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ABSTRACT: Amiodarone (AM) is an effective anti-
dysrhythmic agent, restricted in use by the develop-
ment of adverse effects, including potentially fatal
AM-induced pulmonary toxicity (AIPT). Although the
pathogenesis of AIPT is unknown, an oxidant mecha-
nism has been proposed. The present study evaluated
the role of reactive oxygen species (ROS) in AM-in-
duced toxicity. The effect of inhibiting lung antioxi-
dant defense on in vivo development of AIPT was
evaluated in hamsters. Lung glutathione reductase
activity was inhibited by 66%, 6 hours following ad-
ministration of 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU) (20 mg/kg i.p.). When AM (1.83 lmol) was ad-
ministered intratracheally 6 hours after BCNU, toxicity
was enhanced, as indicated by lung hydroxyproline
content and histological evaluation 21 days later. How-
ever, BCNU treatment did not affect AM-induced al-
terations in lung glutathione, suggesting that the in-
creased toxicity was not due to decreased antioxidant
capacity following BCNU. The effect of BCNU on AM
cytotoxicity in vitro was evaluated using rabbit lung
alveolar macrophages. Incubation with 5 lM BCNU
for 2 hours caused greater than 95% inhibition of glu-
tathione reductase activity. However, BCNU treatment
had no effect on 146 lM AM-induced cytotoxicity, as
assessed by lactate dehydrogenase latency following
12 hours of incubation. Rabbit macrophages loaded
with 2*,7*-dichlorofluorescin, which is oxidized by
ROS to fluorescent 2*,7*-dichlorofluorescein (DCF),
were used to evaluate ROS generation by AM. Incu-
bation of macrophages with AM (73 or 146 lM) for 1
hour, with or without the catalase inhibitor sodium
azide (1 mM), did not result in DCF formation. Overall,
these results do not support the hypothesis that AIPT
is due to ROS action. q 1997 John Wiley & Sons, Inc.
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INTRODUCTION

Amiodarone (AM) is an effective antidysrhythmic
agent. However, its use is restricted by numerous ad-
verse effects, including pulmonary toxicity that may
progress to life-threatening pulmonary fibrosis (1). The
incidence of AM-induced pulmonary toxicity (AIPT) is
highly variable and reportedly ranges from 1 to 27%
(2–4). Although the etiology of AIPT is unknown, an
oxidant mechanism has been proposed (5–7). How-
ever, there is conflicting evidence regarding the role of
oxidative stress in AIPT. An established in vivo model
used to study AIPT involves intratracheal AM admin-
istration to the hamster (7–10). With this model, alter-
ations in lung glutathione content (total and oxidized
glutathione) were observed early after AM administra-
tion, consistent with an oxidant mechanism of toxicity
(7). Since susceptibility of the lung to oxidant stress
depends on the balance of pro-oxidant and antioxidant
activities, antioxidant agents have been assessed for
their ability to attenuate the development of AIPT.
However, treatment of hamsters with butylated hy-
droxyanisole, N-acetylcysteine, or diallyl sulfide had
no effect on AM-induced lung fibrosis in the hamster
(7).

The glutathione antioxidant system is an impor-
tant component of the cell’s defense against oxidative
stress. Glutathione reductase maintains tissue levels of
reduced glutathione (GSH) and thus plays a critical
role in the glutathione antioxidant system. GSH may
act as a direct radical scavenger or may be used by
glutathione peroxidase to catalyze the decomposition
of peroxides (11). If reactive oxygen species (ROS) are
involved in the development of AIPT, then inhibiting
the antioxidant capacity of the lung by inhibiting glu-
tathione reductase should increase lung oxidized glu-
tathione levels and should enhance AM toxicity. 1,3-
Bis(2-chloroethyl)-1-nitrosourea (BCNU) has been
shown to inhibit pulmonary glutathione reductase ac-
tivity both in vitro and in vivo (12–14) and to enhance
toxicity of oxygen, hydrogen peroxide (H2O2), and par-
aquat (13–15).
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AM has been shown to be cytotoxic to several cell
types in vitro, including pulmonary alveolar macro-
phages (16). If AM initiates cytotoxicity in lung cells
by an oxidant mechanism, then formation of ROS
should be measurable prior to cell death. Numerous
studies have demonstrated the usefulness of the fluo-
rochrome, 28,78-dichlorofluorescin diacetate (DCFH-
DA) in the measurement of ROS formation within cells
and tissues (17–19). Zitnik et al. reported AM to cause
nonconcentration-dependent enhancement of ROS for-
mation in macrophages following stimulation in vitro
(20). However, there are no reports of studies investi-
gating intracellular formation of oxidation products
that may contribute to AM-induced cytotoxicity. Intra-
cellular formation of ROS by AM would explain the
inability of nonpermeant extracellular antioxidants to
prevent AM-induced cytotoxicity in vitro (21,22).

