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originally developed as an antianginal agent (1).

Subsequently in 1969, Charlier et al. (2) re-
ported that amiodarone exerted antiarrhythmic action
in the dog. The first large scale clinical trial was con-
ducted by Rosenbaum et al. (3) who noted that amio-
darone was effective in the treatment of intractable
cardiac arrhythmias. Amiodarone has been approved
by the Food and Drug Administration as a cardiac
antiarrhythmic agent for the treatment of supraventric-
ular and ventricular arrhythmias. The pharmacology,
pharmacokinetics, and interactions with thyroid hor-
mones as well as drug interactions have been the focus
of several reviews (4-6) and will not be covered in this
article. Although amiodarone is an effective antiar-
rhythmic agent, drug therapy is unfortunately associ-
ated with a high incidence of side effects (7, 8). The
most serious, life-threatening adverse effect attributed
to amiodarone therapy is pulmonary toxicity charac-
terized by interstitial pneumonitis and fibrosis (8—11).
It is the purpose of this review to examine the morpho-
logic and biochemical features of this drug-induced
pulmonary toxicity.

! miodarone was discovered in the early 1960s and

Drug Structures

Amiodarone is an iodinated benzofuran derivative
that is cationic and amphiphilic in nature. The structure
of amiodarone and three of its metabolites, desethyla-
miodarone, monodeiodinated desethylamiodarone,
and bis-desethylamiodarone, are presented in Figure 1.
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Morphologic Features

The pulmonary response to amiodarone treatment
is characterized initially by the development of phos-
pholipidosis. Morphologically, this appears as lysoso-
mally derived lamellar bodies in many of the cells of
the lungs, including alveolar macrophages (12-15),
endothelial and interstitial cells (16-18), bronchiolar
epithelial cells (19), and type I cells (12-17). Of these
cell types, the alveolar macrophage is particularly sus-
ceptible to the development of phospholipidosis. It
should be noted that these “foamy” macrophages are
present in virtually all patients receiving amiodarone
whether toxicity is displayed or not (13, 20, 21). The
presence of foamy macrophages and/or lamellar bodies,
thus, may not necessarily constitute an index of toxicity.

Reasor et al. (14) described the time-dependent
response of rat alveolar macrophages to amiodarone
treatment. One day after a single dose of amiodarone,
a few lamellar structures were typically observed within
some of the cells. After 3 days of treatment, lamellar
bodies, along with large electron-dense structures were
prominent in many cells. Following 1 week of treat-
ment, virtually all of the cells examined contained
numerous lamellar bodies, which were associated with
areas of amorphous material probably representing a
transformation or degeneration of the structures. A
representative electron micrograph of an alveolar mac-
rophage from a rat treated with amiodarone is shown
in Figure 2. In addition, in vitro incubation of rat
alveolar macrophages with amiodarone resulted in the
development of lamellar bodies which were similar in
appearance to those induced by in vivo administration
of this drug (22).

Biochemical Features

The amiodarone-induced accumulation of foamy
macrophages is associated with impaired phospholipid
catabolism. Treatment of rats with amiodarone signif-
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Figure 2. Electron micrograph of an alveolar macrophage from a rat
treated with amiodarone for 3 days (150 mg/kg by mouth). Numerous
lamellar inclusion bodies and large electron-dense structures are
present (original magnification x17,040). Reproduced with permission
of the publisher from (14).

icantly increased the concentration of total phospho-
lipid in whole lung and alveolar macrophages (14, 23—
25). The elevation in total phospholipid content was
accompanied by a rise in phosphatidylethanolamine,
phosphatidylglycerol, phosphatidylinositol, phosphati-
dylserine, sphingomyelin, and phosphatidylcholine (14,
23, 24). The amiodarone-induced increase in phospha-
tidylcholine was proportionally greater than all other
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individual class phospholipids. Similarly, Martin and
Standing (13) demonstrated a significant increase in
total and individual class phospholipids in bronchoal-
veolar lavage fluid cells of human subjects with amio-
darone pulmonary toxicity. In contrast, no significant
increases were observed in the phospholipid composi-
tion in the cell-free bronchoalveolar fluid of these same
patients.

