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ABSTRACT:

This study was designed to determine serum and tissue concentra-
tions of amiodarone and its metabolite desethylamiodarone after
chronic amiodarone administration in rabbits. Rabbits were admin-
istered 20 mg/kg amiodarone for 6 weeks. Serum, liver, kidney,
heart, lung, spleen, bile, adipose tissue, and muscie were collected
upon sacrifice. Amiodarone and desethylamiodarone concentrations
were determined in serum and tissues by an HPLC procedure stand-
ardized in our laboratory. Amiodarone concentrations were the high-
est in fat tissue followed by lung, liver, and muscie, with the lowest
concentration in serum and only traces in the brain. Desethylamio-

darone concentrations in liver, lung, and kidney approached those
of the parent drug while the metabolite was present in negligible
amounts in fat tissue and in brain. Bile from amiodarone-treated
rabbits showed the presence of two more new metabolites which
have not been characterized. Desethylamiodarone/amiodarone ra-
tios in serum and tissues after chronic administration in rabbits were
lower than in man. Nevertheless, differential accumulation of amio-
darone and desethylamiodarone may be relevant to efficacy and
toxicity studies.

Amiodarone, a benzofuran derivative (fig. 1), is an effective
antiarrhythmic drug, particularly against ventricular and supra-
ventricular arrhythmias (1, 2). Amiodarone has a slow onset and
offset of action consistent with its unusual pharmacokinetic
property of a long elimination half-life ranging from 13-155 days
(3, 4). During long term therapy, serum concentrations of des-
ethylamiodarone, the major metabolite of amiodarone (fig. 1),
could approach that of the parent drug (3-5). Data on the
metabolism and tissue accumulation of amiodarone during
chronic treatment are scarce. Riva et al. (6) reported serum and
tissue levels of amiodarone after a single iv administration in
rats. Holt et al. (4), Maggioni et al. (7), and Debbas et al. (8)
determined the tissue concentrations of amiodarone and its
metabolite in post-mortem and biopsy samples from patients
who were treated with amiodarone chronically. They found that
amiodarone, being lipophilic, accumulated extensively in fat
tissue followed by liver, lung, and kidney. Liver and kidney also
contained large amounts of desethylamiodarone.

In our previous work, we have used the rabbit as an experi-
mental model for studying the pharmacokinetics (9) and electro-
physiology (10) of amiodarone. We showed that the elimination
of amiodarone and the metabolite from serum followed a biex-
ponential function after a single iv administration with elimina-
tion half-lives of approximately 3 hr. There was a rapid uptake
of both compounds by the rabbit myocardium. Myocardial
concentrations were several-fold higher than those of serum and
declined in parallel to those of serum as a function of time (9).
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Neither the drug nor the metabolite produced significant changes
in electrocardiograms after acute administration, in contrast to
chronic treatment in which a significant prolongation of action
potential of cardiac fibers was shown (10). In an effort to correlate
the efficacy and toxicity of amiodarone with its tissue accumu-
lation, we have, in the present study, investigated the tissue
uptake and metabolism of amiodarone during chronic adminis-
tration in the rabbit.

Materials and Methods

Animal Experiments. Male New Zealand White rabbits with initial
mean body weight of 3.12 + 0.19 kg were divided into two groups of six
rabbits each. One group was administered amiodarone (20 mg/kg body
weight) ip as a 5% aqueous solution for 6 weeks. The other group was
administered the same amount of 0.9% saline and served as the control
group. The administration protocol consisted of injection of either the
drug or saline as a single dose ip around 9 a.m. Monday to Thursday,
double the dose on Friday, and no injections on the weekends. Body
weights were monitored twice a week. Mean body weights of amiodarone-
treated rabbits (2.83 kg) were significantly lower (p < 0.01) than those
of untreated controls (3.41 kg).

On the day of the experiment, venous blood (2 ml) was collected from
rabbits kept in restraining cages under light anesthesia (Nembutal, 30
mg/kg body weight) for measurement of trough drug concentrations.
Collection of blood for serum drug levels and sacrifice of rabbits were
done on Tuesday, Wednesday, and Thursday because of the dosing
schedule described above (11). The animals were sacrificed by adminis-
tration of an overdose of Nembutal (50 mg/kg) within 30 sec. The
following whole organs were dissected; liver, lung, heart, spleen, kidney,
and brain. Bile was collected in a graduated tube and its volume was
recorded. The tissues were blotted dry and weighed. Portions of inguinal
adipose tissue as well as muscle from the lower back of the animal were
also removed. All tissues were kept frozen at —20°C until analysis.

