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Amiodarone, bi-iodinated benzofuran derivative, is one of the 
most frequently prescribed and efficacious antiarrhythmic drugs. 
Despite its low incidence, amiodarone-induced pulmonary toxic-
ity is of great concern and the leading cause of discontinuation. 
Autophagy is an essential homeostatic process that mediates 
continuous recycling of intracellular materials when nutrients 
are scarce. It either leads to a survival advantage or initiates 
death processes in cells under stress. In the present study, we 
investigated the role of autophagy in amiodarone-induced pul-
monary toxicity. Amiodarone treatment–induced autophagy in 
H460 human lung epithelial cells and BEAS-2B normal human 
bronchial epithelial cells was demonstrated by increased LC3-II 
conversion, Atg7 upregulation, and autophagosome forma-
tion. Autophagic flux, as determined by the lysosomal inhibitor 
bafilomycin A1, was also increased following amiodarone treat-
ment. To determine the role of autophagy in amiodarone toxic-
ity, amiodarone-induced cell death was evaluated in the presence 
of 3-methyladenine or by knocking down the autophagy-related 
genes Atg7. Inhibition of autophagy decreased cellular viability 
and significantly increased apoptosis. Intratracheal instillation of 
amiodarone in rats increased the number of inflammatory cells 
recovered from bronchoalveolar lavage fluid, and periodic acid-
Schiff-positive staining in bronchiolar epithelial cells. However, 
induction of autophagy by rapamycin treatment inhibited ami-
odarone-induced pulmonary toxicity. In conclusion, amiodarone 
treatment induced autophagy, which is involved in protection 
against cell death and pulmonary toxicity.
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InTroDuCTIon

Amiodarone is one of the most frequently prescribed and 
efficacious antiarrhythmic drugs. However, adverse effects in 

various off-target organs, including cornea, liver, skin, thyroid, 
and lung, often limit the use of this drug, particularly in the case 
of long-term treatment. Affected organs share a common feature: 
accumulation of amiodarone and/or its toxic metabolite (i.e., 
desethylamiodarone) in the tissue (Wilson and Lippmann, 1990). 
Both amiodarone and desethylamiodarone tend to accumulate in 
the lungs due to their amphiphilic nature (Camus and Jeannin, 
1984). The incidence of amiodarone-induced pulmonary toxic-
ity (AIPT) is relatively low, yet it is considered to be of great 
concern and is the leading cause for discontinuation as it can 
progress into pulmonary fibrosis, an inflammation-driven and 
life-threatening lung disease with a poor prognosis and no cure 
(Jessurun and Crijns, 1997). Although the exact mechanisms of 
AIPT are not fully known, prolonged epithelial cell cytotoxicity 
provokes cellular immune reactions, which ultimately leads to 
fibroblast proliferation and collagen deposition (Sheppard and 
Harrison, 1992). Amiodarone inhibits lysosomal phospholipase 
activity in the lung, which leads to the induction of pulmonary 
phospholipidosis (Heath et  al., 1985). Even though whether 
phospholipidosis is related to AIPT remains uncertain, it cannot 
be ruled out as a contributing factor to this disorder (Camus and 
Jeannin, 1984).

Autophagy is an essential homeostatic process that mediates 
continuous recycling of intracellular materials, such as long-
lived proteins and other cellular components, when nutrients are 
scarce (Lum et al., 2005). Autophagy leads to either a survival 
advantage or death processes in cells that are under chemical or 
physiological stress. In some cellular settings, it can serve as a 
cell-survival pathway, suppressing apoptosis, and in others, it 
can lead to death itself, either in collaboration with apoptosis 
or as a backup mechanism when the former is defective 
(Eisenberg-Lerner et al., 2009). Under many chemical-induced 
stress conditions, inhibition of autophagy by 3-methyladenine 
(3-MA) or by knockdown of autophagy-related genes 
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aggravates chemical toxicity, whereas autophagy induction 
protects against cell death. In acetaminophen- or ethanol-
induced hepatotoxicity, the mechanism by which autophagy 
protects against tissue injury can be explained by the autophagy-
dependent degradation of damaged mitochondria and thus a 
reduction in the production of reactive oxygen species (ROS; 
Ding et  al., 2010; Ni et  al., 2012). Another potential reason 
why autophagy is cytoprotective is that activated caspase-3 can 
be degraded by autophagy (Paris et al., 2011).