Within 2 weeks of withdrawal of animals from
amiodarone treatment, the phospholipid levels returned
to control values, indicating that the phospholipidosis
was reversible (14, 23, 26). In contrast, in humans,
lamellar inclusion bodies, indicative of phospholipi-
dosis, were present in alveolar macrophages several
months after discontinuation of amiodarone treatment
(20, 27). At present the basis for the observed interspe-
cies differences in response to amiodarone remains to
be determined.

The mechanism by which cationic amphiphilic
drugs such as amiodarone induce phospholipidosis is
through their ability to inhibit the activity of lysosomal
phospholipases (28). It has been shown that amiodarone
inhibits phospholipase A, of rat lung and alveolar mac-
rophages (29, 30) and inhibits lysosomal phospholipases
A, and A, from rabbit lung (24). The ICs, for the
amiodarone-induced inhibition of rat lung phospholi-
pase A, was 8.7 uM (30) and 11 uM for phospholipase
A, of rat alveolar macrophages (29). Martin et al. (31)
demonstrated that the amiodarone-induced inhibition
of lysosomal phospholipases A, and A, was specific in
bovine pulmonary artery endothelial cells in that the
microsomal phospholipase activities were not altered.

The role of desethylamiodarone, the primary me-
tabolite of amiodarone, in the development of pulmo-
nary phospholipidosis has been the subject of several
studies. It is well established that desethylamiodarone
accumulates in alveolar macrophages and whole lung
tissue of humans (13, 32) and animals (14, 15, 23, 33).
Reasor et al. (14) demonstrated that lamellar inclusion
bodies associated with a significant increase in total
phospholipid content were noted in alveolar macro-
phages collected from rats treated with desethylamio-
darone. Likewise, lamellar inclusion bodies were in-
duced in rat alveolar macrophages incubated with des-
ethylamiodarone in vitro (22). Additionally, Reasor ef
al. (23) found that with chronic amiodarone treatment,
the content of total phospholipid in rat lung correlated
more closely with the level of desethylamiodarone in
the tissue than with amiodarone. Collectively, these
data support the view that desethylamiodarone, as well
as amiodarone, contributes to the development of phos-
pholipidosis during amiodarone treatment. Consistent
with this theory, Hostetler ef a/. (30) found that des-
ethylamiodarone was slightly more potent than amio-
darone in inhibiting rat lung lysosomal phospholipase
A 1.



In support of the actions of amiodarone and des-
ethylamiodarone in the induction of phospholipidosis,
Kirk et al. (34, 35) have reported the distribution of
amiodarone and its metabolites in alveolar macro-
phages following treatment of rats with amiodarone.
Because amiodarone and its major metabolites contain
iodine, it has been possible to study the intracellular
localization of the molecules by monitoring the iodine
signal using x-ray microanalysis. While not being able
to identify the specific drug species, this technique is
able to quantify the amount of iodine associated sub-
cellular structures and is therefore an indication of the
total drug level present. Following a single administra-
tion of amiodarone, iodine levels were highest in amor-
phous bodies and dense granules, structures represent-
ative of the lysosomal compartment. Lower levels were
observed in the cytosol and nucleus of the cell (34)
(Table I). The iodine levels in the amorphous bodies
rose with increasing treatment time (35). Because of
the preferential accumulation of the drugs in the lyso-
somal compartment where phospholipids accumulate,
the results of these studies are consistent with the view
that they inhibit phospholipid catabolism. An interest-
ing observation was that by 9 weeks of treatment with
amiodarone, the iodine levels in the nucleus ap-
proached those found in the amorphous bodies. The
significance of the nuclear accumulation of drugs is
unclear at present.

Role of Amiodarone Metabolites in Toxicity

Desethylamiodarone and the minor metabolites,
monodeiodinated desethylamiodarone, and bis-
desethylamiodarone, and at least two unidentified polar
metabolites have been detected in blood and tissues of
humans (13, 32) and animals (15, 23, 36) treated with
amiodarone. It has been mentioned earlier that dese-
thylamiodarone is capable of inducing a phospholipi-
dosis in cells. A number of studies also indicates that

Table l. Distribution of lodine in Alveolar
Macrophages of Amiodarone-Treated Rats®

lodine (mmol/kg dry wt)
Control 1 Day® 1 Week® 9 Weeks®

Compartment
Nucleus 09 10x2 6%3 142+10
Cytosol 12 112 —° —
Dense granules 0 465 — —

Amorphous bodies 1+2 59+6 116 £5 168 + 11

 Values represent mean + SE; data are from Kirk et al. (34, 35).