Chemicals. Amiodarone hydrochloride powder, desethylamiodarone
hydrochloride, and L8040, a brominated analog of amiodarone, were
obtained from Labaz Inc., Belgium. Fenethazine hydrochloride was
obtained from Roune Poulenc (Parris, France). HPLC grade methanol,
water, and chloroform were obtained from J. T. Baker Chemical Com-
pany.

Drug Analysis. Serum levels of amiodarone and desethylamiodarone
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FiG. 1. Chemical structure of amiodarone and its major metabolite
desethylamiodarone.

Amiodarone

Desethylamiodarone

were determined by high performance liquid chromatography (12).
Briefly, to 0.4 ml serum in polypropylene tubes (12 X 75 mm), 40 ul 2
N NaH,PO, buffer at pH 4.5, and 0.5 ug (10 ul) fenethazine internal
standard in methanol were added. This was followed by 0.75 m! methyl-
t-butyl ether, and the contents were vortexed 10 sec and shaken horizon-
tally for 20 min. After centrifugation at 2500 rpm for 10 min, the upper
ether phase was transferred to culture tubes (6 X 50 mm). The aqueous
phase was extracted once again with 0.75 ml ether and the ether phase
after centrifugation was combined with the first extract and dried under
N,. The residue was reconstituted in 25 ul methanol for HPLC analysis.

For determining tissue concentrations of amiodarone and desethyla-
miodarone, 20-25 mg of tissue (wet weight) was minced and homoge-
nized with 1 ml methanol containing 0.5 ug L8040 in a hand homoge-
nizer. The homogenizer was washed with an additional 1 ml methanol.
The combined extract was dried under N; and reconstituted in 0.4 m!
normal rabbit serum. Further steps for drug extraction are the same as
outlined above for serum. The fat tissue, because of its high lipid and
drug concentrations, was processed slightly differently; 10 mg of tissue
was homogenized with 1 ml chloroform/methanol (2:1 v/v) containing
0.5 ug fenethazine as internal standard. The combined homogenate from
the above and an additional 1 ml of chloroform-methanol wash was
dried under nitrogen. Normal rabbit serum (0.4 ml) was added and the
drug was extracted with z-butyl ether as described for serum samples.
Fenethazine was chosen as the internal standard because of an interfer-
ence peak in adipose tissue samples with a retention time close to that
of L8040, the internal standard used for analysis of other tissues.

The validity of the present tissue extraction procedure was compared
in independent experiments with another published method of Latini ez
al. (13) in which aliquots of methanolic tissue homogenates were first
evaporated to dryness, redissolved in 2 ml pH 5.4 phosphate buffer, and
extracted twice with hexane. The dried residue from hexane extracts was
redissolved in methanol and analyzed by HPLC according to Latini ez
al. (13). The recoveries of amiodarone and desethylamiodarone by the
two methods did not differ significantly from each other and ranged
from 89-116% (mean of four determinations).

Chromatographic | Conditions. A Waters liquid chromatograph
equipped with a M 6000A pump, a M450 variable wavelength ultraviolet
detector set at 240 nm, and an Altex 5 u particle size Ultrasphere Si
column (25 cm X 4.6 mm i.d.) was used for analysis. The mobile phase
consisted of methanol containing 0.07% perchloric acid adjusted to pH
4.0 with 0.1 N methanolic sodium hydroxide. The flow rate and chart
speed were 1.8 ml/min and 0.5 cm/min, respectively. A Hewlett-Packard
integrator (model 3380A) was used to determine drug concentration
from the peak areas of amiodarone and that of the internal standard.

Results

Standardization' of Amiodarone and Desethylamiodarone
Analysis. Fig. 2 shows the standard curves for amiodarone and
desethylamiodarone added to control rabbit sera. The curves
were obtained by combining serum concentration data from four
determinations in each case. The curves were linear from 0.025-
6 ug/ml for amiodarone and desethylamiodarone. The slope,
intercept, and correlation coefficient were 1.128, 0.202, and
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FIG. 2. Standard curve for the analysis of amiodarone (left) and
desethylamiodarone (right) added to normal rabbit serum.

The abscissa represents amount of amiodarone added and the ordinate
the peak area ratio of drug to internal standard in HPLC analysis. Each
point represents mean + SE from 4 determinations.
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FiG. 3. Standard curve for the analysis of amiodarone added to liver
tissue from control rabbits.

The slope, intercept, and correlation coefficient for amiodarone and
desethylamiodarone were 1.282, —0.021, and 0.984 and 1.093, —0.032,
and 0.986, respectively.

0.984 for amiodarone and 1.087, 0.555, and 0.990 for deseth-
ylamiodarone.