The objective of the present study was to attempt
to resolve the controversy regarding the role of ROS in
initiation of AIPT. An oxidant mechanism was evalu-
ated by determining whether inhibition of pulmonary
glutathione reductase activity by BCNU treatment en-
hanced (1) the in vivo oxidation of GSH and devel-
opment of AM-induced pulmonary fibrosis in the
hamster and (2) the in vitro AM-induced cytotoxicity
toward rabbit pulmonary macrophages. In addition,
formation of ROS in AM-exposed alveolar macro-
phages in vitro, detected with DCFH-DA, was evalu-
ated.

MATERIALS AND METHODS

Chemicals

Chemicals were obtained as follows: AM HCl from
Ceres Chemical Co. Inc., White Plains, NY; BCNU
(Carmustinet) from Bristol Laboratories of Canada,
Montreal, PQ; heat-inactivated newborn calf serum
from Gibco Laboratories, Grand Island, NY; DCFH-DA
from Molecular Probes Inc., Eugene, OR; cell culture
medium M199 and all chemicals used for quantitation
of glutathione and glutathione reductase activity from
Sigma Chemical Co., St. Louis, MO. Other reagents
were of analytical grade and were obtained from stan-
dard commercial sources.

Animals

Male golden Syrian hamsters (140–150 g) and male
New Zealand White rabbits (2–2.5 kg) were obtained
from Charles River Canada Inc., St. Constant, PQ.
Hamsters and rabbits were maintained on a 12 hour
light/dark cycle and were fed Purina laboratory ro-
dent chow and rabbit chow, respectively, as well as wa-

ter ad libitum. Animals were allowed to acclimatize for
a minimum of 1 week prior to experimentation and
were cared for in accordance with the principles and
guidelines of the Canadian Council on Animal Care.

Effect of BCNU on AIPT In Vivo

Animal Treatments.

In a preliminary experiment, i.p. administration of
30 mg/kg BCNU produced obvious signs of acute tox-
icity, including pronounced lethargy and rapid body
weight loss. Because of concern for high mortality rates
in animals receiving both 30 mg/kg BCNU plus AM,
in subsequent experiments, hamsters received a single
dose of BCNU (10 or 20 mg/kg i.p. in 1.0 mL of 10%
ethanol). Lung glutathione reductase activity was mea-
sured 6, 12, or 24 hours later to determine the optimum
conditions for enzyme inhibition. To administer AM
intratracheally, hamsters were anaesthetized with ke-
tamine HCl (80–100 mg/kg i.m.) injected into a hind
leg. AM HCl (1.83 lmol, 1.25 mg in 0.1 mL distilled
H2O) was administered as a single intracheal instilla-
tion via a 22-gauge stainless steel cannula introduced
transorally into the trachea. AM was followed by in-
jection of 0.6 mL of air through the cannula to deposit
the contents into the lungs. The control animals in each
experiment received the appropriate vehicle only.
Hamsters were killed by injection of pentobarbital (ap-
proximately 300 mg/kg i.p.).

Evaluation of AM Distribution to Right and
Left Lungs.

Hamsters were given a single intratracheal dose of
AM as described above. Two minutes following AM
administration, hamsters were killed, and lungs were
removed and blotted dry. The right and left lungs were
separated, each lung was weighed, pulverized in liq-
uid nitrogen, and 50–100 mg homogenized in 2.0 mL
mobile phase (acetonitrile:5% aqueous acetic acid, 8:2
v/v, adjusted to pH 5.9 with ammonium hydroxide).
The homogenate was centrifuged at 500 2 g for 5 min-
utes, following which the supernatant was syringe fil-
tered (0.22 lm) and AM content determined by reverse
phase HPLC with UV detection (254 nm) (23).

Glutathione Reductase Measurement.

Animals’ lungs were perfused with ice-cold 50 mM
potassium phosphate buffer containing 1.15% KCl and
1.0 mM ethylenediaminetetraacetic acid (EDTA) (pH
7.0). Upon removal, lungs were homogenized in 3.0
mL ice-cold potassium phosphate buffer using a Brink-
mann Polytront (Brinkmann Instruments Inc., West-



Volume 11, Number 3, 1996 EVALUATION OF REACTIVE OXYGEN SPECIES INVOLVEMENT 149

bury, NY), and the resulting homogenate was soni-
cated for 10 seconds (Insonator 1000, Savant
Instruments Inc., Hicksville, NY). The homogenate
was then centrifuged at 11,000 2 g (20 min, 48C), and
the resulting supernatant fraction was centrifuged at
105,000 2 g (60 min, 48C). The final supernatant frac-
tion was frozen in liquid nitrogen and stored at 1708C
until analyzed for glutathione reductase activity
within 1 week. Glutathione reductase activity was de-
termined spectrophotometrically by the method of
Carlberg and Mannervik (24), measuring the utiliza-
tion of NADPH at 340 nm. The method was modified
by using 0.3 mM NADPH and 1.0 mM oxidized glu-
tathione (GSSG) in order to attain linear activity. Units
of enzyme activity represented lmol NADPH/h, as
determined from an NADPH standard curve.

