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Abbreviations
A 'F.................................. Mitochondrial Membrane Potential
A IF ................................. Apoptosis Inducing Factor
AD...................................Amiodarone
A N T ............................... Adenine Nucleotide Translocase
B H .................................. Bcl-2 Homology
CARD............................. Caspase recruitment domain
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CRD................................ Cysteine-rich domains
Cyt-c................................Cytochrome c
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Dea.................................. Desethylamiodarone
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DR...................................Death Receptor
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H EPES........................... N-2-hydroxyethyl piperazine-N’-2-ethansulfonic acid
HO-3538.......................... (2-Methyl-3-(3,5-diiodo-4-{2-[N-ethyl,N-(l-hydroxy-2,2,5,5tetramethyl-2,5-dihydro-lH-pyrrol-3-ylmethyl) ethyl] }oxybenzoyl)benzofurane ‘ 2HC1 salt
IA P ................................. Inhibitor of Apoptosis
IM ................................... Inner Membrane
M P T ............................... Mitochondrial Permeability Transition
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PTPC.............................. Permeability Transition Pore Complex
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Smac................................ Second Mitochondrial Activator of Caspases
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Introduction
Programmed cell death: general features
Apoptosis, or programmed cell death is recognized as a critical element in the removal of
cells following exposure to toxic compounds as well as during development and in
degenerative disorders. In general programmed cell death represents a continuum of cell death
ranging from classical apoptosis to necrosis at its two poles. Apoptosis is a common and
evolutionary conserved mechanism present in most living organism. Tissue homeostasis relies
on the tightly controlled removal of superfluous, damaged and ectopic cells through
apoptosis. Whereas an aberrant resistance to apoptosis participates in the development of
neoplasia, excessive cell death, through apoptosis contributes to acute organ failure as well as
to chronic diseases involving the loss of post-mitotic cells.
Recently, much progress has been made towards elucidating the various signal transduction
pathways that can ultimately lead to a cell’s demise. Based on this information, many
apoptotic cascades have been described, such as intrinsic and extrinsic, mitochondrial and
death receptor (DR), p53-dependent and independent pathways in association with initiation,
commitment and execution phase. It has become increasingly apparent that apoptosis is not a
series of clearly defined pathways, but rather, a multitude of highly regulated, interconnected
pathways. While trying to view any of these pathways in isolation is clearly an
oversimplification, the sheer magnitude of possible events makes it a necessity.
The intrinsic cell death pathway involves the initiation of apoptosis as a result of a
disturbance of intracellular homeostasis. In this pathway, mitochondria are critical for the
execution of cell death, and so this pathway has been referred to as the mitochondrial cell
death pathway. The extrinsic pathway involves the initiation of apoptosis through ligation of
plasma membrane DRs, and so this pathway is also referred to as the DR pathway. While the
initiation mechanisms of these pathways are different, both converge to result ultimately in
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cellular morphological and biochemical alterations characteristic of apoptosis. It is also
apparent that a considerable interaction between the pathways occur upstream of the
convergence point, and that individual cells possess a considerable degree of redundancy in
their apoptotic pathways. The main apoptotic cascade components and their most important
features are described in the following.

Caspases
Caspases (cystein apartate-specific proteases) are a family of intracellular proteins involved in
the initiation and execution of apoptosis (Wolf and Green, 1999). Their activation is often
referred to as the apoptotic commitment point. Caspases are synthesized as procaspases that
are then proteolytically processed, at critical aspartate residues, to their active forms. All
procaspases contain a highly homologues protease domain as well as an NH2 terminal
prodomain. The induction of apoptosis through extrinsic or intrinsic death mechanisms results
in the activation of initiator caspases. DRs, through adaptor molecules, recruit initiator
caspases 2, 8, or 10, while intrinsic death signal results in the activation of caspase 9.
Activation of initiator caspases is the first step of a highly regulated, irreversible self
amplifying proteolytic pathway. Initiator caspases are able to cleave procaspases, and thus are
able to activate effector caspases (caspases 3, 6, and 7) or are able to amplify the caspase
cascade by increased activation of initiator caspases. Effector caspases are common to both
the extrinsic and intrinsic death pathways, and therefore, the ultimate morphological and
biochemical hallmarks of apoptosis are relatively independent of the apoptotic inducer.