The above serum data were obtained using fenethazine as
internal standard, according to the original report by Storey et
al. (12). When the above procedure was adapted to tissue analysis
we found that fenethazine was not suited as an internal standard
due to its long retention time and the appearance of interference
peaks in tissue homogenates closer to fenethazine peak. There-
fore, we used a brominated analog of amiodarone, L8040, which
has also been used by other workers (12-14).

Standard curves were prepared for each tissue from control
rabbits from extracts of 25 mg wet weight to which varying
amounts of amiodarone and desethylamiodarone and a known
amount of internal standard in methanol were added. The
amounts of amiodarone and desethylamiodarone added ranged
from 0.1-0.5 ug for most of the tissues and a wider range of 0.5-
6.0 ug for serum. These ranges were determined by preliminary
analysis of tissues from drug-treated animals to estimate approx-
imate levels of amiodarone and desethylamiodarone. Fig. 3
shows the standard curves for amiodarone and desethylamioda-
rone in liver tissue. Similar standard curves were obtained for
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other tissues examined (data not shown). A linear correlation
existed for all tissues between the amount of amiodarone and
desethylamiodarone added and the amount found by HPLC.
Standard curves were prepared only for amiodarone in adipose
tissue; negligible quantities of desethylamiodarone were present
in adipose tissue samples from amiodarone-treated animals. No
attempt was made to quantitate the metabolite in adipose tissue
samples. Fig. 4 shows a representative chromatogram for ven-
tricular muscle from a amiodarone-treated rabbit. The retention
times of desethylamiodarone, L8040, and amiodarone were 5.07,
5.88, and 8.60 min, respectively. HPLC chromatograms from
extracts of other tissues were qualitatively similar to that of the
ventricle except for that of fat which had a broad solvent front
(due presumably to excess lipid) and only traces of desethylamio-
darone. Extracts from bile also showed two additional peaks in
the chromatogram (fig. 5), one eluting before desethylamioda-
rone and the other between L8040 and amiodarone. No attempts
were made to fully characterize the two new metabolites.

Tissue Concentrations of Amiodarone and Desethylamioda-
rone. Table 1 lists the serum and tissue concentrations of amio-
darone and desethylamiodarone in rabbits administered amio-
darone for 6 weeks. Although body weights of drug-treated
animals were significantly lower, organ wet weights of amioda-
rone-treated animals were not different from those of controls
except for liver which showed a significant decrease (p < 0.01)
from a mean of 3.85% body weight in controls to 2.75% in
amiodarone-treated rabbits.

Fat tissue had the highest concentration of amiodarone per
unit tissue weight followed by lung, liver, and muscle. The
concentrations of amiodarone and desethylamiodarone in the
ventricle were 6.90 and 3.12 ug/g, respectively. The lowest con-
centration of amiodarone was found in serum. Muscle, spleen,
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FIG. 4. Chromatogram showing resolution of amiodarone,
desethylamiodarone, and L-8040 internal standard in the extract of
ventricular tissue homogenate from a rabbit treated with amiodarone.

Peaks A, B, and C represent desethylamiodarone, L8040, and amio-
darone, respectively. The small broad peak preceding peak A is an
impurity.
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FIG. 5. HPLC chromatogram of bile extracts from control rabbit (left)
and from a rabbit treated with amiodarone chronically (righ).

U denotes an unknown peak (see legend to Fig. 4 for other denotions).

TABLE 1

Amiodarone and desethylamiodarone concentrations in serum and
tissues after chronic amiodarone administration to rabbits

All values are means from 5-6 rabbits except for bile (7 = 3).

Mean Amiodarone/
Tissue Amiodarone  Desethylamiodarone Desethylamiodarone
Ratio (Range)
ng/g ng/g
Fat 55.98 + 8.88 Trace
Lung 15.89 £ 4.41 23.03 £ 6.85 1.5 (0.6-3.2)
Liver 17.92 + 7.43 18.56 + 8.96 1.1 (0.3-1.5)
Muscle 14.11 £5.28 2.67+£0.73 4.6 (2.5-1.7)
Spleen 12.36 + 4.20 10.49 + 141 1.1 (0.1-1.9)
Kidney 10.79 £+ 1.69 6.81 £ 1.08 1.6 (0.7-2.6)
Bile® 7.05 £ 2.68 528 £ 1.17 1.2 (0.9-1.7)
Ventricle 6.90 + 1.00 3.12+0.43 2.4 (1.6-4.7)
Serum* 1.42 £ 045 0.42 +0.20 4.0 (1.6-6.7)
Brain Trace Trace
@ Values are expressed as ug/ml.

kidney, and bile had concentrations in the intermediate range.
Liver and lung had high amounts of desethylamiodarone and
the amiodarone/desethylamiodarone ratio in these tissues was
close to unity whereas less vascularized tissues such as fat had
insignificant amounts of the metabolite. The serum amiodarone/
desethylamiodarone ratio was close to 4 which is higher than
that in humans. Both the drug and the metabolite were present
in negligible quantities in brain and could not be quantitated by
our present assay method.