Assessment of Fibrosis.

Twenty-one days post AM treatment, hamsters
were killed, thoracotomy was performed, and each an-
imal’s trachea was exposed and cannulated. The right
lung was ligated, removed, and stored at 1208C until
analyzed for hydroxyproline content by the spectro-
photometric method of Lindenschmidt and Witschi
(25) within 4 weeks.

The left lung was inflated in situ with 10% buffered
formalin solution to a pressure of approximately 20 cm
of water for 1 hour. The trachea was ligated, and the
left lung was removed and placed in formalin for 3
days. For each hamster, two 2 mm thick sections from
each of the upper and lower lobes of the left lung were
taken. The sections were then dehydrated, embedded
in paraffin, and cut (5 lm) and stained with hematox-
ylin and eosin. To evaluate morphological lung
changes in a quantitative manner, a disease index was
calculated for tissue sections from each animal by an
established procedure (8,9,26,27). Lung sections were
scanned by light microscopy at a magnification of 200
2 with an eye-piece grid consisting of 100 squares. The
lung sections were scanned without prior knowledge
of experimental treatment. Disease was defined as in-
filtration of the alveoli or interstitium by inflammatory
cells, septal thickening, or fibrosis.

Glutathione Measurement.

Hamsters were killed 2 hours after AM adminis-
tration, and lungs perfused with ice-cold 10 mM po-
tassium phosphate buffer (pH 7.0) containing 1.0 mM
EDTA. Upon removal, lungs were freeze-clamped with
tongs cooled in liquid nitrogen. They were then pul-
verized in liquid nitrogen with a mortar and pestle,
and homogenized in 4.5 mL ice-cold 1.0 M HClO4 con-
taining 2.0 mM EDTA, using a Brinkmann Polytront.

The tissue homogenate was centrifuged at 11,000 2 g
(10 min, 48C), and the supernatant was assayed for to-
tal (GSH ` GSSG) and GSSG contents by a modifica-
tion of a previously published method (28). The assay
involves catalytic reduction of GSSG by glutathione re-
ductase, followed by interaction of GSH with 5,58-di-
thiobis(2-nitrobenzoic acid) (DTNB). GSSG content
was determined after treatment with N-ethylmaleim-
ide (NEM), which alkylates GSH. NEM was removed
using C18 SEP-PAK cartridges (Waters Associates, Mil-
ford, MA) before samples were assayed (5).

Effect of BCNU on AM-Induced
Cytotoxicity In Vitro

Collection of Alveolar Macrophages.

Rabbits were killed by a single injection of sodium
pentobarbital (78 mg/kg) plus heparin sodium (10
mg/kg), into the marginal ear vein. After perfusing
lungs with 25 mM 4-(2-hydroxyethyl)-1-piperazine-
N8-2-ethanesulfonic acid (HEPES) buffered salt solu-
tion containing 10% w/v EGTA (378C) (29), the lungs
and trachea were removed intact, and alveolar mac-
rophages were obtained by bronchoalveolar lavage
with HEPES buffer (4 2 200 mL; 48C). Lavage fluid
was centrifuged (160 2 g, 10 min, 48C), and the re-
sulting cell pellet was resuspended at 8 2 106 cells/
mL in M199 medium supplemented with 10% heat-
inactivated newborn calf serum. The cell pellet ob-
tained after centrifugation was disaggregated by add-
ing a drop of deoxyribonuclease I solution (20 mg/mL
in HEPES buffer).

Glutathione Reductase Inhibition.

To inhibit glutathione reductase, cells were incu-
bated for 2 hours with 5.0 lM BCNU in serum-supple-
mented M199. The cells were incubated at 378C in a
shaking waterbath under an atmosphere of 95% O2:5%
CO2. Cells were then centrifuged (160 2 g, 10 min, 48C)
and resuspended in ice-cold 50 mM potassium phos-
phate buffer plus 1 mM EDTA (pH 7.0) at 3.2 2 107

cells/mL. Cells then were sonicated for 10 seconds and
centrifuged at 11 000 2 g (20 min, 48C). The resulting
supernatant was stored at 1208C until enzyme activity
was measured by the method of Smith and Boyd (30).

Evaluation of Cytotoxicity.

Alveolar macrophages (8 2 106 cells/mL) were in-
cubated with AM (73 or 146 lM, 50 or 100 lg/mL) in
serum-supplemented M199 plus gentamicin sulfate
(0.01% w/v). AM was diluted from a stock solution
(100 mg/mL in absolute ethanol) such that the final
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ethanol concentration was 0.1%. Cells were incubated
in flat-bottom polystyrene tissue culture Cell Wellst
(16 mm well diameter; Corning Science Products, Rich-
mond Hill, Ontario, Canada), using a shaking water-
bath under 95% O2:5% CO2 (150 strokes/min, 378C).