The mammalian target of rapamycin (mTOR) is a highly 
conserved serine/threonine kinase that acts as a key regulator 
of protein synthesis, cell growth, and autophagy in response to 
cellular nutrient availability and growth factors (Wullschleger 
et al., 2006). The mTOR inhibits autophagy by phosphorylating 
proteins involved in autophagosome formation, such as Atg13 
and Ulk1, when nutrients are abundant (Kamada et al., 2010). 
Adenine monophosphate–activated protein kinase (AMPK) is 
the master regulator of energy metabolism in cells. The energy 
sensing motif of the enzyme monitors cellular energy status 
and controls its activity (Hawley et al., 1996). When cells are in 
need of energy, AMPK shuts down mTOR-mediated anabolic 
processes and induces autophagy. Class  I  phosphatidylinosi-
tol-3 (PI3) kinases, often activated by growth factors, regulate 
autophagy via the Akt/mTOR pathway. Growth factor–acti-
vated Akt phosphorylates and inhibits the GTPase activity of 
tuberous sclerosis complex 2, ultimately leading to mTOR 
activation and inhibition of autophagy (Huang and Manning, 
2009). Recently, Balgi et al. (2009) reported that amiodarone 
induces autophagy mediated by mTOR signaling in MCF-7 
human breast adenocarcinoma cells. However, they did not elu-
cidate the role of autophagy in AIPT.

In the present study, we assessed the occurrence of autophagy 
following amiodarone treatment in vitro and the relevance of 
autophagy to in vivo pulmonary toxicity. We found that ami-
odarone activated autophagy in H460 human lung epithelial 
cells. Suppression of autophagy by 3-MA or siRNA directed at 
Atg aggravated amiodarone toxicity in the cells, whereas induc-
tion of autophagy by rapamycin attenuated AIPT in rats.

MATErIALS AnD METHoDS

Materials. Anti-LC3, anti-p62, anti-Atg5, anti-Atg7, anti-AMPK, anti-
phosphor-AMPK (Thr172), anti-Akt, anti-phosphor-Akt (S473), anti-4E-BP1, 
anti-phosphor-4E-BP1 (S65), anti-p70S6 kinase, anti-phosphor-p70S6 kinase 
(Thr389), anti-Parp-1, anti-caspase-3, anti-cleaved caspase-3, anti-Bcl-2, anti-
β-actin, and anti-GAPDH were purchased from Cell Signaling Technology 
(Beverly, MA). Anti-GFP was supplied from Santa Cruz Biotechnology (Santa 
Cruz, CA). Amiodarone hydrochloride, bafilomycin A1 (Baf A1), and 3-MA 
were obtained from Sigma Chemical Co. (St Louis, MO). Rapamycin was 
acquired from Enzo Life Sciences (Farmingdale, NY).

Cell culture and amiodarone treatment. H460 human lung epithelial 
cancer cell line was maintained in RPMI-1640 media (Gibco-BRL, Grand 
Island, NY) containing 10% heat-inactivated fetal bovine serum (Gibco-BRL) 
and antibiotics–antimycotics in a 5% CO

2
 atmosphere at 37°C. BEGM Bullet 

Kit (Lonza, Walkersville, MD) was used as culture media for BEAS-2B cells. 

Amiodarone was dissolved in methanol at concentrations lower than 0.1% (vol/
vol) that do not induce autophagy at least up to 24 h (Supplementary fig. 1). 
In case of concentration dependency test, same amount of methanol was used 
throughout the experiments.

Cell viability assay. Cell viability was measured in a 48-well plate in 
medium containing 10% fetal bovine serum using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. The concentration 
required for 50% inhibition of growth (IC

50
) was determined by nonlinear 

regression analysis using the GraphPad PRISM statistics software package (v. 
5.0; San Diego, CA).

Western blot analysis. Cells were washed with PBS and lysed in 
buffer containing 50mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic 
acid, 150mM sodium chloride, 1% Triton X-100, 5mM ethyleneglycol-
bis(aminoethylether)-tetraacetic acid, 50mM glycerophosphate, 20mM sodium 
fluoride, 1mM sodium orthovanadate, and 2mM PMSF. Cell lysates were then 
centrifuged, and the protein content was quantified. Equal amounts of protein 
were separated via SDS-polyacrylamide gel electrophoresis, and these were 
transferred to a PVDF membrane and probed with specific antibodies. The sig-
nal was detected using enhanced chemiluminescence Western blotting detec-
tion reagents (Amersham, Piscataway, NJ).

Transient transfection. Adenoviral GFP-LC3B was kindly provided 
by Dr Xiao-Ming Yin (University of Pittsburgh, Pittsburgh, PA). The siRNA 
duplexes targeting human Atg7, and nonspecific siRNA, were transfected using 
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s protocol. Cells were allowed to grow for 30 h following transfection 
and then treated with amiodarone.

Apoptosis and caspase-3 activity. Cells were stained with Hoechst 33258 
and propidium iodide (PI), and visualized under fluorescence microscopy. 
A  minimum of 1000 cells was counted and scored for apoptosis by identi-
fying characteristic chromatin condensation and for necrosis by PI staining. 
Caspase-3 activity was determined using a CaspACE colorimetric assay system 
(Promega, Madison, WI) according to the manufacturer’s instructions. In brief, 
the caspase-3 substrate, Ac-DEVD-pNA, was added to cell lysates in assay 
buffer and monitored with a plate reader at 405 nm.