Bcl-2 family
Members of the Bcl-2 family of intracellular proteins are essential mediators of cell survival
and apoptosis (Cory and Adams, 2002). Both anti- and pro-apoptotic family members have
been characterized and their classification is related to the presence or absence of Bcl-2
homology (BH) domains. Four BH domains have been described. Bcl-2 and B c1-Xl both
contain all four BH domains; possess established roles in the inhibition of apoptosis, although
5

their exact mechanism remains elusive. It has been proposed that anti-apoptotic Bcl-2 family
members inhibit apoptosis by antagonizing the actions of proapoptotic family members. This
antagonism is proposed to occur upstream of apoptosis-related mitochondrial alterations. Two
subfamilies of pro-apoptotic Bcl-2 family members have been identified; the bax family (Bax,
Bok, and Bak), containing BH1, BH2, and BH3, and the BH3-onIy family (Bid, Bim, Bik,
Bad, Bmf, Hrk, Noxa, and PUMA). Similar to the anti-apoptotic family members, the exact
mechanism of action of pro-apoptotic Bcl-2 family members is uncertain.

Death Receptors
Cell surface DRs belong to the tumor necrosis factor receptor (TNFR) superfamily (Chen and
Göddel, 2002). They transmit their apoptotic signals following binding of death ligands.
These receptor -ligand complexes initiate apoptotic cascades within seconds of ligand binding
and can result in apoptotic cell death within hours. The best characterized family members
include Fas (also known as Apol or CD95); additional members are DR3 (or Apo3), DR4,
DR5 (or Apo2), and DR6. These receptors are Type I transmembrane receptors characterized
by extracellular cysteine-rich domains (CRD) and intracellular death domains (DDs). The DD
consists of six antiparallels, amphipathic a-helices folded in configurations that result in the
surface exposure of a number of charged residues. Following receptor-ligand binding,
receptor DDs interact. Subsequent to this activation of DRs, other DD-containing proteins are
recruited and function as adaptor proteins in the signal transduction cascade. These adaptor
proteins interact with a variety of other proteins to complete the DR signaling pathways.
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Mitochondria in apoptosis
The intrinsic cell death pathways follow from proapoptotic signals resulting in a disruption of
intracellular homeostasis that is the signals for cell suicide originate within the cell (Green
and Reed, 1998; Wang, 2001). The mitochondria are the primary intracellular initiation sites
although the endoplasmatic reticulum has also been implicated. All cells harbor the latent
ability to undergo programmed cell death. Under normal circumstances, apoptosis is
suppressed, as a result of the rigorous compartmentalization of catabolic enzymes and their
activators. Mitochondria play a major role in this subcellular partitioning of death-regulating
biochemical signals (Penninger and Kroemer, 2003). For example, cytochrome c is confined
to the mitochondrial intermembrane space preventing it from interacting with apoptoticprotease-activating factor 1 (Apaf-1), a cytosolic protein. Upon permeabilization or rupture of
the outer mitochondrial membrane, cytochrome c binds to Apaf-1, leading to allosteric
activation of procaspase-9. Caspase-9 then proteolytically activates caspase-3, one of the
principal proteases that participate in the execution of cell death. Similarly, Smac/DIABLO
(second mitochondrial activator of caspases/direct IAP-binding protein of low isoelectric
point [pi]) and Omi/HtrA2, two intermembrane proteins, are normally physically separated
from cytosolic inhibitors of apoptosis proteins (IAPs). Upon mitochondrial permeability
transition (MPT), Smac/DIABLO and Omi/HtrA2 neutralize IAPs, and thus relive the IAPmediated inhibition caspase-3 and -9. Two DNA-destroying enzymes, apoptosis inducing
factor (AIF) and endonuclease G, are also normally confined to the mitochondrial
intermembrane space, but following MPT they can move to the nucleus where they mediate
chromatinolysis.
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Mitochondrial Permeability Transition (MPT)
MPT is a major event in physiological as well as pathological cell death, and not surprisingly,
it is regulated at multiple levels (Zamzami et al., 1996). MPT can be induced by multiple proapoptotic second messengers (Fig. 1.), including Ca2+, reactive oxygen species (ROS), lipid
messengers (e.g. ceramide and ganglioside GD3) and stress kinases. In addition it is
facilitated by pro-apoptotic proteins from the Bcl-2 family, and is inhibited by anti-apoptotic
Bcl-2-like proteins. MPT might involve the formation of protein-permeable pores by
oligomers of Bax and Bak (two pro-apoptotic proteins of the Bcl-2 family), as well as the
transient or permanent opening of a variety of different channels, including those contained in
the permeability transition pore complex (PTPC), such as the voltage-dependent anion
channels (VDAC) in the outer membrane and the adenine-nucleotide translocase (ANT) in the
inner membrane. In addition to PTPC-dependent mechanisms, recent findings suggest that
apoptotic proteins such as cytochrome c can be released from the mitochondria by as yet
(a)

