP-A. SP-A was isolated from the
surfactant obtained from a patient with aveolar proteinosis and
labeled with sodium 25| as described (4). 1251-SP-A had a specific
activity of 400—600 cpm/ng, migrated as expected during polyacryl-
amide gel electrophoresis, and was >99% precipitable with 20% cold
TCA. 125|-SP-A was stored at 4°C and used within a month.

Effect of amiodarone and amiodarone analogs on the degradation
of 125]-SP-A by alveolar macrophages. Alveolar macrophages (10°
cellsin 1 ml of RBA) were incubated for 1 h at 37°C in the presence
of different drugs added in 1 pl of DMSO (final drug concentration
0-50 wM). One microgram of 125|-SP-A was then added, and the
incubation was continued for one further hour. At the end, the
radioactivity solublein 20% cold TCA was measured in medium plus
cells. Degradation of SP-A is presented as % of the degradation of
SP-A measured in control cells. Under the present conditions, control
cells degraded 46 =+ 7 ng of SP-A/10° cells’hour (means = SE, n = 30).

Effect of amiodarone, dronedarone, and KB-130015 on the clear-
ance of 12°1-SP-A administered into trachea. Sedimentable surfactant
(fraction B of Ref. 3) freshly obtained from 3-day-old rabbits was
suspended in saline, mixed with 25/-SP-A, and then combined with
amiodarone, dronedarone, KB-130015, or plain DM SO to make four
different mixtures. Two hundred microliters of each mixture con-
tained: 1 pg of *2°1-SP-A, 5% of the alveolar pool of phospholipids
normally found in 3-day-old rabhits, 250 nmol of one of the drugsin
5 pl of DMSO, or 5 pl of plain DMSO (controls). Surfactant was
added to the mixtures to prevent nonspecific binding of SP-A to vias
or tubing.

Two hundred microliters of the mixtures were ingtilled to 3-day-old
rabbits (10 rabbits per mixture) by puncturing the trachea after exposing
it under local anesthesia. The animals were killed after 3 h with an excess
of pentobarbita sodium in the peritoneum, and the airways were lavaged
four times with 4-5 ml of 0.9% normd saline. The lavage fluid was used

AMIODARONE LUNG TOXICITY

to count cells, to estimate cell viability by trypan blue exclusion, and to
measure total and TCA-soluble radioactivity. An aliquot of it was
centrifuged for 5 min at 500 g, and the supernatant was used to measure
proteins and LDH. The washed lungs were homogenized in cold saline,
and the radioactivity of the homogenate, total and TCA-soluble, was
measured. The radioactivity recovered from lavage fluid and homogenate
was expressed as % of the dose intilled.

The animalswere killed 3 h after instillation because, after thistime
interval, administered SP-A is evenly distributed between aveoli and
parenchyma and the lung retains enough radioactivity for counting
(4). The dose of 250 nmol was chosen because we previously found
that 250 nmol of amiodarone instilled into trachea interfere with the
clearance of SP-A without clear damage to the lungs (4).

Satistical analysis. Data are expressed as means + SE. Differences
between groups were analyzed by ANOVA using the Student-New-
man-Keuls test as the post hoc test for data normally distributed and
Dunn’ stest for data not normally distributed. The level of significance
accepted was 5%.
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Fig. 3. Effect of analogs of amiodarone on the viability of alveolar macro-
phages evaluated by trypan blue exclusion. A: amiodarone analogs containing
an amine function. B: other analogs. Data are means = SE, n = 4-6.
*Different from amiodarone at the same concentration by ANOVA.
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RESULTS

Sgns of cell damage. Amiodarone had no effect on trypan
blue exclusion up to a concentration of 20 wM. MDEA and
DDEA were more powerful than amiodarone, exhibiting a
significant inhibition at a concentration of 20 uM (Fig. 3).
Dronedarone and MeAMI had an effect similar to that of
amiodarone. B2, B2-O-Et, B2-O-EtOH, B2-O-AcOH, and KB-
130015 had no effect on trypan blue exclusion up to a concen-
tration of 50 wM (Fig. 3). Analogs lacking the benzofuran
group, like the hydrosoluble compounds D2 and DIB-O-A, had
no effect on trypan blue exclusion up to a concentration of 50
pM (not shown).

Thus, considering amiodarone metabolites, it appears that
MDEA and DDEA are more toxic than amiodarone, whereas
B2-O-EtOH has no effect on trypan blue exclusion. Consider-
ing all substances studied, it appears that only analogs with an
amine function and ranking at the top of the hydrophobicity
scale (MDEA, DDEA, MeAMI, and dronedarone) interfere
with trypan blue exclusion (Figs. 2 and 3). The finding that the
hydrophilic analog D2, which lacks the benzofuran moiety but
retains a complete diethylaminoethoxy group, had no effect on
trypan blue exclusion, suggests that a certain degree of hydro-
phobicity is required to affect trypan blue exclusion.