Transmission electron microscopy. Cells were harvested and fixed 
with 2% glutaraldehyde in cacodylate buffer (pH 7.2) and postfixed with 1% 
osmium tetroxide. The cells were dehydrated in increasing concentrations of 
ethanol and embedded in Spurr’s resin. The solidified blocks were cut into thin 
sections (60 nm) and stained with uranyl acetate and lead citrate for observation 
with energy-filtered transmission electron microscopy (LIBRA 120; Carl Zeiss, 
Oberkochen, Germany).

Phospholipid staining. Cells were incubated in medium containing both 
LipidTox Red Phospholipidosis Detection Reagent (Invitrogen) and amiodar-
one for 24 h. The cells were fixed with 4% paraformaldehyde and visualized 
under fluorescence microscope.

Animal experiments. Male F344 rats (10 weeks old) were purchased from 
Joongang Lab Animal Co. (Seoul, Korea) and housed in an air-conditioned 
room (24°C) with a 12-h light/dark cycle. After a 1-week adaptation period, 
the animals were divided into four groups. The control group received a vehicle 
by intratracheal (i.t.) instillation. The rapamycin group was given rapamycin 
(4 mg/kg; ip) 30 min prior to vehicle administration. Rats in the amiodarone 
group were administered amiodarone (6.25 mg/kg; i.t.). The rapamycin 
and amiodarone group received rapamycin 30 min before amiodarone 
administration. Amiodarone was dosed twice at days 1 and 3, whereas 
rapamycin was injected four times on days 1, 2, 3, and 4. Rats were killed 1 h 
after the final rapamycin treatment. Animal experiments were carried out in 
accordance with animal experiment guidelines and with approval of the Animal 
Care and Use Committee of the institute.

Histology. The lungs were fixed in 4% paraformaldehyde and embedded 
in paraffin. Sections were cut and stained with periodic acid-Schiff (PAS).
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Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was performed 
on day 4. The rats were anesthetized and exsanguinated by severing the abdom-
inal aorta. The left bronchus was clamped off, and BAL was performed on 
the right lung three times using separate 3-ml aliquots of warm, calcium-free 
and magnesium-free PBS (pH 7.4). Measurements of the total and differential 
counts in BAL fluid (BALF) cells were also performed as described previously 
(Yang et al., 2008).

Immunohistochemistry. Immunohistochemical staining was performed 
using rabbit anti-LC3A monoclonal antibody. Sections were counterstained 
with meyer’s hematoxylin.

Statistical analysis. All data are expressed as the mean ± SD of at least 
three independent experiments. Statistical analysis was performed using a one-
way ANOVA followed by Tukey’s post hoc test. Differences between groups 
were considered to be statistically significant at p < 0.05.

rESuLTS

Amiodarone Treatment Induces Apoptotic Cell Death in 
H460 Cells

When H460 cells were incubated with amiodarone-con-
taining media for 24 h and cellular viability was determined 
by MTT assay, the amiodarone concentration that induced the 
half-maximal effect (IC

50
) was calculated as 46.0μM (Fig. 1A). 

IC
50

 for BEAS-2B cells were 4.4μM. Apoptotic death of H460 
cells was measured by fluorescence microscopy following PI 
staining. The number of apoptotic cells increased beginning 
at 40μM concentration. Approximately 80% of cells under-
went apoptosis following treatment with 80μM amiodarone 
(Fig. 1B). As shown in Figure 1C, amiodarone treatment caused 

morphological changes in H460 cells. Increased numbers of 
cytoplasmic vacuoles are prominent at lower concentration of 
amiodarone, whereas round and floating cells were observed as 
the amiodarone concentration increased.

Amiodarone Inhibits mTOR Signaling Pathway and Induces 
Autophagy

We tested whether amiodarone induces autophagy in H460 
and BEAS-2B cells by determining the conversion of cytoplas-
mic LC3-I into autophagosome membrane-bound LC3-II; the 
expression of Atg5 and Atg7, essential proteins for autophago-
some formation (Levine and Klionsky, 2004); and the degrada-
tion of p62, an autophagy-specific substrate (Komatsu et  al., 
2007). Western blot analysis showed a concentration- and time-
dependent increase in LC3-II and Atg7 in amiodarone-treated 
cells. The level of p62 does not decrease with the induction of 
autophagy probably due to the lysosomotropic effect of ami-
odarone (Figs. 2A and 2B; Supplementary figs. 2A and 2B). 
More details on the discrepancy are described in the Discussion 
section. LC3-II conversion by amiodarone was also investigated 
using fluorescence microscopy following transient transfec-
tion with GFP-LC3. As shown in Figure 2C, diffuse GFP-LC3 
cytoplasmic staining was observed in untreated control cells, 
whereas amiodarone-treated cells had LC3-positive GFP 
puncta. The GFP-LC3 puncta do not colocalize to the cytoplas-
mic vacuoles indicating that the amiodarone-induced vacuoles 
have little to do with autophagy (Supplementary fig. 3A). We 
also analyzed the cellular ultrastructure by electron micros-
copy to confirm that autophagy was induced by amiodarone. 