In itia tin g s ig n als

C Í, i*. i i’i

E x am p les

CefamiíJííí'G
Prt
R os

Nuii p fr'm n ^ i
fa c to rs

Execution

C o m m itm e n t

Consequences

Lethal effects

R e l e a s e of c a s p a s tr- a c tiv e to rs
C yt c, S m aciD IA B L O , O in i'H trA ^ |

C asp ase

M tiochu ndital recep tors

' ”

Lipid rafts? j

F atly a c id s
Nitisc o x id e

/

4-hytíioxy»iO!Sefiyí

Cp?*

ac tiv atio n

Rel ease of pro-caspases
A1F a n d e n d o n u c le a s e G tram .
Iix-aiion So c y to so l a n d riu cieu ;.

Ar&chidUfllC acui

MÍJtP,

Fro apoptotic 8cS 2

iaonfymembers

- Release* of sanrva proieaso- O rrW H trA 2 j

^ G S H /N A O H /N A D PH depletion

J

Redox

J

c a ta stro p h e

\ N G eneration of R O S

V Cessation of ATP generation

P ro te in s inactivating

Bel 2 (ike proteins

Initiating
signal

Selective
ou ter MMP
with C yt c
re le a s e

A po p teso m em ed iated
caspase
activation

C asp asein d ependent
d e a th effectors

Caspase-

B toonergofic

mediatert
m itoch on dn ai

damage

during apoptottc

C om plete
MMP with
p e rm a n e n t
PT PC opening

Mecrolic or
auto p h ag ic

Bioenergetfc

c atastro p h e

failure
death

Commitment

Initiating

signal

Selective
o u te r MMP
with Cyt c
re le a se

L atency in th e p re s e n c e
Of c a s p a s e inhibitors

bio en orgutic
failure

Commitment

Fig.l. The importance o f mitochondrial membrane permeabilization in apoptosis. Different
apoptogenic molecules act on a variety o f tenetively identified MPT regulator. MPT has
several functional consequence resulting in cell death via both caspase-dependent and
caspase-independent death effectors.
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undetermined mechanisms that do not involve formation of PTPC. Furthermore, different K+selective channels in the inner membrane might control the volume of the mitochondrial
matrix and ultimately the intactness of mitochondrial membranes. Moreover, inner-membrane
uncoupling proteins (UCPs), which regulate the transmembrane proton gradient and the
production of ROS and ATP, are increasingly being recognized for their roles in modulating
cell death. Irrespective of the exact mechanism of MPT, it appears that this event can mark
the ‘point of no return’ in the cell death process.

Mechanism o f mitochondrial permeability transition (MPT)
Mitochondria are organelles with two well-defined compartments: the matrix, surrounded by
the inner membrane (IM), and the intermembrane space, surrounded by the outer membrane
(OM). The IM is folded into numerous christae, which greatly increases its surface area. It
contains the protein complexes from the electron transport chain, the ATP synthase and the
adenine nucleotide translocator (ANT). To function properly, the IM is almost impermeable
to the various metabolites in physiological conditions (except for the those that have regulated
transport mechanism), thereby allowing the respiratory chain to create an electrochemical
gradient (AT1). The AT results from the respiration-driven, electron-transport-chain-mediated
pumping of protons out of the inner membrane and is indispensable for driving the ATP
synthase which phosphorylates ADP to ATP. ATP is then exported in exchange for ADP by
the ANT. The OM in normal conditions is permeable to solutes up to about 5,000 Da. Thus,
whereas the matrix space contains a highly selected set of small molecules, the
intermembrane space is chemically equivalent to the cytosol with respect to low-molecularweight solutes. The OM permeabilization involves the release of proteins which are normally
confined to the intermembrane space, including cytochrome c, Smac/DIABLO, Omi/HtrA2
and AIF. The IM permeabilization may occur in a ’step-wise’ manner (Green and Reed 1998;
Bemardi 1999), with increasing permeability of solutes up to about 1,500 Da (Fig. 2.), and is
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manifested as the dissipation of the proton gradient responsible for the trans-membrane
potential (A^F), an extrusion of small solutes (such as calcium or glutation), or an influx of
water and sucrose (which, in sucrose-containing media, leads to large-amplitude swelling of
the matrix).