Incubation with 1-50 wM amiodarone had a modest effect
on the release of LDH by alveolar macrophages, whereas
MDEA, DDEA, and dronedarone induced a dramatic increase
(Fig. 4). MeAMI aso increased the release of LDH, but the
change was not significant (Fig. 4). B2, B2-O-Et, B2-O-EtOH,
B2-O-AcOH, and KB-130015 did not increase the release of
LDH by alveolar macrophages (Fig. 4). These results reinforce
the concept that 1) amiodarone metabolism generates deriva
tives with diverse toxicity toward alveolar macrophages, some
being more (MDEA and DDEA) and some being less (B2-O-
EtOH) toxic than the parent compound and 2) dronedarone is
more, and KB-130015 is less, toxic than amiodarone toward
alveolar macrophages. Furthermore, because the uptake of

Amiodarone
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trypan blue and the release of LDH are both due to damage to
the plasma membrane (15), it appears that the uptake of trypan
blue is a more sensitive index of damage.

Macrophage morphology. As expected (4), exposure to
amiodarone had profound effects on macrophages by increas-
ing four times the area covered by inclusion bodies and by >27
times the area covered by vacuoles (Figs. 5-7).

Considering the formation of inclusion bodies, MDEA and
dronedarone increased significantly the surface area covered by
inclusion bodies (Figs. 5-7). DDEA and B2-O-EtOH did not
induce significant changes with respect to control cells, but
B2-O-EtOH caused the formation of lessinclusion bodies than
DDEA. (Figs. 5-7). Thus, amiodarone, MDEA, DDEA, and
B2-O-EtOH have a progressively smaller ability to induce the
formation of inclusion bodies.

Considering the formation of vacuoles, dronedarone had the
strongest effect among the substances tested, increasing the
surface area by >37 times. Besides dronedarone, amiodarone
metabolites also had a significant effect on the formation of
vacuoles but showed dramatic differences in potency. In fact,
the ability to induce the formation of vesicles appears to rank
in the following order: amiodarone > MDEA > DDEA >
B2-O-EtOH (all significantly different from each other by
ANOVA) (Fig. 7). Interestingly, some analogs that had no
effect on trypan blue exclusion and release of LDH, like
B2-O-Et and KB-130015, caused a small but significant in-
crease of the area covered by vesicles (Fig. 7).

Degradation of SP-A by alveolar macrophages. Amiodarone
inhibited the degradation of SP-A by alveolar macrophages,
the effect starting to be significant at a concentration of 10 wM
(P < 0.05, ANOVA) (Fig. 8). MDEA, DDEA, MeAMI, and
dronedarone inhibited the degradation of SP-A to the same
extent of amiodarone (Fig. 8). B2-O-EtOH, B2-O-AcOH, and
KB-130015 also inhibited the degradation of SP-A but did so
to a lesser extent and without producing the clear sigmoid

MDEA
MeAmi
*
DDEA *
* Fig. 4. Effect of analogs of amiodarone on re-
Dronedarone lease of lactate dehydrogenase (LDH) by alveolar
macrophages. Anaogs are in order of decreasing
B2-O-EtOH hydrophobicity from top to bottom. Data
(means + SE) represent % of cell LDH released
per hour, after subtraction of LDH released by
B2-0-AcOH control cells. N = 6. *Different from amiodarone
at the same concentration by ANOVA (P < 0.05).
B2 W50 pmol
020 pmol
KB130015
O 5 pmol
B2-O-Et
0 10 20 30 40

LDH Release (% per hour)
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Fig. 5. Effect of amiodarone metabolites and analogs on the
morphology of aveolar macrophages by light microscopy.
Bars = 10 pm.
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curve characteristic of the inhibition due to amiodarone (Fig.
8). B2, B2-O-Et, D2, and DIB-O-A had no effect on the
degradation of SP-A up to a concentration of 50 WM (Fig. 8,
DIB-O-A not shown). Thus it appears that analogs containing
an amine function and ranking at the top of the hydrophobicity
scale (MDEA, DDEA, MeAMI, and dronedarone) have the
greatest ability of inhibiting the degradation of SP-A. Analogs
in which the diethylaminoethoxy group was substituted by an
ethoxy or an acethoxy group retained some, abeit smaller,

L443

Fig. 6. Effect of amiodarone metabolites
and analogs on the morphology of alveolar
macrophages by transmission electron mi-
croscopy. Arrowheads: inclusion body; ar-
rows: vacuole. Bars = 1 pm.