FIg. 1. Amiodarone induces apoptotic cell death in H460 cells. Cells were incubated with the indicated amiodarone concentrations. Cell viability was deter-
mined by MTT assay at 24 h (A) and apoptosis was evaluated using PI staining at 21 h (B). (C) Representative photomicrographs (×400) of cells treated with 
amiodarone for 6 h show formation of cytoplasmic vacuoles. Round and floating cells are seen at higher concentrations (arrows). The data are expressed as the 
mean ± SD of results obtained from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control.
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Amiodarone treatment led to the formation of numerous lipid 
droplets, shown as hollow cytoplasmic vesicles and lamel-
lar bodies, a hallmark of phospholipidosis. Furthermore, 
autophagosome containing cytoplasmic components were 
observed in amiodarone-treated cells (Fig. 2D).

We next assessed autophagic flux using the lysosomal inhibi-
tor Baf A1. The optimal concentration of Baf A1 was deter-
mined as shown in Supplementary figure  4A. Treatment of 
H460 cells with Baf A1 alone increased the LC3-II level and 
GFP-LC3 puncta in the absence of amiodarone, indicating lyso-
somal inhibition and autophagosome accumulation. LC3-II con-
version and GFP-LC3 puncta further increased in the presence 
of Baf A1 following amiodarone treatment. In contrast, cells 
pretreated with 3-MA, an autophagic sequestration inhibitor, 
exhibited reduced LC3-II conversion and GFP-LC3 puncta by 

amiodarone compared with nonpretreated cells (Figs. 3A and 
3B). Autophagic flux was also determined by detecting free GFP 
fragment formed by degradation of GFP-LC3 in autophagolyso-
some. Amiodarone treatment increased GFP generation in time- 
and concentration-dependent manner (Fig. 3C; Supplementary 
fig.  4B). However, amiodarone-induced free GFP was sig-
nificantly reduced in Baf A1 pretreated cells (Supplementary 
fig.  4C). Similar results were observed in BEAS-2B cells 
treated with amiodarone (Fig. 3D; Supplementary figs. 4B and 
4C). Finally autophagic flux was also monitored by detecting 
autophagosome-lysosome fusion. H460 cells were transfected 
with GFP-LC3, incubated with amiodarone and stained with 
Lysotracker Red. As shown in Supplementary figure 5, red fluo-
rescence overlapped with GFP-LC3 in amiodarone-treated cells 
indicating the delivery of autophagosome to lysosome. These 

FIg. 2. Amiodarone induces autophagy in H460 and BEAS-2B cells. H460 cells were treated with amiodarone as indicated, and Western blot analysis was 
performed using specific antibodies to examine protein expression in whole cell lysates. Representative photomicrographs (×400) from more than three independ-
ent experiments are shown (A). BEAS-2B cells were treated with amiodarone as indicated, and Western blot analysis was performed (B). Cells were transfected 
with the GFP-LC3 plasmid for 6 h and then incubated with amiodarone for another 6 h before analysis by fluorescence microscopy. Representative images of 
GFP-LC3 staining with or without amiodarone treatment are shown (×400) (C). Representative electron micrographs of cells incubated with 50μM amiodarone 
for 18 h are shown (D).
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data clearly demonstrate that amiodarone induces autophagy in 
H460 and BEAS-2B cells.

The mTOR regulates protein synthesis and cell growth 
by sensing cellular nutrient status. AMPK activation or 
Akt inhibition blocks the mTOR signal cascade and leads 
to apoptosis. Starvation induces autophagy in MCF-7 cells 
through mTOR inhibition. Therefore, chemicals that inhibit 
mTOR activity via AMPK activation or Akt inhibition also 
induce autophagy. Amiodarone was recently reported to induce 
autophagy in eukaryotic cells by inhibiting mTORC1 signaling 
(Balgi et  al., 2009). AMPK phosphorylation at Thr172 was 
increased, and Akt phosphorylation at Ser473 was decreased 
by amiodarone treatment, which resulted in attenuated mTOR 
activity as determined by the reduced phosphorylation levels of 
p70S6 kinase and 4E-BP (Figs. 4A and 4B; Supplementary figs. 

6A and 6B). The mTOR signaling pathway was also induced in 
BEAS-2B cells (Fig. 4C).

