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Interaction with the hERG channel and cytotoxicity
of amiodarone and amiodarone analogues
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Background and purpose: Amiodarone (2-n-butyl-3-[3,5 diiodo-4-diethylaminoethoxybenzoyl]-benzofuran, B2-O-CH2CH2-
N-diethyl) is an effective class III antiarrhythmic drug demonstrating potentially life-threatening organ toxicity. The principal
aim of the study was to find amiodarone analogues that retained human ether-a-go-go-related protein (hERG) channel
inhibition but with reduced cytotoxicity.
Experimental approach: We synthesized amiodarone analogues with or without a positively ionizable nitrogen in the
phenolic side chain. The cytotoxic properties of the compounds were evaluated using HepG2 (a hepatocyte cell line) and A549
cells (a pneumocyte line). Interactions of all compounds with the hERG channel were measured using pharmacological and
in silico methods.
Key results: Compared with amiodarone, which displayed only a weak cytotoxicity, the mono- and bis-desethylated
metabolites, the further degraded alcohol (B2-O-CH2-CH2-OH), the corresponding acid (B2-O-CH2-COOH) and, finally, the
newly synthesized B2-O-CH2-CH2-N-pyrrolidine were equally or more toxic. Conversely, structural analogues such as the
B2-O-CH2-CH2-N-diisopropyl and the B2-O-CH2-CH2-N-piperidine were significantly less toxic than amiodarone. Cytotoxicity
was associated with a drop in the mitochondrial membrane potential, suggesting mitochondrial involvement. Pharmacological
and in silico investigations concerning the interactions of these compounds with the hERG channel revealed that compounds
carrying a basic nitrogen in the side chain display a much higher affinity than those lacking such a group. Specifically, B2-O-
CH2-CH2-N-piperidine and B2-O-CH2-CH2-N-pyrrolidine revealed a higher affinity towards hERG channels than amiodarone.
Conclusions and implications: Amiodarone analogues with better hERG channel inhibition and cytotoxicity profiles than the
parent compound have been identified, demonstrating that cytotoxicity and hERG channel interaction are mechanistically
distinct and separable properties of the compounds.
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Introduction

Pharmacological treatment of cardiac arrhythmias is a

difficult therapeutic challenge. One of the most effective

antiarrhythmic drugs currently in use is amiodarone (2-n-

butyl-3-[3,5 diiodo-4-diethylaminoethoxybenzoyl]-benzo-

furan, B2-O-CH2CH2-N-diethyl (1 in Table 1)), a class III

antiarrhythmic agent with additional class I and II

properties. This compound blocks human ether-a-go-go-

related protein (hERG) channels, leading to the prolongation

of the refractoriness and resulting in QT prolongation

(Singh, 1996). In addition, amiodarone inhibits the rapid

sodium current into human cardiomyocytes (Lalevee et al.,

2003) and the slow inward calcium currents mediated

through L-type calcium channels (Ding et al., 2001), and

has been shown to be a non-competitive antagonist

of cardiac b-adrenoreceptors (Chatelain et al., 1995).

Amiodarone (see Table 1 for chemical structures and

International Union of Pure and Applied Chemistry

(IUPAC) names) is metabolized through mono- (Flanagan

et al., 1982) and bis-desalkylation (Ha et al., 2005) to the

corresponding secondary (B2-O-CH2CH2-NH-ethyl (2))

and primary amine (B2-O-CH2CH2-NH2 (3)), respectively.

The primary amine 3 can subsequently be transaminated

and oxidized to the corresponding acid (B2-O-CH2-COOH

(5)) or primary alcohol (B2-O-CH2CH2-OH (6)) (Ha et al.,

2005).
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Amiodarone’s therapeutic use is limited because of its

numerous side effects that include thyroidal (Harjai

and Licata, 1997), pulmonary (Jessurun et al., 1998),

ocular (Pollak, 1999) and/or liver toxicity (Morse et al.,

1988; Lewis et al., 1989). The mechanisms leading

to the toxicity of amiodarone are not completely

understood, but are assumed to involve accumulation of

the parent compound as well as metabolites, resulting in

Table 1 Chemical structures and lipophilicity of amiodarone, amiodarone metabolites and amiodarone analogues

O

O

I

I

O

R¼B2

Number Compounds IUPAC name R logD

1 B2-O-CH2CH2-N-diethyl
(amiodarone)

(2-Butyl-benzofuran-3-yl)-[4-(2-diethylamino-ethoxy)-
3,5-diodo-phenyl]-methanone N

4.92±0.25

2 B2-O-CH2CH2-NH-ethyl (2-Butyl-benzofuran-3-yl)-[4-(2-ethylamino-ethoxy)-
3,5-diiodo-phenyl]-methanone

H
N 4.47±0.12

3 B2-O-CH2CH2-NH2 [4-(2-Amino-ethoxy)-3,5-diiodo-phenyl]-
(2-butyl-benzofuran-3-yl)-methanone

NH2 3.83±0.10

4 B2-O-CH2CH2-N-(CH(CH3)2)2

(B2-O-CH2CH2-N-diisopropyl)
(2-Butyl-benzofuran-3-yl)-[4-(2-diisopropylamino-ethoxy)-
3,5-diiodo-phenyl]-methanone