Fig. 2. Possible mechanisms o f mitochondrial permeability transition (MPT). The precise
mechanisms o f MPT are still unsolved and might depend on the initiating stimulus. Inhibitors
of permeabilization are denoted in red and inducers are in green. Adenine-nucleotide
translocase (ANT), voltage-dependent anion channel (VDAC) and cyclophillin D (CypD), as
well as Bcl-2-like proteins, might be organized in higher-order molecular complexes, such as
the so-called permeability transition pore complex (PTPC).
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The role of the FT Pore in necrotic cell death
The importance of PT pore activation in the pathogenesis of necrotic cell death is a well
established phenomenon. The tissue Ca2+ overload and oxidative stress have been implicated
in the cell death arising in the tissues during ischemia and reperfusion. Depraved energy
metabolism in ischemia will result in the development of necrotic cell death, but short periods
of ischemia allow the regeneration of the depressed cellular energy state on reperfusion.
However, after longer periods of ischemia reperfused cells become dysfunctional and may
even die, a phenomenon known as 'reperfusion injury '. Reperfusion injury is encountered
clinically in by-pass surgery, thrombolysis and organ transplantation. During ischemia
specific changes occur in the tissues making them adversely sensitive to oxygenated blood
flow during reperfusion. The understanding of these changes allows for designing
cardioplegic solutions used to maintain the underperfused heart during by-pass surgery and in
maintaining donor organs for transplantation. Certain changes are believed to be critical in the
losses of ATP and adenine nucleotides, and the increase in intracellular Ca2+ and Pi. Little is
known about when such changes become irreversible.
In 1988 Crompton and his co-workers suggested that the PT pore might have a major role in
necrotic cell death associated with ischemia and reperfusion (Crompton and Costi,1988;
Crompton et al.,1988; Crompton et al.,1987). For a working hypothesis it has been proposed
that the changes in Ca , Pi and adenine nucleotides during ischemia, together with the
oxidant stress arising on reperfusion (sections 3.2±3.4), would trigger PT pore opening. The
opening of the PT pore results in mitochondrial ATP hydrolysis, rather than synthesis, further
impairing the energy metabolism and resulting in further Ca

deregulation, further PT pore

opening, and so on. The cell’s decreasing phosphorylation potential and capacity control to
Ca levels would enter it into a vicious cycle resulting in cell death. At this point the opening
of the PT poer is considered to be the point of no return in the process of ischemia and
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reperfüsion injury (Crompton and Costi,1988; Crompton et al.,1988). CSA was found to be a
potent PT pore inhibitor and suggested a way to test the hypothesis (Crompton et al.,1988). In
agreement, CSA protected against the losses of inner-membrane potential (Crompton et
al., 1992), ATP (Nazareth et al. 1991; Cropmton and Andreeva, 1993) and cell viability
(Nazareth

et

al.

1991)

in

cardiomyocytes

subjected

to

anoxiai

reoxygenation

(Crompton, 1990/1; Crompton, 1990/2; duchen et al., 1993; Crompton and Andreeva, 1993).

The involvement of the PT Pore in apoptosis
Caspases, a family of ten or more cysteine proteinases active at aspartic acid residues, execute
the cellular breakdown during apoptosis (reviewed in (Kumar and Coulus, 1999)). Caspases
are originally expressed as inactive proenzymes and become activated after proteolytic
cleavage. Caspases are divided into two main classes. Class II caspases, such as caspases-3, 6, and -7, contain short pro-domains and are believed to be activated by other (class I)
caspases. Class I caspases possess long N-terminal pro-domains, and are self or mutually
cleaved after aggregation into complexes by adaptor proteins that interact with the extended
pro-domains. One adaptor is FADD (Fas-activated protein with death domain), which is
localized within the activated death receptor complexes at the plasma membrane (deathinducing signalling complex, DISC) and recruits procaspases- 8 and -10 by its death effector
domain (DED). Other caspases are recruited via a CARD (caspase recruitment domain).
Procaspases-1 and -2 appear to be recruited, respectively, into the cell-surface death receptor
complexes via the CARD-carrying adaptor proteins CARDIAK and RAIDD. Apaf-1 has been
identified as the CARD-carrying adaptor protein of procaspase-9 (Zou et al.; 1999)
(Fig.3.)
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The mitochondrial permeablity transition (MPT) plays a role in diseases