“ Rats were treated with amiodarone (400 mg/kg, by mouth).

° Rats were treated with amiodarone (150 mg/kg, by mouth).

9 When the average values are near zero, small negative and positive
values are obtained because of the curve-fitting procedure. Small
negative values are presented as zero in the table.

° Because of the pronounced phospholipidosis, areas of cytosol were
difficult to find, therefore, measurements were not taken. Dense
granules were not present.

desethylamiodarone is more toxic than amiodarone.
This has been demonstrated in cell cultures of thyro-
cytes (37), fibroblasts (37), hepatocytes (38), and alveo-
lar macrophages (22). Ogle and Reasor (22) also showed
that when alveolar macrophages were incubated with
amiodarone and desethylamiodarone in combination,
the cytotoxicity as measured by release of lactate de-
hydrogenase was greater than additive. Daniels et al.
(39) reported that desethylamiodarone was more potent
than amiodarone in inducing pulmonary fibrosis when
administered by intratracheal instillation to hamsters.
The results of both in vitro and in vivo studies are
consistent with the view that desethylamiodarone may
play a significant, if not the major role in toxicity
associated with amiodarone treatment.

Mechanisms of Pulmonary Toxicity

While amiodarone administration consistently in-
duces a phospholipidosis in animals and humans, there
is no clear indication that this action is related to the
development of pulmonary toxicity. Consequently,
other mechanisms of toxicity have been proposed.
There is evidence of the involvement of immunologic
mechanisms in amiodarone-induced pulmonary toxic-
ity. Accordingly, a hypersensitivity mechanism has
been proposed to explain these observations as shown
in Table II. In contrast, others have found no evidence
of immunologic involvement (20, 21, 46, 47).

As previously described, both amiodarone and des-
ethylamiodarone are cytotoxic to a number of cell types
in vitro (72). As a result of their study with pulmonary
artery endothelial cells, Martin and Howard (48) sug-
gested that direct toxicity of amiodarone may contrib-
ute to the drug-induced lung damage as evidenced by
the induction of cytoplasmic inclusion bodies and the
chromium cytotoxicity assay. In agreement Ruben et
al. (49) demonstrated that incubation of rabbit aorta
muscle cells with amiodarone resulted in the induction
of dense granules and an elevation in total cellular
phospholipid. It has been suggested that lung dysfunc-
tion is associated with membrane destabilization. With

Table Il. Summary of Amiodarone-Induced
Immunologic Responses in Lung

Response Reference

Deposit of third fragment of complement (40, 41)
Bronchoalveolar fluid lymphocytosis (41, 42)
Bronchoalveolar fluid inverted ratio of helper (41-43)

to suppressor T lymphocytes
Positive skin degranulation test 43)
Basophil degranulation test 43)
Positive lymphoblastic transformation (43)
Leukocyte inhibitory factor secretion (43, 44)
Antibodies reacting with lung tissue of a pa- (45)

tient with amiodarone-induced puimonary fi-

brosis
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the use of fluorescence polarization, Chatelain er al.
(50) found that amiodarone was deeply buried into the
lipid matrix of membrane vesicles and that only the
ionized form of the drug was capable of destabilization
of the lipid matrix organization (51). In contrast, Jen-
drasiak et al. (71) found that amiodarone was present
in the polar headgroup regions of the liposomal bilayer.
The recent findings that amiodarone accumulates into
two distinct pools with pool | being small and possess-
ing a short half-life, while pool 2 has a longer half-life
might account for these differences (73).

Whether amiodarone is buried deep or near the
surface (in pool 1 or 2), the consequences associated
with perturbations in the cell membranes would be
reflected as a change in capillary permeability and
manifested by the appearance of pulmonary edema (12,
21, 52). Biochemically, Na* K*-ATPase is a membrane
enzyme involved in ionic and amino acid transport
systems and thus may be considered as a marker of
membrane function (53). Treatment of rats with amio-
darone was found to significantly reduce pulmonary
Na™,K*-ATPase activity (23). In support of the view
that amiodarone-induced toxicity is related to a change
in membrane transport, Powis ez al. (54) recently dem-
onstrated that amiodarone increased intracellular cal-
cium levels in human pulmonary endothelial cells. The
increased levels of intracellular calcium were suggested
to be related to an elevated influx of calcium across the
cell plasma membrane. This resultant rise in calcium
was thus responsible for cell injury. Similarly, amioda-
rone decreased the activity of Na*,K*-ATPase in rat
brain synaptosomes (55, 56) and guinea pig ventricular
muscle (57, 58). It is of interest that amiodarone treat-
ment increased the activity of §-N-acetylglucosamini-
dase, a hydrolytic enzyme, in rat lung (23).