N 5.51±0.12

5 B2-O-CH2-COOH [4-(2-Butyl-benzofuran-3-carbonyl)-2,6-diiodo-phenoxy]-
acetic acid

COOH 4.69±0.08

6 B2-O-CH2CH2-OH (2-Butyl-benzofuran-3-yl)-[4-(2-hydroxy-ethoxy)-
3,5-diiodo-phenyl]-methanone

OH 4.18±0.15

7 B2-O-CH2CH2-NH-CO-CH2CH3 N-{2-[4-(2-Butyl-benzofuran-3-carbonyl)-
2,6-diiodo-phenoxy]-ethyl}-propionamide

H
N

O

4.31±0.16

8 B2-O-CH2CH2-N-pyrrolidine (2-Butyl-benzofuran-3-yl)-[3,5-diiodo-4-
(2-pyrrolidine-1-yl-ethoxy)-phenyl]-methanone N

7.82±0.05

9 B2-O-CH2CH2-N-piperidine (2-Butyl-benzofuran-3-yl)-[3,5-diiodo-4-
(2-piperidin-1-yl-ethoxy)-phenyl]-methanone N

8.04±0.11

10 B2-O-CH2CH3 (2-Butyl-benzofuran-3-yl)-[4-ethoxy-3,5-diiodo-phenyl]-
methanone

4.83±0.06

11 B2-O-CH2-COO-CH2CH3 [4-(2-Butyl-benzofuran-3-carbonyl)-2,6-diiodo-phenoxy]-
acetic acid ethyl ester

O

O

4.67±0.08

Abbreviation: IUPAC, International Union of Pure and Applied Chemistry.

LogD was determined using reversed-phase HPLC at 37 1C as described by Braumann (1986a). The mobile phase consisted of different mixtures of 5 mM

phosphate buffer pH 7.4 and methanol. n¼3 determinations per compound, mean±s.e.mean.
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cellular toxicity, possibly by impairing mitochondrial

function. Amiodarone is known to uncouple oxidative

phosphorylation and to inhibit the electron transport chain

and b-oxidation of fatty acids in mitochondria (Fromenty

et al., 1990a, b; Spaniol et al., 2001; Kaufmann et al., 2005;

Waldhauser et al., 2006).

The most serious non-cardiac side effect of amiodarone is

pulmonary toxicity. Clinically, pulmonary toxicity of amio-

darone is characterized by progressive dyspnoea and im-

paired alveolar diffusion at first, of oxygen and then, finally,

of carbon dioxide. Amiodarone-induced lung damage, as

measured radiologically, is caused by interstitial fibrosis

(Mason, 1987; Martin and Rosenow, 1988a, b; Pitcher,

1992). It is possible that alveolar macrophages may play a

role in the pulmonary fibrosis associated with amiodarone

(Jessurun et al., 1998). Interestingly, Bigler et al. (2007) were

recently able to show that some modifications of the diethyl-

amino-ethoxy group of amiodarone reduced its toxicity

towards alveolar macrophages.

In earlier studies, we demonstrated that the substituents

attached to the benzofuran ring (aliphatic side chain in

position 2 and iodinated 4-diethyl-amino-ethoxy-benzoyl

chain in position 3) are responsible for mitochondrial

toxicity caused by amiodarone (Spaniol et al., 2001;

Kaufmann et al., 2005). More recent studies focusing on

the hepatotoxic profile and the antiarrhythmic effect of

amiodarone and amiodarone analogues again revealed the

importance of the topology of the side chain attached to the

bicyclic aromatic template (B2, see Table 1) of amiodarone

for both interaction with the hERG channel and hepato-

cellular toxicity (Waldhauser et al., 2006).

Despite these studies, questions regarding the interaction

with the hERG channels and cytotoxicity of amiodarone and

amiodarone analogues with different compositions of the

aliphatic side chain attached to B2 remained unanswered.

The current study was designed to address following issues:

first, are amiodarone and related derivatives also toxic to

cultured pneumocytes and is this toxicity similar to that seen

in cultured hepatocytes? Second, is there a correlation

between the physico-chemical properties of these

compounds with hERG inhibition and/or cellular toxicity?

We therefore synthesized and investigated the ethyl ester

B2-O-CH2-COO-CH2CH3 (11) of the acid B2-O-CH2-COOH

(5), as well as two derivatives with either a terminal

pyrrolidine (B2-O-CH2CH2-N-pyrrolidine (8)) or piperidine

(B2-O-CH2CH2-N-piperidine (9)) group, respectively. In addi-

tion, we investigated the two amines 2 and 3 (two

amiodarone metabolites), as well as the bis-isopropyl amine

B2-O-CH2CH2-N-diisopropyl (4), three compounds we had

investigated already in a previous study (Waldhauser et al.,

2006). The data generated in the current investigation could

then be compared with those of our previous study

(Waldhauser et al., 2006).

Materials and methods

Amiodarone and amiodarone derivatives

Amiodarone hydrochloride was obtained from Sigma-

Aldrich (Buchs, Switzerland). All amiodarone analogues were

synthesized starting from B2 (Ha et al., 2000) as shown in

Table 1 and as described earlier for B2-O-CH2CH2-NH-ethyl

(2), B2-O-CH2CH2-NH2 (3), B2-O-CH2CH2-N-diisopropyl (4),

B2-O-CH2-COOH (5), B2-O-CH2CH2-OH (6), B2-O-CH2CH2-

NH-CO-CH2CH3 (7) and B2-O-CH2CH3 (10) (Waldhauser

et al., 2006) and for B2-O-CH2-COO-CH2CH3 (11) (Ha et al.,

2005). The remaining two amiodarone derivatives were

synthesized as follows:

B2-O-CH2CH2-N-piperidine [(2-butyl-benzofuran-3-yl)-

[3,5-diiodo-4-(2-piperidine-1-yl-ethoxy)phenyl]-methanone

hydrochloride] (9)