inhibitory activity, whereas the substitution of the diethylami-
noethoxy group with a hydroxy or an ethyl group abrogated
completely the ability to inhibit the degradation of SP-A. These
results are compatible with the view that the tertiary nitrogen of
amiodarone may play arolein theinhibition of the degradation
of SP-A by aveolar macrophages, provided the molecule
reaches a certain degree of hydrophobicity. In fact, the hydro-
philic compound D2, which contains an intact diethylaminoe-
thoxy group, had no effect on the degradation of SP-A (Fig. 8).
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Uptake and degradation of SP-A administered through the
airways. In control animals, 3 h after the tracheal instillation of
125].Sp-A, the total radioactivity was evenly distributed be-
tween airways and lung tissue, and degradation products were
present, especialy in the airways (Figs. 9 and 10). Amiodarone
inhibited the degradation of SP-A after the uptake, with the
conseguence that less degradation products were formed and
nondegraded SP-A accumulated into lung tissue (Figs. 9 and
10). Dronedarone had an effect comparable with that of ami-
odarone, causing the accumulation of large amounts of nonde-
graded SP-A into lung tissue (Figs. 9 and 10). KB-130015 had
a much smaller effect, causing a small accumulation of non-
degraded SP-A in lung tissue (Figs. 9 and 10).

DISCUSSION

MDEA, DDEA, and B2-O-EtOH are metabolites of amio-
darone of decreasing hydrophobicity produced by sequential
modifications of the diethylaminoethoxy group (Fig. 2). Al-
though the toxicity of MDEA is known in part (5), the effects
of DDEA and B2-O-EtOH have never been studied.

We found that the toxicity of MDEA toward alveolar mac-
rophagesis greater than that of amiodarone according to trypan
blue exclusion and the release of LDH. On the other hand, the
toxicity of MDEA issimilar to that of amiodarone, considering
the effects on the degradation of SP-A and the formation of
inclusion bodies, and is smaller than that of amiodarone, if one
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Fig. 8. Effect of analogs of amiodarone on the degradation of surfactant

protein A (SP-A) by rabbit alveolar macrophages. A: amiodarone metabolites

and analogs containing an amine function. B: other metabolites and analogs.

Data are % of SP-A degraded by control cells (means = SE); n = 3-7.
*Grester, #smaller than amiodarone at same concentration by ANOVA.

looks at the formation of vacuoles. Deethylation of MDEA to
DDEA dramatically decreases the ability to cause the forma
tion of vacuoles in the cytoplasm of aveolar macrophages,
whereas the rest of the toxicity profile remains unchanged.
Deamination of DDEA reduces the toxicity further, since the
resulting metabolite (B2-O-EtOH) has no effect on trypan blue
exclusion and the release of LDH, has modest effects on
morphology, and retains some ability to inhibit the degradation
of SP-A. In addition to an improvement of the toxicity profile,
the deamination of DDEA could have a further positive effect
by influencing pharmacokinetics, since the plasma of patients
receiving amiodarone contains measurable amounts of MDEA
and DDEA, whereas B2-O-EtOH remains under the limit of
detection, possibly because it is quickly eliminated by conju-
gation (unpublished observations). Thus MDEA, DDEA, and
B2-O-EtOH rank in order of decreasing toxicity toward alve-
olar macrophages, indicating that deakylation and deamina
tion of the diethylaminoethoxy group are important stepsin the
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Fig. 9. Effect of amiodarone, dronedarone, and KB-130015 on the clearance
of 125]-SP-A administered into trachea. Drugs (250 nmol) were mixed with
125]-SP-A and then instilled into trachea of 3-day-old rabbits that were killed
after 3 h. Shown is the distribution of total radioactivity in lung lavage fluid
(BAL), lung homogenate, and total lung. Data are means = SE. N = 14 for
amiodarone, 4 for dronedarone, and 10 for KB-130015. *Different from
control in the same compartment (ANOVA).

biotransformation of amiodarone. The crucia role of this
lateral group in the toxicity toward macrophages also emerges
from the study of analogs. In fact, the deletion of the diethyl-
aminoethoxy group of amiodarone generates B2, an analog
devoid of all toxic effects considered in this study. Because B2
contains the diiodobenzoyl moiety and the benzofuran moiety
with its associated butyl group (Figs. 1 and 2), it appears that
these parts of the amiodarone molecule play no direct role in
the toxicity toward alveolar macrophages. This finding con-
trasts sharply with the results of studies exploring the mecha-
nism of amiodarone toxicity toward the liver (19). Those
experiments showed unambiguously that the benzofuran moi-
ety is responsible for liver toxicity, suggesting that different
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Fig. 10. Effect of amiodarone, dronedarone, and KB-130015 on the distribu-
tion of TCA-soluble radioactivity in BAL, lung homogenate, and total lung
after administration of 1251-SP-A into trachea. Data are means = SE. N = 10
for amiodarone, 4 for dronedarone, and 10 for KB-130015. *Different from
control in the same compartment (ANOVA).
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parts of the amiodarone molecule could be toxic toward spe-
cific cell types.