The effect of AM (73 or 146 lM) and/or BCNU (5.0
lM) on cell viability was determined by the lactate de-
hydrogenase (LDH) latency test (31). Cytosolic LDH
release from approximately 8 2 105 cells was com-
pared to total cell content of LDH following lysis with
Triton X-100t detergent.

Intracellular Formation of ROS by AM

Measurement of Intracellular ROS Formation.

DCFH-DA is a stable nonfluorescent molecule that
readily crosses cell membranes and is incorporated
into the hydrophobic lipid regions of cells. Within the
cell, the acetate moiety is removed by cellular ester-
ases, and the resulting polar 28,78-dicholorofluorescin
(DCFH) is trapped within the cell. DCFH, which is
nonfluorescent, is then rapidly oxidized by various
ROS to highly fluorescent 28,78-dichlorofluorescein
(DCF) (32,33). The measurable green fluorescence is
thus indicative of ROS formation (33).

Alveolar macrophages were suspended at 1 2 106

cells/mL in 40 mM Tris buffer (pH 7.4) and were
loaded with 10 lM DCFH-DA for 10 minutes at 378C
in a shaking waterbath (150 strokes/min). DCFH-DA
was diluted 1:500 in Tris buffer from a 5.0 mM stock
solution in absolute ethanol.

Cells incubated with DCFH-DA were washed
twice to remove unincorporated dye by centrifuging at
160 2 g for 10 minutes, followed by resuspension in
fresh Tris buffer. Dye-loaded cells (1 2 106 cells/mL)
were then incubated with H2O2, nitrofurantoin, or par-
aquat in 2.5 mL Tris buffer. Samples incubated with
AM also contained 10% heat-inactivated calf serum as
did the control sample. Samples were incubated in the
dark for 1 hour at 378C in a shaking waterbath (95%
O2:5% CO2). DCF fluorescence was then measured us-
ing a Perkin-Elmer LS-5B spectrofluorometer, with ex-
citation wavelength at 488 nm (5 nm slit width) and
emission wavelength at 525 nm (20 nm slit width). The
cuvette holder was thermostatically maintained at
378C, and cells were kept in suspension by a magnetic
stir bar during fluorescence measurement. Total dye
content of cells was determined by measuring fluores-
cence following incubation of samples at 508C for 1
hour in the presence of 12 mM NaOH and 14 mM
H2O2. DCF formation was expressed as fluorescence
after 1 hour of incubation, taken as a percentage of total
fluorescence obtained by complete hydrolysis and ox-
idation of the dye in each sample.

Statistical Analysis.

All data are presented as mean 5 S.D. All data
were compared by one way analysis of variance
(ANOVA) or repeated measures ANOVA followed by
Newman–Keuls test for a significant F statistic, as in-
dicated. Percentage data underwent arcsine transfor-
mation. Homogeneity of variance was determined by
Cochran’s test (34). In all cases, p , 0.05 was consid-
ered statistically significant.

RESULTS

Effect of BCNU on AIPT In Vivo

Evaluation of AM Distribution to Right and
Left Lungs.

Evaluation of AM distribution between lungs
demonstrated that 53% 5 2% of recovered AM was
present in the left lung and 47% 5 2% was present in
the right lung. The left lung was significantly smaller
than the right lung (left lung, 0.29 5 0.04 g; right lung,
0.48 5 0.07 g; n 4 4, Student’s t test, p , 0.05).

Inhibition of Lung Glutathione Reductase.

BCNU administration to the hamster caused a
dose-dependent inhibition of pulmonary glutathione
reductase activity (Figure 1). Twenty mg/kg resulted
in a 66% decrease in activity 6 h following administra-
tion, which was sustained for at least 24 hours.

Mortality and Body Weight.

Mortality was observed solely in the group receiv-
ing BCNU plus AM. One animal died at day 13 and
another one at day 19 following AM. Both hamsters
that died showed difficulty breathing immediately
prior to death, and histological examination of the
lungs demonstrated massive cell infiltration, suggest-
ing that mortality was due to pulmonary injury (data
not shown). BCNU-treated animals had lower body
weights compared to control animals from days 6 to
21 after treatment (Figure 2). Body weights were even
lower for hamsters receiving combined BCNU plus
AM administration compared to BCNU, at days 19–21
post AM.

AIPT.

Combined administration of BCNU plus AM re-
sulted in increased wet lung weight 21 days following
AM (Figure 3). However, BCNU or AM alone had no
significant effect on wet lung weight at this time. AM
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FIGURE 1. Effect of i.p. 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) treatment on hamster lung glutathione reductase activity in vivo. *,
significant difference between all groups at the same time point, p , 0.05, ANOVA with Newman–Keuls test; n 4 4 for all groups.