To a mixture of B2 (2 g, 3.66 mmol; for chemical structure see

Table 1) and K2CO3 (3.45 g, 25 mmol) in toluene/water (2:1

v/v, total volume: 75 mL) heated to 55–60 1C, small portions

of about 0.2 g 1-(2-chlorethyl) piperidine monohydrochlor-

ide (3.41 g, 18.5 mmol) were added. After the addition,

the temperature was raised to reach reflux over 30 min. The

yellow colour of B2 disappeared. After having refluxed the

reaction mixture for one additional hour, the phases were

quickly separated using a separation funnel at 60 1C. The

toluene phase was washed three times with 25 mL water at this

temperature, and the organic phase was evaporated to dryness

later. The residue was suspended in 10mL 5% NH3, and B2-O-

Et-NH-ethyl was extracted three times with 15 mL toluene. The

organic phase was separated by means of centrifugation and

evaporated to dryness under reduced pressure. Then, 2 mL 10 N

HCl and 15 mL toluene were added to the residue, and the

liquids were removed under reduced pressure at 80 1C. A white

solid residue was obtained after three additional treatments

with 10mL toluene. The residue was then crystallized from

toluene and yielded 1.62 g (64%) of the target product.

Analytically pure 9 was obtained by silica gel low-pressure

chromatography ((30 cm�5 cm i.d.) and mobile phase:

methanol: 25% NH3 (99:1 v/v)). Melting point, electrospray

ionization-MS and nuclear magnetic resonance spectroscopy

data of B2-O-Et-N-piperidine (9) have been reported already in

our previous communication (Bigler et al., 2007).

B2-O-CH2CH2-N-pyrrolidine [(2-butyl-benzofuran-3-yl)-[3,5-

diiodo-4-(2-pyrrolidine-1-yl-ethoxy)-phenyl]-methanone

hydrochloride] (8)

B2-O-CH2CH2-N-pyrrolidine (8) (yield 70%) was prepared in

the same manner as described for 9. The electrospray

ionization-MS and nuclear magnetic resonance spectroscopy

data supporting its chemical structure were published

previously (Bigler et al., 2007).

Octanol/water partition coefficient of amiodarone and derivatives

The octanol/water partition of the compounds synthesized

was determined using reversed phase HPLC as described by

Braumann (1986b). HPLC of the substances was performed at

37 1C using different 5 mM phosphate buffer (pH 7.4)/

methanol mixtures as an eluent. Log D, the ratio of the

equilibrium concentrations of all species (un-ionized and

ionized) of a molecule in octanol to the same species in the

water phase, was calculated from the determined octanol/

water partition (Braumann, 1986b).
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Other chemicals

All chemicals used were from Sigma-Aldrich except for

5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolylcarbo-

cyanine iodide (JC-1), which was from Alexis Biochemicals

(Lausen, Switzerland). All cell culture media were obtained

from Gibco (Paisley, UK). The 96-well plates were from BD

Biosciences (Franklin Lakes, NJ, USA).

Cell lines and cell culture

The hepatoma cell line HepG2 was provided by Professor

Dietrich von Schweinitz (University Hospital Basel,

Switzerland) and HepT1 cells from Professor Torsten Pietsch

(University of Bonn, Germany). A549 cells were a generous

gift from Dr Juillerat (University Institute of Pathology,

University Hospital Lausanne, Switzerland). HepG2 cells

were cultured in Dulbecco’s modified Eagle’s medium (with

2 mM GlutaMAX, 1.0 g L�1 glucose and sodium bicarbonate)

supplemented with 10% (v/v) inactivated foetal calf serum,

10 mM HEPES buffer, pH 7.2, 100 U mL�1 penicillin–strepto-

mycin and non-essential amino acids. HepT1 cells were

grown in RPMI supplemented with 10% (v/v) inactivated

foetal calf serum, 10 mM HEPES buffer, pH 7.2, 2 mM

GlutaMAX (Invitrogen, Basel, Switzerland) and 100 U mL�1

penicillin–streptomycin. The A549 cell line was cultured in

Dulbecco’s modified Eagle’s medium (with 4 mM GlutaMAX,

4.5 g L�1 glucose and sodium bicarbonate) supplemented

with 10% (v/v) inactivated foetal calf serum, 10 mM HEPES

buffer pH 7.2, non-essential amino acids and 100 U mL�1

penicillin–streptomycin. The culture conditions were 5%

CO2 and 95% air atmosphere at 37 1C. Cells were seeded at a

density of 70 000 cells per well on a 96-multiwell plate and

allowed to settle overnight before experimentation.

Adenylate kinase release

The loss of cell membrane integrity results in the release of

adenylate kinase (AK), which can be quantified using the

firefly luciferase system (ToxiLight BioAssay Kit; Cambrex

Bio Science, Rockland, ME, USA). After an incubation of 4 or

24 h, 100 mL assay buffer was added to 20 mL supernatant

from cells treated with amiodarone or amiodarone derivates

(concentrations indicated in the tables and figures) and the

luminescence was measured after 5 min of incubation.

Reductive capacity of the cells

The fluorescent dye Alamar Blue (AbD Serotec, Oxford, UK)

was used for this purpose. Proliferating cells cause the

change of the oxidized form of blue and non-fluorescent

Alamar Blue (resazurin) to a pink, highly fluorescent and

reduced form (resorufin) that can be detected using the

fluorescence mode (excitation 560 nm; emission 590 nm)

(O’Brien et al., 2000). The dye was added to the cells together

with the test substances at a final concentration of 10% and

the fluorescence was measured after 4 and 24 h.