Amiodarone-Induced Autophagy Protects H460 Cells  
from Apoptosis

Next, we asked whether amiodarone-induced autophagy 
affects the life and death of the cells by determining cell via-
bility and apoptotic cell death in the absence or presence of 
3-MA. Inhibition of basal autophagy by 3-MA decreased cel-
lular viability and increased apoptosis slightly but significantly. 
Treatment of cells with amiodarone in the presence of 3-MA 
led to a 72% decrease in cell viability compared to treatment 
with amiodarone alone, in which a 30% decrease in cell viabil-
ity was observed (Fig. 5A). Similarly, apoptotic cell number was 
markedly increased in the co-treatment group (Figs. 5B and 5C). 

FIg. 3. Amiodarone increases autophagic flux in H460 and BEAS-2B cells. Cells were pretreated with Baf A1 (150nM for H460 and 50nM for BEAS-2B) or 
3-MA (10mM) for 1 h and then incubated with amiodarone (50μM for H460; 15μM for BEAS-2B) for another 4 h. Western blot analysis was used to examine LC3 
I/II expression in H460 cells (A) and BEAS-2B (D) cells, and densitometric analysis was performed. H460 cells were transfected with GFP-LC3 as described in 
Figure 1. Cells were preincubated Baf A1 or 3-MA for 1 h and then incubated with 50μM of amiodarone and visualized with fluorescence microscope (B). H460 
cells were transfected with GFP-LC3 and incubated with amiodarone for indicated time. Western blot analysis was performed using antibodies against GFP (C). 
*p < 0.05 compared with the corresponding group. 
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Inhibition of autophagy in 3-MA/amiodarone co-treated cells 
was confirmed by reduced LC3-II. Under this condition, PARP 
and caspase-3 cleavage were observed in cells, both of which 
are positive regulators of apoptotic cell death. Compared with 
the amiodarone-treated group, 3-MA co-treatment significantly 
reduced the expression of anti-apoptotic Bcl-2 (Figs. 5D and 5E).

To further investigate the role of autophagy in amiodarone cyto-
toxicity, Atg7-specific siRNA was transfected into H460 cells. 
Transfection of siRNA against Atg7 decreased the amiodarone-
induced cell viability and increased apoptosis and caspase-3 activ-
ity induced by amiodarone (Figs. 6A–C). Inhibition of autophagy 
by knocking down autophagy-related genes completely blocked 
amiodarone-induced autophagy as determined by LC3-II levels 
(Figs. 6D and 6E). Apoptosis induction was further corroborated 
by Western blot analysis. Amiodarone treatment in the siRNA-
transfected cells increased caspase-3 cleavage and decreased 
anti-apoptotic Bcl-2 expression (Figs. 6D and 6E). These results 
clearly indicate that inhibition of autophagy sensitizes H460 cells 
to amiodarone-induced cytotoxicity and apoptosis.

Autophagy Protects Rats from AIPT

To investigate the role of autophagy in AIPT, rats were 
administered amiodarone by intratracheal instillation with 
or without rapamycin. The animal models for AIPT develop 
inflammatory and fibrotic reaction similar to that observed in 

AIPT patients (Chung et al., 2001; Reinhart and Gairola, 1997; 
Taylor et al., 2000). High-performance liquid chromatography 
analysis revealed that amiodarone concentration of 
497.3 ± 259.1 ng/g lung tissue was much lower than that 
observed in the AIPT patient (Brien et al., 1987). We performed 
BALF total and differential cell counts as a marker of airway 
inflammation. The number of neutrophils and eosinophils 
was significantly elevated by amiodarone treatment, which 
was significantly inhibited by rapamycin. The number of 
macrophages was also increased by amiodarone by twofold, 
although statistically not significant. Consequently, amiodarone 
treatment increased the total BAL cell count by fourfold; 
however, co-treatment with rapamycin decreased the number 
significantly (Fig. 7A). Goblet cells, which are situated in the 
epithelium, contribute to a rapid response to airborne irritants, 
particles, and micro-organisms (Rogers, 2003). Increased 
goblet cell number and mucin secretion are characteristic 
features of chronic bronchitis (Saetta et al., 2000) and cystic 
fibrosis (Burgel et  al., 2007). PAS staining showed minimal 
positive staining in control and rapamycin groups, whereas 
amiodarone administered rats showed significant magenta 
staining. However, co-treatment with rapamycin completely 
attenuated the number of PAS-positive cells. Furthermore, 
amiodarone-induced goblet cell hyperplasia occurred in the 
bronchioles was blocked by the pretreatment with rapamycin 

FIg. 4. Amiodarone induces AMPK- and Akt-mediated mTOR-dependent autophagy. H460 (A and B) and BEAS-2B (C) cells were incubated with amiodar-
one as indicated, and Western blot analysis using specific antibodies was performed to examine protein expression in whole cell lysates. Representative images 
from more than three independent experiments are shown.
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(Fig.  7B). Immunohistochemical staining of the lung tissue 
demonstrates that the expression of LC3A was notably 
increased in the bronchial epithelial cells of rapamycin, as well 
as rapamycin and amiodarone-treated rats (Fig. 7C). Overall, 
our results demonstrate that rapamycin-activated autophagy 
rescued mucin secretion, goblet cell hyperplasia, and airway 
inflammation induced by amiodarone.