FIGURE 2. Effects of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and amiodarone (AM) treatment on body weight. Animals received BCNU
(20 mg/kg i.p.) followed 6 hours later by a single 1.83 lmol intratracheal administration of AM. `, significant difference between all groups,
except between AM and control and between AM ` BCNU and BCNU; *, significant difference between all groups, except AM and control
(p , 0.05, ANOVA with Newman–Keuls test, n 4 6 for AM ` BCNU, n 4 8 for all other groups).
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FIGURE 3. Effects of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and amiodarone (AM) treatment on lung wet weight 21 days post AM.
Treatments are as described for Figure 2. * significant difference from all other groups, p , 0.05, ANOVA with Newman–Keuls test; n values
in bars.

produced an increase in right lung hydroxyproline
content, which was augmented by BCNU treatment
(Figure 4A). BCNU itself had no effect on hydroxypro-
line. BCNU also enhanced AM-induced lung damage
as determined by left lung disease index (Figure 4B),
whereas BCNU treatment alone had no significant ef-
fect. Figure 5 (A and B) demonstrates normal lung ar-
chitecture for control and BCNU-treated animals 21
days after intratracheal administration of vehicle
(H2O). Both AM and AM ` BCNU treatments caused
septal thickening and cell infiltration of the alveoli
(Figures 5C and 5D).

Acute Effects on Lung Glutathione Content and
Lung Weight.

Since BCNU treatment enhanced AIPT, the effects
of BCNU on AM-induced alterations in lung glutathi-
one redox status and wet lung weight were deter-
mined. Both AM and combined BCNU plus AM
caused a decrease in total glutathione, an increase in
GSSG, and an increase in the ratio of GSSG/total glu-
tathione 2 hours following AM administration (Table
1). However, BCNU alone did not alter glutathione,
nor did it change the effects of AM. AM also increased
total wet lung weight (left ` right) 2 hours after ad-
ministration (Table 2). However, BCNU attenuated the
AM-induced increase in wet lung weight.

Effect of BCNU on AM-Induced
Cytotoxicity In Vitro

Inhibition of Glutathione Reductase.

Incubation of rabbit alveolar macrophages with 5
lM BCNU for 2 hours caused greater than 95% inhi-
bition of glutathione reductase activity (control, 1.56 5
0.12 units/107 cells; BCNU-treated, 0.07 5 0.06 units/
107 cells; n 4 3 experiments). As determined by LDH
release, which measures cell membrane integrity, this
concentration of BCNU had no effect on cell viability
after 2 hours (control, 2.3% LDH release; BCNU, 2.3%)
or 6 hours of incubation (control, 3.2% LDH release;
BCNU, 3.0%).

AM-Induced Cytotoxicity.

AM cytotoxicity experiments were performed us-
ing rabbit alveolar macrophages, since the rabbit pro-
vides far more cells than the hamster (approximately
6.0 2 107 macrophages/rabbit versus 6 2 106 macro-
phages/hamster). Furthermore, rabbit alveolar mac-
rophages were readily available from animals used for
other studies in our laboratory. Significant cytotoxicity
toward rabbit macrophages occurred with AM (146
lM) at 12 hours of incubation; 73 lM AM was not cyto-
toxic even at 48 hours (Figure 6). Treatment of macro-
phages with 5 lM BCNU for 2 hours had no effect on
AM-induced cytotoxicity at either AM concentration
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FIGURE 4. Effect of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) treatment on (A) right lung hydroxyproline content and (B) left lung disease
index 21 days post amiodarone (AM) administration. Treatments are as described for Figure 2. Significant differences were found between all
groups, except between BCNU and control in both A and B, p , 0.05, ANOVA with Newman–Keuls test (arcsine transformation of percentage
data); n values in bars.

tested. BCNU treatment itself also had no effect on cell
viability.

Intracellular Formation of ROS by AM.

Formation of ROS was first evaluated in rabbit al-
veolar macrophages incubated with paraquat (0.5
mM), nitrofurantoin (1 mM), and H2O2 (10 or 100 lM),
agents known to cause toxicity by an oxidant mecha-
nism. None of these agents alone increased DCF for-
mation (Table 3). However, when cells were also in-

cubated with 1 mM sodium azide, which inhibits
catalase activity, each agent increased DCF formation
above azide-treated control cells. In controls cells,
azide alone tended to increase DCF formation, but this
increase reached statistical significance in only one of
three experiments (Table 3). AM-treated cells (73 or 146
lM) did not demonstrate DCF formation above control
levels even when incubated with sodium azide (Table
3). Concentrations above 146 lM AM were not tested,
since higher concentrations precipitated in the me-
dium used for these experiments.
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FIGURE 5. Light photomicrographs of hamster lungs 21 days after (A) H2O (0.1 mL intratracheally); (B) 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU; 20 mg/kg i.p.) plus H2O (0.1 mL intratracheally) 6 hours later; (C) amiodarone (AM; 1.83 lmol intratracheally); and (D) BCNU (20
mg/kg i.p.) 6 hours prior to AM (1.83 lmol). Sections A and B demonstrate normal lung architecture, whereas sections C and D reveal interstitial
thickening (arrow) and infiltration by inflammatory cells. (H&E stain, bar represents 100 lm in all cases.)
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FIGURE 5. Continued.
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TABLE 1. Effects of Amiodarone and 1,3-Bis(2-chloroethyl)-
1-nitrosourea (BCNU) Treatments on Hamster Lung Gluta-
thione Contenta