Mitochondrial membrane potential

The mitochondrial membrane potential was measured with

the dye JC-1 according to current protocols of flow

cytometry with minor modifications and quantified as

described previously (Kaufmann et al., 2006). HepG2 and

A549 cells were harvested by trypsinization and adjusted to

105 cells per 0.5 mL with pre-warmed Dulbecco’s medium

without phenol red containing 1% FCS. The compounds to

be tested were then added to the cells and incubated for 24 h.

After the incubation period, JC-1 stock solution

(0.25 mg 100mL�1 for 100 000 cells) was added to the incuba-

tions and cells were incubated at 37 1C in the dark for

10 min. The cell suspension was then washed once by adding

1.5 mL PBS and the cells were sedimented by centrifugation

at 500 g for 4 min at room temperature. Cells were resus-

pended in 0.3 mL PBS and analysed by fluorescence-activated

cell sorting (FACS) using the following settings: acquisi-

tion¼max 300 events s�1; FSC/SSC: E-01 –5.08 (A549: 6.23)/

479–1.00; FL1: 400; FL2: 324; compensation: FL2�54.4% FL1.

HEK Tet cells expressing hERG channels

The interaction of the test substances with the hERG channel

(nomenclature of ion channels according to Alexander et al.,

2008) was examined using HEK Tet cells stably expressing

this potassium channel. Briefly, a human cardiac plasmid

cDNA library was prepared from freshly isolated tissue. The

hERG a-subunit PCR product was released from the pCR2.1-

TOPO vector (Invitrogen) for ligation into a modified

pcDNA5/FRT/TO vector (Invitrogen) with excluded BGH

site. Restriction analysis and complete sequencing confirmed

the correct composition and expression of the hERG a-

subunit in the plasmid. HEK Tet cells were transfected with

the calcium phosphate precipitation method (Invitrogen).

Clones were selected with 200 mg mL�1 hygromycin B and

30 mg mL�1 blasticidin (Invitrogen) and checked back elec-

trophysiologically. Using limited dilution, clone HEK Tet

hERG S12, which displayed an average tail current amplitude

of approximately 700–1500 pA, was isolated. This clone was

successfully cultured over 100 passages without detectable

loss of current density and was used in the current studies.

The cells were generally maintained in HAM/F12 with

GlutaMax I (Gibco) supplemented with 9% foetal bovine

serum (Gibco), 0.9% penicillin–streptomycin solution

(Gibco) and 100 mg mL�1 hygromycin B and 15 mg mL�1

blasticidin (Invitrogen). For electrophysiological measure-

ments, the cells were seeded onto 35 mm sterile culture

dishes containing 2 mL culture medium and 1mg mL�1

tetracycline for induction of channel expression (overnight).

Confluent clusters of HEK cells are electrically coupled.

Because responses in distant cells are not adequately voltage

clamped and because of uncertainties about the extent of

coupling, cells were cultured at a density enabling single

cells to be used for the experiments.

Electrophysiology

hERG currents were measured by means of the patch-clamp

technique in the whole-cell configuration as described

previously (Waldhauser et al., 2006).

Molecular modelling

Model building of hERG was performed on the structure of

the prototypical potassium channel KcsA, for which the
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X-ray crystal structure has been resolved (Doyle et al., 1998;

Zhou et al., 2001). Modelling calculations were done on a

Dell 670 workstation using the program Moloc (Gerber,

1998). An initial C-a model of hERG was built by fitting its

aligned sequence on the potassium channel template C-a
structure followed by optimization of newly introduced

loops. Subsequently, a full atom model was generated and

newly inserted loops were optimized with the rest of the

protein kept stationary. Refinement of the full model with

manual removal of repulsive interactions followed and was

divided into three subsequent steps. First, only amino-acid

side chains were allowed to move. In the second step, all

atoms except a-carbons were optimized and, finally, all

atoms were allowed to move, however, with positional

constraints for a-carbons. Quality checks were made with

Moloc internal programs.

Statistical analysis

Data are presented as mean±s.e.mean of at least three

individual experiments. Differences between groups (control

and test compound incubations) were analysed by ANOVA

and Dunnett’s post hoc test was performed if ANOVA showed

significant differences. A P-value p0.05 was considered to be

significant.

Results

The principal aim of the study was to determine whether the

interaction with the hERG channel (which is considered to

represent a pharmacological action of amiodarone; Singh,

1996) can be differentiated from the cytotoxicity of amio-

darone analogues carrying different side chains. Hence,

amiodarone analogues with different side chains (containing

no nitrogen, a nitrogen with one or two aliphatic side chain or

a nitrogen built into a cyclic structure to prevent N-desalkyla-

tion in vivo) were synthesized and tested for their cytotoxicity

profile and hERG channel interaction properties.

Toxicity on HepG2 cells

As shown in Figures 1 and 2, the results obtained by the two

assays used (ToxiLight and Alamar Blue assays) are qualita-

tively comparable. In the ToxiLight assay, the most toxic

compounds tested were the desethylated amiodarone meta-

bolites 2 and 3 (see Table 1 for structures), as well as the

B2-O-CH2-COOH (5), which were toxic in the range of 1–

10 mM. Amiodarone, as well as the piperidine 9 and the

pyrrolidine 8 were less toxic, with cytotoxicity starting only

at 100 mM. The diisopropyl molecule 4 and the ethyl ester of

5 B2-O-CH2-COO-CH2CH3 (11) were not cytotoxic at con-

centrations below 100 mM. However, the time of exposure

also had a critical influence on the toxicity of the individual

compounds. For amiodarone (1) and the pyrrolidine analo-

gue 8, an incubation period of 12 h produced more toxic

effects compared with incubations of 4 h.