Amiodarone interferes with various cell functions and struc-
tures, such as late steps of endocytosis (4), the catabolism of
proteins and lipids (4, 14), mitochondrial integrity and energy
metabolism (13), calcium homeostasis (8, 12), ion pumps (11),
and the distribution of receptors among different cell compart-
ments (6, 20). From the evidence presented here, it appears that
amiodarone metabolites may also have a plethora of effects
since they impair the integrity of the plasma membrane, inter-
fere with the degradation of SP-A, which normally is taken up
by macrophages and degraded into lysosomes (4), and impact
on the turnover of cell organelles, as indicated by the accumu-
lation of vesicles and multilamellar inclusion bodies.

The nitrogen of the diethylaminoethoxy group appears to
play an important role in toxicity toward alveolar macrophages
because anal ogs and metabolites containing it rank at the top of
the toxicity scale (amiodarone, MDEA, DDEA, MeAMI,
dronedarone) and because its remova during amiodarone me-
tabolism dramatically decreases adverse effects toward macro-
phages. The presence of a tertiary nitrogen is typical of lyso-
somotropic amines that, in their neutral form, enter the lyso-
somes by diffusion but then, in the acidic lysosoma milieu,
become insoluble and accumulate to high levels, causing the
osmatic swelling of lysosomes (9). Thus it is tempting to
speculate that some of the effects of amiodarone might be due
to interference with the lysosomes by this mechanism. It is
worth noting, however, that lysosomotropic amines with vacu-
oligenic ability, like methylamine and chloroquine, work at
millimolar concentrations (1), whereas amiodarone and its
metabolites work at micromolar concentrations. Furthermore,
we find that during amiodarone degradation, the greatest de-
crease in the vacuoligenic ability is due to deethylation of
MDEA rather than to deamination of DDEA (Figs. 5-7).
Finally, we show that anal ogs lacking the amine function retain
some ability of generating vacuoles (like B2-O-EtOH, B2-O-
Et, and KB-130015) and can still interfere with the degradation
of SP-A (B2-O-EtOH, B2-O-AcOH, and KB-130015). Thus
the role of the tertiary nitrogen of amiodarone in macrophage
toxicity remains to be fully defined.

One aim of this investigation was to analyze the effects on
alveolar macrophages of two amiodarone derivatives with
proven antiarrhythmic activity, dronedarone and KB-130015,
and to compare them with those of amiodarone. Our results
indicate that, at equimolar concentrations, dronedarone has a
toxicity greater than or equal to that of amiodarone since it
inhibits to a greater extent the exclusion of trypan blue, causes
a greater release of LDH, and has a higher vacuolating ability
than amiodarone. On the other hand, dronedarone affects the
clearance of SP-A to the same extent as amiodarone, both in
vivo and in vitro. KB-130015 is less toxic than amiodarone
toward alveolar macrophages according to all criteria used in
this study and presents a toxicity profile similar to that of
B2-O-EtOH.

The overall picture that emerges from this study can be
summarized as follows: 1) amiodarone metabolites MDEA,
DDEA, and B2-O-EtOH rank in order of decreasing toxicity
toward alveolar macrophages, indicating that dealkylation and
deamination of the diethylaminoethoxy group are important
mechanisms of detoxification; 2) dronedarone and KB-130015

AMIODARONE LUNG TOXICITY

have respectively greater and smaller toxicity toward aveolar
macrophages than amiodarone; and 3) the benzofuran moiety,
which is toxic to liver cells, is not directly toxic toward
alveolar macrophages.

It is important to note that these conclusions are based on a
limited number of effects observed on isolated cells after
incubation with drugs present at concentrations that may or
may not be reached in vivo. Furthermore, many of the most
important effects of amiodarone, such those on mitochon-
dria, on the traffic of lysosomal enzymes, on calcium ho-
meostasis, and on the regulation of apoptosis (2, 10) were
not examined in the present investigation. Finally, it should
be considered that effects interpreted here as toxic toward
alveolar macrophages, such as the interference with the
traffic of vesicles, could represent a desirable end point in
other respects, like the recently discovered antifungal activ-
ity of amiodarone (12).
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