Treatment GSH ` GSSGb GSSGb

GSSG/(GSSG ` GSH)
2 100%b

AM 765 5 109c 19.9 5 1.1c 2.64 5 0.44c

AM ` BCNU 814 5 23d 19.6 5 1.6c 2.40 5 0.26c

BCNU 916 5 84 15.1 5 1.4 1.64 5 0.04
Control 974 5 37 15.0 5 1.4 1.54 5 0.14

aAnimals received BCNU (20 mg/kg i.p.) 6 hours prior to a single 0.1 mL
intratracheal administration of either AM (1.25 mg in H2O) or H2O. Glutathi-
one was measured 2 hours after AM, (n 4 4–5 for each treatment group).

bTotal glutathione and GSSG values are expressed as nmol GSH equivalents/
lung.

cSignificant difference from control and BCNU treatment, p , 0.05, ANOVA
with Newman–Keuls test.

dSignificant difference from control, p , 0.05, ANOVA with Newman–Keuls
test.

TABLE 2. Acute Effects of 1,3-Bis(2-chloroethyl)-1-nitroso-
urea (BCNU) and Amiodarone (AM) Treatments on Hamster
Lung Weightsa

Treatment Lung Wet Weight (g)

AM 1.54 5 0.20b,c

AM ` BCNU 1.26 5 0.14b

BCNU 0.64 5 0.03
Control 0.68 5 0.03

aAnimals received BCNU (20 mg/kg i.p.) 6 hours prior to a single 0.1 mL
intratracheal administration of either AM (1.25 mg in H2O) or H2O. Lung
weight was determined 2 hours after AM, (n 4 4–5 for each treatment group).

bSignificant difference from control and BCNU treatment, p , 0.05, ANOVA
with Newman–Keuls test.

cSignificant difference from AM ` BCNU treatment, p , 0.05, ANOVA with
Newman–Keuls test.

DISCUSSION

The present study examined the role of ROS in the
development of AIPT. An oxidant mechanism was
evaluated by first determining whether inhibition of
pulmonary glutathione reductase activity by BCNU
treatment enhanced the in vivo development of AM-
induced pulmonary fibrosis in the hamster. Since
BCNU doses greater than 20 mg/kg produced pro-
nounced signs of acute toxicity in vivo, and in order
to avoid excessive lethality in animals treated with
both AM and BCNU, inhibition of lung glutathione
reductase activity was achieved with 20 mg/kg BCNU.
With this dosing protocol, glutathione reductase inhi-
bition was maximal 6 hours after dosing (Figure 1).
Therefore, the effects of BCNU on AIPT were evaluated
by administering AM 6 hours following 20 mg/kg
BCNU.

We were interested in evaluating the initiating
toxic event(s) produced by AM that result in cell death
and subsequent pulmonary fibrosis. ROS are thought
to be the cytotoxic species produced by fibrogenic tox-
icants such as paraquat, bleomycin, and oxygen (35–

37). AIPT was evaluated 21 days following intratra-
cheal AM administration, since this is the time of max-
imal fibrosis (9). Evaluation of drug distribution fol-
lowing intratracheal administration revealed that the
quantities of AM distributed to the right and left lungs
were similar and consistent. Since the left lung was
smaller than the right, the AM concentration was
greater for the left lung. However, the consistency of
AM distribution to each lung allows effects of drug
treatments to be compared between animals. Based on
mortality, body weight, and specific indices of lung
damage (lung wet weight, hydroxyproline content,
disease index), pulmonary toxicity was enhanced
when hamsters were treated with AM plus BCNU,
compared to either agent alone. Furthermore, the ob-
served decrease in glutathione reductase activity (Fig-
ure 1) demonstrated that a critical component of the
antioxidant defense system of the lung had been di-
minished in vivo.