Interestingly, reductive capacity assessed using the Alamar

Blue assay increased consistently with the duration of the

incubation, irrespective of the presence or absence of our
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Figure 1 Adenylate kinase release from HepG2 cells treated with amiodarone or amiodarone analogues. B2-O-CH2CH2-NH-ethyl, B2-O-
CH2CH2-NH2, B2-O-CH2-COOH and B2-O-CH2CH2-N-pyrrolidine showed cytotoxicity starting at 10mM, amiodarone and B2-O-CH2CH2-N-
piperidine starting at 100 mM, and B2-O-CH2CH2-N-diisopropyl and B2-O-CH2-COO-CH2CH3 no cytotoxicity up to 100mM. Simvastatin was
used as a positive control. All samples contained 0.1% dimethyl sulphoxide (DMSO) (except medium only). Data are presented as
means±s.e.mean of at least four incubations in triplicate. *Po0.05 and **Po0.01 versus control incubations containing 0.1% DMSO.
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compounds (Figure 2). With this assay, toxic effects could be

observed for the desethylated amiodarone metabolites 2 and

3, B2-O-CH2-COOH (5) and B2-O-CH2CH2-N-pyrrolidine (8),

but only at concentrations of 100 mM. For amiodarone (1),

the diisopropyl analogue 4, the ethylated acid 11 and the

piperidine analogue 9, no toxicity could be demonstrated up

to 100mM.

The effect of amiodarone and amiodarone analogues on

the mitochondrial membrane potential was comparable

with the results obtained by the Alamar Blue Assay (Table 2).

At concentrations of 10 mM, the mitochondrial membrane

potential was significantly decreased only for the desethy-

lated amiodarone metabolites 2 and 3, respectively.

Toxicity on A549 cells

Similar to HepG2 cells, the most toxic compounds tested on

A549 cells were the two amines 2 and 3, respectively, with

cytotoxicity starting at 10 mM (Figure 3). For amiodarone (1),

B2-O-CH2-COOH (5) and the pyrrolidine derivative 8,

cytotoxicity was detected only at 100 mM, whereas the

tertiary amine 4, the esterified acid 11 and the piperidine

derivative 9 were not toxic up to 100mM. As with HepG2

cells, a time-dependent toxicity of amiodarone (1) and the

cyclic pyrrolidine analogue 8 was demonstrated.

Concerning reductive capacity (Alamar Blue), the desethy-

lamine metabolite 2 was toxic at 10 mM for 12 h, whereas the

primary amine 3 and B2-O-CH2-COOH (5) impaired reduc-

tive capacity only at 100mM (Figure 4). For amiodarone (1),

the diisopropyl analogue 4, the ethylated acid 11 and the

pyrrolidine 8 and the piperidine derivative 9, no toxicity

could be demonstrated up to 100 mM.
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Figure 2 Inhibition of reductive capacity of HepG2 cells (resazurin reduction test) by amiodarone or amiodarone derivatives. B2-O-CH2CH2-
NH2 inhibited reductive capacity starting at 10mM, B2-O-CH2CH2-NH-ethyl, B2-O-CH2-COOH and B2-O-CH2CH2-N-pyrrolidine at 100mM, and
amiodarone, B2-O-CH2CH2-N-diisopropyl, B2-O-CH2-COO-CH2CH3 and B2-O-CH2CH2-N-piperidine revealed no inhibition up to 100mM.
Simvastatin was used as a positive control. All samples contained 0.1% dimethyl sulphoxide (DMSO) (except medium only). Data are
presented as means±s.e.mean of at least four incubations in triplicate. *Po0.05 and **Po0.01 versus control incubations containing 0.1%
DMSO.

Table 2 Effects of amiodarone and analogues on mitochondrial
membrane potential in HepG2 and A549 cells

HepG2 A549

Cell culture medium 67±3.3 87±2.9
Cell culture medium containing 0.1% DMSO 67±3.5 87±2.9
B2-O-CH2CH2-N-diethyl (amiodarone) (1) 71±4.1 86±3.2
B2-O-CH2CH2-NH-ethyl (2) 19±4.9** 9±3.9**
B2-O-CH2CH2-NH2 (3) 10±1.8** 8±1.3**
B2-O-CH2CH2-N-diisopropyl (4) 61±2.1 89±2.1
B2-O-CH2-COOH (5) 58±5.0 74±5.5
B2-O-CH2CH2-N-pyrrolidine (8) 69±3.9 83±3.2
B2-O-CH2CH2-N-piperidine (9) 60±3.3 91±1.9
B2-O-CH2-COO-CH2CH3 (11) 59±4.1 76±7.4