DISCuSSIon

Amiodarone is one of the most frequently prescribed 
antiarrhythmic drugs, but pulmonary toxicity seen in 
patients following long-term treatment is often the cause of 
discontinuation. Amiodarone was recently reported to induce 
autophagy mediated by mTOR activation in human breast 

FIg. 5. Inhibition of autophagy by 3-MA increases the susceptibility of H460 cells to amiodarone cytotoxicity. Cells were incubated with 50μM amiodarone 
for 21 h following 1 h pretreatment with or without 10mM 3-MA. Cell viability (A) and apoptosis (B) were evaluated as described in Figure 1. Representative 
photomicrographs (×400) of cells treated with amiodarone for 6 h show an increased number of floating cells (arrow) in the presence of 3-MA (C). Western blot 
analysis using specific antibodies was performed to examine protein expression in whole cell lysates. Representative images from more than three independent 
experiments are shown (D) and densitometric analysis was performed (E). The data are expressed as the mean ± standard deviation (SD) of results obtained from 
three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control, ##p < 0.01 ###p < 0.001 compared with the amiodarone group.
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cancer cells (Balgi et  al., 2009). Amiodarone accumulates 
in intracellular vacuoles, which are positive for autophagy 
markers, in HEK 293 cells and in tissue obtained from a patient 
biopsy of amiodarone-induced blue-gray skin discoloration 
(Morissette et  al., 2009). Although amiodarone is reportedly 
an autophagy inducer, much less evidence and understanding 
is currently available regarding the role of autophagy in 
amiodarone toxicity. Amiodarone induces mitochondrial 
damage, leading to ROS production (Serviddio et  al., 2011). 
ROS cause various cellular damage that can be attenuated by 
antioxidant responses, including autophagy.

In the present study, we hypothesized that amiodarone-
induced autophagy is a protective mechanism against 
cytotoxicity and thus that AIPT can be prevented by the 

activation of autophagy. To test this hypothesis, we investigated 
amiodarone-induced autophagy and the role of autophagy in 
amiodarone-induced cell death by analyzing autophagy-specific 
molecular and cellular markers in H460 human lung epithelial 
cells and BEAS-2B normal human bronchial epithelial cells, 
the latter of which are reported to possess similar characteristic 
with primary bronchial cells in terms of autophagy (Chen 
et  al., 2008). Amiodarone increased LC3-II and Atg7, as 
well as autophagic flux. Inhibition of autophagy decreased 
cellular viability and significantly increased apoptosis. We also 
investigated the effects of autophagy on pulmonary toxicity in 
rats administered amiodarone. In line with previous findings, 
amiodarone induced autophagy mediated by mTOR inhibition 
in H460 human lung epithelial cells. This study is the first to 

FIg. 6. Inhibition of autophagy by siRNA against Atg7 gene increases the susceptibility of H460 cells to amiodarone cytotoxicity. Cells were transfected 
with scrambled control siRNA or siRNA against Atg7 and treated with 50μM amiodarone for 18 h, and viability (A), apoptosis (B), and caspase-3 activity (C) 
were examined. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control, #p < 0.05, ###p < 0.001 compared with the amiodarone group transfected with 
scrambled control siRNA. Western blot analysis using specific antibodies was performed to examine protein expression in whole cell lysates. Representative 
images from more than three independent experiments are shown (D), and densitometric analysis was performed (E). The data are expressed as the mean ± SD 
of results obtained from three independent experiments. #p < 0.05, ##p < 0.01 compared with the corresponding group transfected with scrambled control siRNA.
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demonstrate that suppression of autophagy aggravated the 
cytotoxicity of amiodarone in H460 cells, whereas induction of 
autophagy attenuated amiodarone-induced mucus oversecretion 
and goblet cell hyperplasia in the rat lung. These results clearly 
indicate that autophagy is a protective mechanism against AIPT.

The level of p62 did not decrease with the induction of 
autophagy. The number of cytoplasmic vacuoles did not match 
with the degree of autophagy as well. The reason for the dis-
crepancies can be explained by the lysosomotropic effect of 
amiodarone leading to the impairment of lysosomal function 

and phospholipid metabolism. Amiodarone-induced formation 
of intracytoplasmic inclusions was also reported in bovine pul-
monary artery endothelial cells (Martin and Howard, 1985). 
As the nature of the vacuole, they suggested lamellar struc-
ture, which has been previously described as characteristic 
of phospholipid formation (Lullman et  al., 1975) and have 
also been described in vivo amiodarone toxicity (Marchlinski 
et al., 1982). We demonstrated that amiodarone-induced vacu-
oles do not colocalize to GFP-LC3 ruling out the possibility 
of autophagic vacuoles (Supplementary fig.  3A). Moreover, 