Although the clinical relevance of this finding re-
mains to be resolved, excess hydrolytic activity in the
lungs may contribute to pulmonary toxicity. Kennedy
et al. (59) have speculated that amiodarone causes lung
damage via an oxidant mechanism. Using an isolated
perfused rabbit lung, they observed that amiodarone-
induced lung edema was prevented by pretreatment of
rabbits with butylated hydroxytoluene, or vitamin E,
or addition of N-acetylcysteine to the lung perfusate.

Although a number of mechanisms have been im-
plicated in the origin of pulmonary toxicity associated
with amiodarone treatment, the relative contributions
of each are not clear. It is likely that the development
of lung damage is multifactorial, dependent, in part, on
individual characteristics of the patient.

Animal Models of Pulmonary Fibrosis

The development of interstitial fibrosis is the most
serious aspect of amiodarone-induced pulmonary tox-
icity (10, 11). While the use of animals has provided
important information on the actions of amiodarone
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and desethylamiodarone, there is little evidence to sug-
gest that systemic amiodarone administration induces
pulmonary fibrosis in animals (24, 25, 60). However,
delivery of amiodarone or desethylamiodarone to ham-
ster lungs by intratracheal instillation is effective in
inducing fibrosis (61-63). Cantor et al. (61, 62) dem-
onstrated that intratracheal amiodarone administration
to hamsters results in morphologic evidence of fibrosis,
a marked deposition of collagen as manifested by tri-
chrome staining and increased elastin synthesis. In
agreement with these findings, Daniels ez al. (63) ob-
served that intratracheal amiodarone or desethylamio-
darone administration to hamsters produced pulmo-
nary fibrosis as evidenced by morphologic alterations,
trichrome staining, and an increase in lung hydroxy-
proline content. Additional efforts are required in de-
veloping animal models for the study of the actions of
amiodarone and desethylamiodarone on the lung.

Amiodarone-Induced Effects on Other Tissues

Although the primary focus of this review is the
relationship between amiodarone and pulmonary tox-
icity, one cannot neglect the fact that amiodarone ac-
cumulates in a variety of tissues. High concentrations
of amiodarone and desethylamiodarone have been
found in lung, liver, spleen, and kidney, lesser amounts
in heart, and only trace amounts in brain of rabbits
(64) and humans (32). Recently, Kacew and Reasor
(65) reported that in rats the tissue levels of amiodarone
and desethylamiodarone were highest in lung followed
by kidney, liver, heart, and brain in descending order.
Of these tissues, total phospholipid was increased and
Na*,K*-ATPase activity was decreased only in the
lungs. Clearly, there is a consensus that the presence of
amiodarone in lung is related to toxicity.

However, the relationship between organ toxicity
and drug presence is controversial in the case of liver
and heart (Table III). Although evidence indicates that
amiodarone and desethylamiodarone accumulate in
significant amounts in various tissues, including lung,
pulmonary tissue appears to consistently be a primary
target tissue for biochemical alterations.

Conclusions

Since the discovery of amiodarone over 30 years
ago, the mechanisms underlying serious adverse effects
remain to be resolved and still limit drug usefulness.
Morphologic and biochemical studies indicate that
amiodarone exerts an adverse effect predominantly on
pulmonary tissue. There is a growing body of evidence
supporting the role of the metabolite, desethylamioda-
rone, in lung toxicity resulting from amiodarone ad-
ministration. Additionally, there is evidence to indicate
that direct cytotoxicity, cellular transport mechanisms,
immunologic processes, and oxidant action may play a
role in amiodarone-induced pulmonary toxicity. This



Table lll. Summary of Amiodarone Effect on Various Tissues

Reference
Tissue Experimental finding
Presence No change
Liver Lamellar inclusion bodies in- 68 15,38,39,66,67
dex of phospholipidosis
Serum transaminase activi- — 39,67
ties (function test)
Na*, K*-ATPase — 65
Total phospholipid content — 69
Heart Increase in total phospholipid 70 65
Na*, K*-ATPase — 65
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