**Po0.01 versus control incubations containing 0.1% DMSO.

The mitochondrial membrane potential was determined using the dye JC-1 as

described in the Materials and methods. The concentration of amiodarone

and analogues was 10mM. The cells were incubated for 24 h with the indicated

compounds. With the exception of control incubations (with culture medium

only), all samples contained 0.1% DMSO. Data are presented as a percentage

of cells containing mitochondria with a normal mitochondrial membrane

potential (Kaufmann et al., 2006). The values represent means±s.e.mean of

at least five experiments.
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Figure 3 Adenylate kinase release from A549 cells treated with amiodarone or amiodarone derivatives. B2-O-CH2CH2-NH-ethyl and B2-O-
CH2CH2-NH2 showed cytotoxicity starting at 10mM, amiodarone, B2-O-CH2-COOH and B2-O-CH2CH2-N-pyrrolidine at 100mM, and B2-O-
CH2CH2-N-diisopropyl, B2-O-CH2-COO-CH2CH3 and B2-O-CH2CH2-N-piperidine no cytotoxicity up to 100mM. Simvastatin was used as a
positive control. All samples contained 0.1% dimethyl sulphoxide (DMSO) (except medium only). Data are presented as means±s.e.mean of
at least four incubations in triplicate. **Po0.01 versus control incubations containing 0.1% DMSO.
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Figure 4 Inhibition of reductive capacity of A549 cells (resazurin reduction test) by amiodarone or amiodarone derivatives. B2-O-CH2CH2-
NH-ethyl inhibited reductive capacity starting at 10 mM, B2-O-CH2CH2-NH2 and B2-O-CH2-COOH at 100mM, and amiodarone, B2-O-CH2CH2-
N-diisopropyl, B2-O-CH2-COO-CH2CH3, B2-O-CH2CH2-N-pyrrolidine and B2-O-CH2CH2-N-piperidine revealed no inhibition up to 100mM.
Simvastatin was used as a positive control. All samples contained 0.1% dimethyl sulphoxide (DMSO) (except medium only). Data are
presented as means±s.e.mean of at least four incubations in triplicate. *Po0.05 and **Po0.01 versus control incubations containing 0.1%
DMSO.
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The results obtained for the mitochondrial membrane

potential using the dye JC-1 were very similar to those

determined in HepG2 cells (Table 2). At concentrations of

10 mM, the mitochondrial membrane potential was signifi-

cantly decreased only by the two desethylated amiodarone

metabolites 2 and 3.

Effects on hERG channels

Amiodarone and its analogues were investigated for their

inhibitory effects on hERG potassium channels stably

expressed in HEK Tet cells. With the exception of B2-O-

CH2CH3 (10), all measured compounds interfered with

potassium transport by the hERG channels (Figure 5), with

IC50 values ranging from 0.05 mM to 4100 mM. The IC50

values for amiodarone (1), for the two desethylated metabo-

lites 2 and 3, and for the cyclic analogues 8 and 9 were all

lower than 1 mM, whereas those for B2-O-CH2CH2-N-diiso-

propyl (4) and B2-O-CH2CH2-NH-CO-CH2CH3 (7) ranged

between 1 and 10 mM and the values for B2-O-CH2-COOH (5),

B2-O-CH2CH2-OH (6), B2-O-CH2-COO-CH2CH3 (11) and B2-

O-CH2CH3 (10) exceeded 10 mM or were not assessable.

Individual traces describing the interactions with hERG

channels are provided in Figure 6.

Molecular modelling of hERG inhibitor interactions

The structure of a tetraethyl ammonium-inhibited fragment

of the KcsA potassium channel roughly resembles an

amphora (Morais-Cabral et al., 2001). The sequence align-

ment of the hERG protein with the KcsA channel suggests

that the relevant part of the hERG structure (vestibule and

neck of the amphora) is likely to be conserved in both

proteins. A model of vestibule and selectivity filter of the

hERG channel (neck of the amphora) was therefore pro-

duced using the KcsA structure as a structural template

(Figure 7). Amiodarone (1) and some of its metabolites and/

or analogues were docked manually into the hERG model

such that the charged basic nitrogen of 1 could mimic

position and function of the ammonium nitrogen of

tetraethyl ammonium in the KcsA structure (Figure 7a, left

panel). Access for solvated potassium ions to the narrow

selectivity filter would be blocked by 1 in the energetically

most favoured inhibitor position. Metabolite B2-O-CH2-

COOH (5, Figure 7b), which is lacking a positively ionizable

nitrogen, but carries a negatively ionizable terminal carboxy-

late instead, could theoretically assume a similar position

inside the rather hydrophobic vestibule. However, the

positively charged diethyl amino group of 1 is replaced by

a shorter side chain in 5 that is bearing a terminal negatively

ionizable carboxylate. The inversion of charge in the side

chain of 5 leads to dramatically lowered attractive interac-

tions with the channel, most likely due to unfavourable

electrostatic interferences. The strong affinity of amiodarone

(1), amiodarone metabolites 2, 3 and some analogues 8, 9 is

clearly dependent on a positively ionizable group in the side

chain (Table 1), whereas molecules with a neutral or even

negatively charged side chain display significantly lowered

affinities for the hERG channel.

Discussion and conclusions

Our results demonstrate that the cytotoxicity found for

amiodarone and some of its analogues does not necessarily
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Figure 5 Dose–response curves of amiodarone and amiodarone derivatives. Amiodarone, the amiodarone metabolites B2-O-CH2CH2-NH-
ethyl and B2-O-CH2CH2-NH2, and the analogues B2-O-CH2CH2-N-pyrrolidine and B2-O-CH2CH2-N-piperidine revealed strong hERG inhibition
with IC50o1 mM. B2-O-CH2CH2-N-diisopropyl and B2-O-CH2CH2-NH-CO-CH2CH3 were medium strong inhibitors (IC5041 and o10mM),
whereas B2-O-CH2-COOH, B2-O-CH2CH2-OH and B2-O-CH2-COO-CH2CH3 showed only a weak inhibition. For B2-O-CH2CH2-OH, the IC50

was not calculated as the inhibition of the hERG channel was o50% at 100mM. For B2-O-CH2CH3 (not shown in the figure), no inhibition of
the hERG channel was detectable up to 10mM and higher concentrations could not be tested due to solubility problems. Measurements were
accomplished in the whole-cell patch-clamp configuration at room temperature. Outward currents were activated upon depolarization of the
cell membrane from �80 to þ20 mV for 3 s, whereas partial repolarization to �40 mV for 4 s evoked large tail currents. At least three cells were
recorded per test compound.
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parallel their interaction with the hERG channel (see Table 3

for on overview of the results).