FIg. 7. Activation of autophagy by rapamycin protects lungs from amiodarone-induced pulmonary toxicity. Rats were instillated with vehicle (CON) or 
amiodarone (AM) and rapamycin (Rapa) was injected 30 min prior to amiodarone administration. On day 4, rats were anesthetized, and BAL and total and dif-
ferential cell count were performed (A). Fixed lung sections were subjected to immunohistochemistry using antibody against LC3A (B) and PAS staining (C). 
Representative microphotographs of lung specimens from all groups are shown. *p < 0.05, ***p < 0.001 compared with the control, ##p < 0.01 compared with the 
amiodarone group. Scale bars: 100 μm.
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the dose-response pattern of vacuole formation and accu-
mulation of phospholipid are very similar (Supplementary 
fig.  3B). Therefore, we suggest that amiodarone-induced 
vacuoles have little to do with autophagy but with phospho-
lipidosis. As a result, impairment of lysosomal function by 
amiodarone may disturb lysosomal degradation of autophagic 
substrate including p62. In spite of all these changes, high-
dose amiodarone-induced autophagy is evident as shown in 
the concentration-dependent increase in the autophagic flux 
and autophagosome turnover. Therefore, we suggest that ami-
odarone at lower concentrations induces both autophagy and 
lysosomal impairment that are somewhat balanced. When the 
concentration of amiodarone increases, however, autophagy 
becomes dominant over the lysosomal effect. Several other 
mechanisms including proteasomal degradation and oxidative 
stress cannot be ruled out as possible explanation of the dis-
crepancy (Jain et al., 2010).

Endoplasmic reticulum (ER) stress can trigger autophagy 
to degrade misfolded proteins and to protect against ER 
stress-induced apoptosis (Ogata et  al., 2006). For example, 
aminochrome induces cell death in a cell line derived from rat 
substantia nigra through caspase-3 activation, cytochrome c 
release, and mitochondrial damage, and leads to a significant 
increase in the number of autophagic vacuoles. When the 
cells were incubated with an autophagy inhibitor, the number 
of apoptotic cells was increased, whereas preincubation 
with rapamycin significantly decreased cell death due to the 
autophagy-mediated degradation of damaged mitochondria 
and recycling through lysosomes (Paris et al., 2011). Similarly, 
activation of autophagy by rapamycin has protective role 
against acetaminophen-induced hepatotoxicity (Ni et al., 2012) 
and reduces neurodegeneration in a fly and mouse model 
(Ravikumar et  al., 2004). Moreover, autophagy plays a self-
protective role against arsenic-induced cell transformation, an 
important step in arsenic tumorigenesis (Zhang et al., 2012).

Akt is a survival factor that promotes cell proliferation; thus, 
a defective Akt pathway is found in many types of cancer. 
Acute ER stress results in suppression of the Akt/TSC/mTOR 
signaling pathway, which contributes to ER stress-induced 
autophagy (Qin et al., 2010). Amiodarone inhibits diverse ion 
channels, including the Na+/Ca2+ exchanger, Ca2+ channels, 
and Na+ channels (Kodama et al., 1999). Because the Na+/Ca2+ 
exchanger is one of the most important cellular mechanisms 
involved in removing the cellular Ca2+ ion, inhibition of the 
transporter by amiodarone increases intracellular Ca2+ and Ca2+ 
signaling in various cell types (Powis et al., 1990). Increased 
levels of intracellular Ca2+ lead to ER stress (Tsutsumi et al., 
2006). Considering that amiodarone leads to increased Ca2+ due 
to its action as an ion channel inhibitor and the role of Ca2+ in 
ER stress, it is not surprising that amiodarone induces ER stress. 
According to our data (Supplementary fig. 7) and those from 
others (Kim et al., 2011), amiodarone increases the expression 
and phosphorylation of ER stress-associated proteins, including 
C/EBP homologous protein, inositol-requiring protein-1, 

RNA-activated protein-kinase-like ER kinase, and eukaryotic 
translation initiation factor 2.  Therefore, we postulate that 
amiodarone-induced autophagy can be initiated by the 
activation of ER stress in response to intracellular Ca2+ influx 
and executed by ER-stress-induced inhibition of PI3 kinase 
and subsequent decrease in Akt phosphorylation and mTOR 
activity (Fig. 4; Supplementary fig. 7).