Fig. 6 shows the tissue/serum ratio of amiodarone and dese-
thylamiodarone in chronically treated rabbits. Fat had the highest
tissue/serum amiodarone ratio of 88 followed by muscle, lung,
and kidney. The ratio for the myocardium was 12, only slightly
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FIG. 6. Tissue/serum ratio of amiodarone (open bars) and
desethylamiodarone (hatched bars) in rabbits chronically treated with
' amiodarone.

Values represent mean + SE from 5-6 rabbits for each tissue except
bile (n = 3).

higher than that of bile which had the lowest ratio of the tissues
analyzed.

The tissue/serum ratio of desethylamiodarone showed a dif-
ferent pattern. Lung, spleen, kidney, and liver all had high ratios,
with the highest ratio being that of lung (83.1). Ventricle and
bile had the smallest tissue/serum ratios. Brain and adipose tissue
had insignificant gmounts of the metabolite, and therefore their
ratios could not be determined with precision.

Discussion

We have standardized a liquid chromatographic method for
the measurement' of amiodarone and desethylamiodarone in
tissues. Using this method we have studied the tissue accumula-
tion of amiodarone and its metabolite in vivo after chronic
administration. Previous work showed that in this model pro-
tracted amiodarone administration caused a significant prolon-
gation of action potential duration in cardiac fibers (10, 11).
Thus, the electraphysiological effects of chronic amiodarone
treatment in the rabbit resemble those in man. In this study, in
an effort to understand the metabolism of amiodarone and to
develop a model to correlate tissue drug accumulation to efficacy
and toxicity of amiodarone, we have determined the tissue levels
of amiodarone and its major metabolite in several tissues in the
rabbit.

Standardization of an HPLC procedure for determining tissue
concentrations of the drug and metabolite gave linear curves for
all the tissues in the range 0.1-0.5 ug for amiodarone and
desethylamiodarone. As mentioned under “Materials and Meth-
ods,” L8040 was found to be a better internal standard for tissue
analysis except for adipose tissue for which we used fenethazine
as internal stan . Modifications in the processing of tissue
and the chromatographic conditions resulted in improved sen-
sitivity, faster analysis, and simultaneous quantitation of both
amiodarone and desethylamiodarone.

Adipose tissue had the highest concentration of amiodarone
after chronic administration followed by lung, liver, and kidney.
Although the concentration in the myocardium (ventricle) was
about 5 times higher than that in serum, its amount was the
lowest among the; tissues studied. This finding is similar to post-
mortem tissues inlhumans (4, 14). The concentration of desethy-
lamiodarone was the highest in liver, lung, and kidney which is
again similar to that reported in man (8, 14). However, several
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aspects of the rabbit tissue distribution data differ from those in
man. The serum concentrations of amiodarone and desethyla-
miodarone are lower and the metabolite/amiodarone ratio is
significantly lower than in man not only in serum but also in
several tissues. Only negligible quantities of amiodarone and
desethylamiodarone were found in the brain, in contrast to
available clinical data. Myocardial concentrations in the rabbit
were also lower than those found in post-mortem myocardial
tissue.

Desethylamiodarone is the principal metabolite of amiodarone
characterized so far in man and in other animal species. In the
present study we found evidence for the existence of two new
metabolites in the bile of rabbits chronically treated with amio-
darone. They were present in significant quantities in the bile.
The chemical structures of the two metabolites are not known
at the present time. In a recent review, Latini ez al. (15) referred
to their recent work (16) on the characterization of a new
metabolite of amiodarone as di-N-desethylamiodarone in the
myocardium of chronically treated dogs. It is possible that one
of the metabolites isolated from the bile in the present study is
di-N-desethylamiodarone; however, the structure of the other
metabolite remains to be determined.

Although this study was not designed to evaluate the toxicity
of amiodarone, the high concentrations of amiodarone and
particularly the metabolite in the lung and in the liver may play
a role in the well known pulmonary and hepatotoxicity of
amiodarone in man reported by several workers (17-21). It is
likely that amiodarone is bound strongly to these tissues. Thus,
tissue binding studies of amiodarone may prove to be important
in understanding the mechanism of toxicity of amiodarone. Such
studies will also help in understanding the interaction of amio-
darone with various other drugs that has been documented in
the literature (22). However, because of the sluggish metabolism
of amiodarone in the rabbit as compared to man the rabbit may
not serve as a useful model for this purpose.
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