In both cell lines investigated, the desethylated amiodar-

one metabolites 2 and 3 were more toxic than amiodarone

itself, a finding of potential clinical importance. Similar

observations have been reported in previous studies for

HepG2 cells (Waldhauser et al., 2006) and also for alveolar

and bronchiolar epithelial cells (Bolt et al., 2001a). As mono-

and bis-desethylation of amiodarone are primarily per-

formed by CYP3A4 (Fabre et al., 1993; Ha et al., 1996),

co-administration of CYP3A4 inducers to patients treated

with amiodarone may enhance its toxicity. However, clinical

evidence for this assumption is so far lacking.

Our findings on mitochondrial toxicity of amiodarone and

some of its metabolites or analogues are in accord with data

from previous studies. Several studies have already described

hepatic mitochondrial toxicity of amiodarone and amiodar-

one metabolites or analogues in vivo (Fromenty et al., 1990b)

and in vitro (Fromenty et al., 1990a, b; Spaniol et al., 2001;

Kaufmann et al., 2005; Waldhauser et al., 2006). Amiodarone

and metabolites appear to target mitochondria in organs and

cells other than liver or hepatocytes, such as the lung (Card

et al., 1998, 2003; Bolt et al., 2001a) and in lymphocytes

(Yasuda et al., 1996). It is therefore not surprising that the

toxic effects observed in our investigations were almost

identical in HepG2 and A549 cells.

Pulmonary toxicity exerted by amiodarone is dose depen-

dent and may affect up to 5% of patients treated with this

agent (Jessurun et al., 1998). The clinical significance of this

adverse drug reaction is such that morbidity is considerable

(patients usually present with coughing and progressive

dyspnoea) and that patients may die, if treatment is not

stopped early enough. In comparison, symptomatic liver

injury appears to be less frequent than pulmonary toxicity,

with 1–3% of patients being affected (Lewis et al., 1989).

The underlying mechanisms leading to organ damage in

patients treated with amiodarone are not fully elucidated.
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Figure 6 Inhibition of the potassium current by B2-O-CH2CH2-N-
diethyl (amiodarone (1)), B2-O-CH2-COO-CH2CH3 (11), B2-O-
CH2CH2-N-diisopropyl (4) and B2-O-CH2CH2-N-piperidine (9).
Representative traces of potassium currents across hERG channels
stably expressed in HEK Tet cells are shown. Measurements were
accomplished in the whole-cell patch-clamp configuration at room
temperature. Outward currents were activated upon depolarization
of the cell membrane from �80 to þ20 mV for 3 s, whereas partial
repolarization to �40 mV for 4 s evoked large tail currents. At least
three cells were recorded per test compound. The vehicle (0.1%
dimethyl sulphoxide (DMSO)) had no significant effect on hERG
channel activity. In contrast, 10mM B2-O-Et-N-diethyl (amiodarone
(1)) as well as 10mM B2-O-CH2CH2-N-piperidine (9) blocked the
hERG channel completely. In comparison, the interaction of 10 mM

B2-O-CH2-COO-CH2CH3 (11) as well as 10mM B2-O-CH2CH2-N-
diisopropyl (4) with the hERG channel was less intense. The upper
trace in the individual figures depicts the control incubations (0.1%
DMSO) and the lower trace the incubations containing the test
compounds in 0.1% DMSO.

B2-O-CH2CH2-N-diethyl
(amiodarone)

B2-O-CH2-COOH

Figure 7 (a) Amiodarone (yellow) is docked into the vestibule of a hERG model. Two of the four chains of the hERG homo-tetramer are shown
in C-a representation (green, magenta). The Connolly surface was produced with a probe radius of 1.4 Å. The selectivity filter cannot be
displayed in this representation due to its very narrow diameter. A white ball represents a potassium ion in the filter region as found in the KscA
structure template (Morais-Cabral et al., 2001). (b) Amiodarone derivative 5 (blue) is docked in a hypothetical position similar to the one
assumed by 1. From the apparent positional similarity of 1 and 5, it can be deduced that the positively charged nitrogen (seen in 1 as the blue
ball) has an attractive effect. The negatively charged carboxylate of 5, being in a position similar to that of the positively charged nitrogen in 1,
induces strong repulsive effects.
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Accumulation of phospholipids (phospholipidosis) occurs in

most organs of patients or animals treated with this drug

(Lullmann et al., 1975) and is considered to reflect impair-

ment of phospholipid breakdown due to inhibition of

lysosomal phospholipidases by amiodarone and/or its meta-

bolites (Hostetler et al., 1986, 1988). Lipophilic, weak bases

such as amiodarone and some of its basic metabolites or

analogues may be accumulated in lysosomes (Kaufmann and

Krise, 2007) thereby leading to phospholipidosis. However,

the long-term implications of phospholipidosis in liver and/

or lung damage remains unclear (Kaufmann and Krise,

2007). Although phospholipidosis is a dose-dependent,

general phenomenon, lung and liver damage only occur in

a small fraction of patients treated with amiodarone,

suggesting that individual risk factors may be involved in

the manifestation of these adverse reactions.