In the present in vivo study, BCNU alone or in
combination with AM had no effect on lung glutathi-
one status and, in particular, did not augment the AM-
induced increase in GSSG (Table 1). Thus, based on the
whole lung glutathione results, enhancement of AIPT
by BCNU does not seem to be attributable to increased
oxidative stress. Glutathione levels were expressed per
lung to eliminate the differences in lung weight due to
an acute edematous response produced by AM treat-
ment (Table 2). The elevation of lung glutathione re-
ductase activity observed several days after intratra-
cheal AM administration to hamsters (7) most likely
represents inflammation of the lung and the associated
influx of glutathione reductase-containing inflamma-
tory cells rather than an adaptive induction due to ox-
idative stress. Furthermore, similar to the results of the
present study, other investigators (13,30,38) found that
BCNU treatment alone did not significantly alter lung
glutathione status. However, in the only one of these
previous studies to examine effects of BCNU on redox
status of lung glutathione following exposure to a sus-
pected pro-oxidant, BCNU did not augment Ni(II)-in-
duced GSSG production (38). This prompted the au-
thors to conclude that Ni(II) treatment is not associated
with increased intracellular reactive oxygen formation.
This conclusion is similar to the one we have made for
AM.

Glutathione reductase inhibition by BCNU has
been shown to enhance toxicity due to pro-oxidant
agents. Thus, paraquat toxicity in isolated rat lung
slices (15) as well as oxygen (13) and butylated hy-
droxytoluene (39) pneumotoxicity in vivo were aug-
mented by BCNU treatment. In those studies, en-
hanced toxicity was not clearly attributed to enhanced
oxidative stress, but it was suggested as a likely mech-
anism. However, it is not possible to assess the rela-
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FIGURE 6. Effect of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) exposure on amiodarone-induced cytotoxicity in rabbit alveolar macrophages.
Cells were incubated with 5 lM BCNU for 2 hours, followed by incubation with AM (without BCNU) in M199 plus 10% heat-inactivated calf
serum. Cell viability was determined by LDH latency. Data are group means 5 S.D. of four experiments, with macrophages prepared from
two rabbits for each experiment. *, AM (146 lM) and BCNU ` AM (146 lM) are significantly different from all other groups at the same time
point, p , 0.05, repeated-measures ANOVA with Newman–Keuls test (arcsine transformation of percentage data).

tionship of redox status of glutathione to findings in
these particular articles since lung GSSG levels were
not reported (13,15,39).

It might be argued that the BCNU-induced 66%
inhibition of whole lung glutathione reductase activity
was insufficient to compromise antioxidant defense
mechanisms to an extent required to enhance AM tox-
icity if it is attributable to oxidative stress. However,
even less glutathione reductase inhibition was suffi-
cient to increase oxygen lethality (13) and butylated
hydroxytoluene-induced lung damage (39) in mice.
Furthermore, in our macrophage experiments, even
95% inhibition of glutathione reductase by BCNU did
not augment AM cytotoxicity (Figure 6).

The lack of BCNU augmentation of glutathione ox-
idation also could conceivably have been due to AM
and BCNU oxidant effects occurring preferentially in
a critical target cell type that represents a relatively
small percentage of total lung mass. In this case,
BCNU-enhanced GSH oxidation in the target cell type
might have occurred without detectable changes in
whole lung glutathione redox status.

Experiments were performed in vitro using pul-
monary macrophages in order to determine whether
BCNU treatment enhanced AM cytotoxicity in a single
cell type. Although the identities of target cell types for
AM toxicity in vivo have not been firmly established,
pulmonary macrophages have been shown to be sus-

ceptible to AM cytotoxicity in vitro (16) (Figure 6).
They also accumulate more AM than the rest of the
lung and are most severely affected by the develop-
ment of AM-induced phospholipidosis (40). In order
to reduce the number of animals required, rabbit lung
macrophages were used in in vitro experiments. AM
has been shown to produce acute pulmonary toxicity
(edema) in isolated perfused rabbit lungs (5), although
the susceptibility of the rabbit to AM-induced pulmo-
nary fibrosis has not been examined. Interestingly, de-
spite greater than 95% inhibition of glutathione reduc-
tase activity in the present study, BCNU had no effect
on AM cytotoxicity in macrophages (Figure 6). These
results suggest that oxidative stress is not involved in
the in vitro cytotoxicity of AM.

It is possible that different mechanisms are in-
volved in the in vitro and in vivo toxicities of AM.
BCNU treatment may lead to enhanced toxicity in vivo
due to a greater susceptibility of the lung to pro-oxi-
dant mediators released in inflammation subsequent
to initial AM-induced damage. Alternatively, pre-ex-
isting lung damage appears to be an important factor
in the development of fibrosis due to both BCNU (41)
and AM (2,42). In the present study, BCNU treatment
itself caused no apparent lung toxicity based on the
measured parameters. However, BCNU treatment did
cause a loss of body weight (Figure 2), which was even
more pronounced with AM treatment. Although there



158 LEEDER ET AL. Volume 11, Number 3, 1996

TABLE 3. 28,78-Dichlorofluorescein Formation in Rabbit Al-
veolar Macrophages Incubated with Paraquat, Nitrofuran-
toin, H2O2, or Amiodarone (AM)a

Treatment % DCF Formation

Control 6.6 5 1.6b

Control ` azide 14.2 5 1.9
0.5 mM paraquat 7.3 5 2.0
0.5 mM paraquat ` azide 17.7 5 0.8b