Autophagy-associated genes are under the control of mTOR, 
and the inhibition of mTOR by rapamycin treatment enhances 
autophagy (Floto et al., 2007; Rosenbluth and Pietenpol, 2009). 
Another explanation for reduced Akt phosphorylation by ami-
odarone can be deduced from the fact that AIPT is initiated by 
mitochondrial dysfunction and ROS (Bolt et al., 2001). ROS 
impair the Akt/mTOR pathway, ultimately leading to apoptotic 
and autophagic cell death. Incubation of U251 cells with H

2
O

2
 

leads to changes in mitochondrial permeability in association 
with decreased Akt phosphorylation and mTOR activity (Zhang 
et al., 2009). Moreover, ROS increase AMPK phosphorylation 
as a result of the increased AMP:ATP ratio, as well as tyrosine 
kinase activity independent of the cellular adenosine nucleo-
tide levels (Choi et  al., 2001). AMPK activation negatively 
regulates mTOR activity and thus induces autophagy. Given 
the positive and negative regulatory roles of AMPK and Akt in 
mTOR activity, respectively, it is not surprising that amiodar-
one induces autophagy mediated by Akt/mTOR and AMPK/
mTOR signaling axes (Fig. 4). Cross talk between the axes is 
not clear and requires further investigation.

The mechanisms by which autophagy acts to attenuate apop-
tosis are not fully understood, but recent studies provide some 
clues. In eukaryotes, mitochondria are not only the site of aero-
bic energy production, but also for ROS production. Moreover, 
defective mitochondria accelerate the production of ROS that 
attack nucleic acids. Therefore, activation of autophagy for 
timely elimination of aged and dysfunctional mitochondria is 
essential to protect cells from disordered mitochondrial metab-
olism (Kim et  al., 2007). Disruption of mitochondrial func-
tion and cellular ATP levels are initial events in AIPT (Bolt 
et  al., 2001). Note that ROS scavengers, such as ubiquinone 
and α-tocopherol, effectively protect lung epithelial cells from 
amiodarone-induced toxicity (Nicolescu et  al., 2008). These 
results indicate that the disposal of damaged mitochondria, or 
at least excess ROS, confers cells with resistance to chemical 
stress. Possible mechanisms by which activation of autophagy 
protects from AIPT can be explained in this regard.

Patients with AIPT are characterized by eosinophilic pneu-
monia, interstitial pneumonitis, bronchiolitis obliterans organ-
izing pneumonia (BOOP), and fibrosis. For the study of AIPT, 
animal models have been developed and characterized in rats 
by intratracheal instillation of amiodarone (Reinhart et  al., 
1996; Reinhart and Gairola, 1997; Taylor et al., 2000). Direct 
accumulation of amiodarone in lung tissue leads to an inflam-
matory and fibrotic reactions similar to those observed in 
AIPT patients. Representative changes observed in the model 
include acute inflammation revealed by total and differential 
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cells recovered by BALF, interstitial pneumonia, and alveolar 
thickening. Moreover, acute exposure of amiodarone induces 
pulmonary fibrosis within 6 weeks, which is very relevant to 
human AIPT (Reinhart et  al., 1996; Taylor et  al., 2000). We 
used the same model of Taylor et al., (2000) and found similar 
changes such as increased neutrophils and eosinophils in BALF, 
as well as alveolar thickening and granulomatous inflammation 
in PAS staining.

Goblet cells, situated in the epithelium of conducting airways, 
secrete high-molecular-weight mucus glycoproteins (mucins) 
and act as a first-line defender against airborne irritants, parti-
cles, and micro-organisms (Rogers, 2003) via a process called 
mucociliary clearance. Mucus overproduction impairs mucocil-
iary clearance and may contribute to the development of chronic 
inflammation and bacterial colonization seen in cystic fibrosis 
patients (Ramsey, 1996). Therefore, it is important to maintain 
mucus quality and quantity. Intratracheal instillation of amiodar-
one induced PAS-positive staining and goblet cell hyperplasia, 
whereas co-treatment with rapamycin activated autophagy and 
inhibited mucus overproduction and goblet cell hyperplasia. As 
inflammatory cells are increasingly recruited in the lung, they 
can release a variety of inflammatory mediators and ROS that 
can lead to chronic inflammation and fibrosis development. 
Activation of autophagy with rapamycin decreased pulmonary 
inflammation by decreasing BALF total cells and differential 
cells, which were increased by amiodarone administration. 
Although the effect of rapamycin might be somewhat attributed 
to the immunosuppressive property, there are many evidences 
that enhanced autophagy by rapamycin reduces pulmonary tox-
icity (Abdulrahman et al., 2011; Yen et al., 2013). Moreover, we 
demonstrated that in rats administered with rapamycin, LC3A 
expression was significantly increased in the bronchial epithe-
lial cells (Fig. 7C). These results indicate that decreased pul-
monary inflammation and goblet cell hyperplasia by increased 
autophagy can protect against AIPT.

In summary, this study highlights the role of autophagy in 
AIPT in rats. Amiodarone induced AMPK and Akt-mediated 
inhibition of mTOR and autophagy, which functions to rescue 
stressed cells from apoptotic cell death. Consequently, induc-
tion of autophagy by rapamycin administration attenuated 
AIPT in rats.
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