Mitochondrial toxicity could well explain steatohepatitis

observed in patients treated with amiodarone (Lewis et al.,

1989, 1990). However, this mechanism may not explain the

development of pulmonary fibrosis. In hamsters treated

intratracheally with amiodarone, pulmonary fibrosis was

present after 3 weeks of treatment and was preceded by

mitochondrial damage (reduced activity of the respiratory

chain) and increased expression of transforming growth

factor-b1 (Bolt et al., 2001b; Card et al., 2003). Interestingly,

vitamin E prophylaxis prevented overexpression of trans-

forming growth factor-b1 and subsequent pulmonary fibro-

sis but not the mitochondrial damage. It is possible therefore

that mitochondrial damage is one of the initial events,

ultimately leading to a progression to pulmonary fibrosis.

Pre-existing mitochondrial damage could therefore represent

a risk factor for organ toxicity. As observed for other drugs

causing mitochondrial toxicity (for example, valproic acid)

(Krahenbuhl et al., 2000), the existence of such risk factors

may explain why only a fraction of the patients treated with

amiodarone develop symptomatic adverse drug reactions.

Our study demonstrates that the interaction of amiodar-

one with the hERG channel is strongly favoured by the

presence of a basic nitrogen connected through a flexible

linker to an aromatic moiety in the molecule. The basic

nitrogen appears to be crucial for a tight interaction with the

protein, as compounds lacking such a basic functionality

such as B2-O-CH2-COOH (5), B2-O-CH2CH2-OH (6), B2-O-

CH2CH3 (10) or B2-O-CH2-COO-CH2CH3 (11) displayed

significantly higher IC50 values (range 66–216 mM) than

compounds comprising a charged nitrogen (range 0.05–

8.4 mM). Importantly, cellular toxicity of individual sub-

stances did not correlate with an affinity for hERG channel,

as clearly shown for B2-O-CH2-COOH (5) that lacks a basic

nitrogen but is highly cytotoxic. Furthermore, desalkylation

of the basic nitrogen of amiodarone (1) is associated with

increased cytotoxicity, but leaves the affinity of the metabo-

lites for the hERG channel unchanged. Most interestingly,

the basic piperidine derivative 9 revealed a low cytotoxicity

but a very high affinity for the hERG channel (IC50 0.08 mM).

Cyclization of the ethyl groups attached to the nitrogen in

the side chain of amiodarone, as shown for the pyrrolidine

derivative 8, may increase the affinity to the hERG channel,

but may also decrease toxicity.

In conclusion, we have provided quantitative cytotoxicity

data for amiodarone and some of its key metabolites in

hepatic and pulmonary cell lines. Furthermore, the affinity

of these compounds for the hERG channel is critically

dependent on the presence of a positively ionizable nitrogen

in the side chain. As there was no correlation between

cytotoxicity and affinity for the hERG channel, our results

suggest the possibility of developing amiodarone analogues

with maintained or even increased affinity for hERG

channels but with a decreased cytotoxicity.
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Table 3 Overview of the toxicological and pharmacological effects of amiodarone and the amiodarone analogues investigated

Compounds LDH release
(HepG2 cells)a

AK release
(HepG2 cells)

Resazurin
reduction

(HepG2 cells)

AK release
(A549 cells)

Resazurin
reduction

(A549 cells)

MMP
depolarization

IC50 hERG
channels

(mM)

B2-O-CH2CH2-N-diethyl (amiodarone) (1) þ þ þ 0 þ 0 0 0.22
B2-O-CH2CH2-NH-ethyl (2) þ þ þ þ þ þ þ þ þ þ þ þ þ 0.38
B2-O-CH2CH2-NH2 (3) þ þ þ þ þ þ þ þ þ þ þ þ 0.22
B2-O-CH2CH2-N-diisopropyl (4) 0 0 0 0 0 0 1.3
B2-O-CH2-COOH (5) þ þ þ þ þ þ þ þ 0 74
B2-O-CH2CH2-OH (6) þ þ ND ND ND ND ND >100
B2-O-CH2CH2-NH-CO-CH2CH3 (7) þ ND ND ND ND ND 8.4
B2-O-CH2CH2-N-pyrrolidine (8) ND þ þ þ þ 0 0 0.05
B2-O-CH2CH2-N-piperidine (9) ND þ 0 0 0 0 0.08
B2-O-CH2CH3 (10) 0 ND ND ND ND ND NAb

B2-O-CH2-COO-CH2CH3 (11) ND 0 0 0 0 0 66

Abbreviations: AK, adenylate kinase; hERG, human ether-a-go-go-related protein; LDH, lactate dehydrogenase; MMP, mitochondrial membrane potential; ND, not

determined.
aObtained from Waldhauser et al. (2006).
bNA: not accessible (no inhibition of hERG channels up to 100 mM, higher concentrations were not soluble).

The grading of the effects was as follows. For lactate dehydrogenase leakage: þPo0.05 at 100 mM, þ þPo0.01 at 100 mM and þ þ þPo0.05 at 10 mM. For

adenylate kinase release: þPo0.05 at 100 mM, þ þPo0.01 at 100 mM and þ þ þPo0.05 at 10mM. For reductive capacity: þPo0.05 at 100 mM, þ þPo0.05 at

100 mM and þ þ þPo0.01 at 100 mM. For mitochondrial membrane potential depolarization: þPo0.05 and þ þPo0.01 at 10 mM in HepG2 and A549 cell lines.
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