Control 6.6 5 1.3
Control ` azide 8.4 5 2.5
1 mM nitrofurantoin 9.1 5 1.3
1 mM nitrofurantoin ` azide 18.5 5 8.7b

Control 8.0 5 1.9
Control ` azide 13.5 5 4.2
10 lM H2O2 9.9 5 2.2
10 lM H2O2 ` azide 35.4 5 9.0b

100 lM H2O2 16.6 5 5.6
100 lM H2O2 ` azide 48.3 5 10.6b

Control 5.0 5 4.3
Control ` azide 5.4 5 5.0
73 lM AM 5.3 5 5.4
73 lM AM ` azide 4.7 5 4.8
146 lM AM 4.6 5 4.4
146 lM AM` azide 4.5 5 4.0

aDCFH-containing cells (2.5 2 106) were incubated for 1 hour at 378C in 2.5
mL of Tris buffer. For AM incubation, Tris buffer also contained 10% heat-
inactivated newborn calf serum. DCF formation was expressed as fluorescence
after 1 hour of incubation, taken as a percentage of total fluorescence obtained
by complete hydrolysis and oxidation of the dye in each sample. Sodium azide
(1.0 mM) was used to inhibit cell catalase activity. Data are presented as group
means 5 S.D. (n 4 3).

bSignificant difference from sodium azide-treated control cells, repeated
measures ANOVA with Newman–Keuls test, p , 0.05 (arcsine transformation
of percentage data).

was no evidence of marked BCNU-induced lung tox-
icity at 21 days (Figures 3–5), it is possible that weight
loss could be attributable to subtle or transient lung
injury. BCNU has been shown to cause lung injury and
repair in mice, as indicated by increased DNA synthe-
sis, without subsequent development of fibrosis (39).

The fluorochrome, DCFH, is commonly used to
study the role of ROS production in phagocytic cells
and in chemical toxicity (19,43–46). DCFH is relatively
nonspecific in its reactivity with ROS, which include
H2O2 (32), some lipid hydroperoxides (47), hydroxyl
radical (48), and nitric oxide (45). Superoxide radical
anion itself does not oxidize DCFH, but it dismutates
either spontaneously or via superoxide dismutase ca-
talysis to generate H2O2 prior to interaction with DCFH
(47,48). The lack of specificity of DCFH for particular
ROS contributes to its utility as a general probe for
oxidative stress. The DCF fluorescence method is sen-
sitive and fast, and it detects many of the potentially
harmful oxidants formed within cells (49).

Paraquat, nitrofurantoin, and H2O2, at concentra-
tions previously found to produce cytotoxicity in vitro
(47,50,51), were used as positive controls for ROS for-

mation. Although no agent alone increased DCF for-
mation after 1 hour of cell incubation, DCF formation
was increased by sodium azide (Table 3). Other studies
have also demonstrated that sodium azide and ami-
notriazole, both of which inhibit catalase, enhance DCF
formation by pro-oxidant treatments (17,46,52). How-
ever, the present study provides no evidence that in-
cubation of alveolar macrophages with AM (73 or 146
lM) results in ROS production as assessed by DCF for-
mation (Table 3). It could be argued that the AM con-
centration was not high enough to cause ROS forma-
tion. However, 146 lM AM, a concentration within the
range found in human patients experiencing AIPT (53),
causes toxicity toward rabbit alveolar macrophages af-
ter 12 hours of incubation (Figure 6), and higher con-
centrations were not soluble in the medium. DCFH-
loaded cells were incubated with AM for 1 hour, as is
routine in many studies employing DCFH-DA, in or-
der to avoid dye leakage from the cells. This incubation
period appears to be appropriate, as oxidation of lung
glutathione was evident 30 minutes after intratracheal
AM administration to the hamster in vivo (7). Further-
more, incubation of cells with paraquat, nitrofurantoin,
or H2O2 for 1 hour caused DCF formation in the pres-
ence of azide.

Overall, the present in vivo and in vitro data do
not support an oxidant mechanism of AIPT. Although
BCNU treatment of hamsters, which was associated
with inhibition of lung glutathione reductase activity,
enhanced AIPT, there was no observed effect on lung
glutathione. Furthermore, inhibition of glutathione re-
ductase activity by BCNU had no effect on in vitro AM
cytotoxicity in rabbit alveolar macrophages, and there
was no evidence of ROS formation in macrophages in-
cubated with AM.

Bennett and coworkers (54) have proposed that the
keto oxygen group of AM is a focus for free radical
formation. However, we found that des-oxo-amioda-
rone, a synthetic analog that lacks the keto oxygen
group of AM, produced pulmonary fibrosis (55). Thus,
if free radical formation is involved in AIPT, then a site
other than the keto oxygen may be important. How-
ever, the role of AM free radical generation in AIPT
requires further study.
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