The role o f mitochondria in acute neuronal death
Ischemic strokes and traumatic injuries to the brain and spinal cord are responsible for the
prolonged disability or death of millions throughout the world. Studies of patient tissues and
of animal models have shown, that mitochondria-mediated apoptosis is the mode of cell death
of many neurons after an acute stroke or traumatic injury (Fiskum, 2000). Neurons are
particularly sensitive to the oxygen and glucose deprivation that occurs during an ischemic
stroke. Although neurons in the ischemic core die rapidly by necrosis, the majority of the
neurons that die in the surrounding brain tissue (the penumbra) die by apoptosis. Several
factors play a role in triggering MPT and neuronal apoptosis. Over-activation of receptors for
the excitatory neurotransmitter, glutamate, under conditions of reduced energy availability
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results in excessive calcium accumulation ant the generation of ROS, both that can trigger
MPT (Fig. 4.).
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Fig. 4. The pivotal role o f mitochondrial membrane permeabilization in neuronal death and
chronic neurodegenerative disorders. In acute disorders neurons are deprived o f oxygen and
glucose, and are subjected to increased levels o f neurotoxins releasedfrom damaged cells. In
chronic disorders neuronal death is triggered by specific genetic mutations and/or
environmental factors.

The role o f mitochondria in neurodegenerative diseases
The prevalence of chronic age-related neurodegenerative disorders like Alzheimer’s,
Parkinson’s and Huntington’s disease is increasing rapidly. Cell cultures and animal models
of these disorders, and studies of patients revealed that apoptosis involving MPT has a pivotal
role in disease pathogenesis (Mattson, 2000). The factors that trigger apoptosis might differ
among the neurodegenerative disorders (Fig. 4.), but each trigger appears to feed into a shared
death cascade that involves increased oxidative stress and perturbed cellular energy and ion
homeostasis. Stabilization of mitochondrial membranes by genetic manipulation of
endogenous regulators of MPT or by treatment with pharmacological inhibitors of MPT
suggest a necessary role for MPT in the pathogenesis of the neurodegenerative diseases.
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The role o f mitochondria in myocardial cell death
MPT is crucial to both acute and chronic degenerative cardiac myocyte death (Borutaite and
Brown, 2003). Apoptosis might represent an acute ischemia-induced phenomenon, and an
important mechanism of progressive myocardiocyte loss and left-ventricular remodeling
resulting from heart failure. Inhibitory studies, mostly performed on isolated hearts subjected
to ischemia reperfusion, indicate that PTCP components as well as mitochondrial ATPsensitive potassium (mitoKATp) channels play a major role in acute heart muscle cell death.
Opening of the PTPC is likely to be caused by ROS and by an increase in cytosolic Ca
levels, and reportedly involves enhancement of the interaction between ANT and cyclophilin
D.

MPT and cancer
The defects in the regulation of apoptosis contribute to the development of cancer. Cancer
cells almost invariably acquire mutations that allow them to evade the normal signals and
mechanisms that cause apoptotic cell death. Indeed, it has been argued that resistance to
apoptosis is a necessary, although insufficient, step for malignant progression. Thus, for
example, genetically modified mice that are compromised in their ability to engage one or
more apoptotic pathway (and survive to adulthood) generally die prematurely of cancer. The
induction of MPT in cancer cells by drugs therefore can be an effective method in the cancer
therapy of the future.

Amiodarone
Amiodarone (2-butyl-3 -benzofuranyl 4- [2-(diethylamino)-ethoxy] -3,5-diiodophenyl-ketone
hydrochloride) is one of the most effective antiarrhythmic drugs and is frequently used in the
clinical practice for treating ventricular and supraventricular arrhythmias. It is a class III
antiarrhythmic agent, prolonging action potential duration whose effect may involve blocking
of P-adrenergic receptors, sodium channels, and L-type calcium channels (Singh and Vaughan
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Williams, 1970; Nokin et aL, 1983; Nattel et al., 1987; Varró et al., 1996). It may also have a
role in preventing mortality after myocardial infarction (Julian et al., 1997). Despite its
effective antiarrhythmical properties, the use of amiodarone is often limited by its toxic side
effects, including thyroid dysfunction, liver, and pancreas fibrosis (Amico et al., 1984; Martin
and Howard, 1985). However, the most severe adverse effect of the drug is pulmonary
fibrosis, occurring in up to 13% of the patients receiving the amiodarone in doses higher than
400mg/day (Martin and Rosenow, 1988). The etiology of the amiodarone-induced pulmonary
toxicity is unknown.

Desethylamiodarone
Desethylamiodarone, the major metabolite of amiodarone, also has antiarrhythmic activity,
significantly increasing the action potential duration (class III antiarrhythmic effect) and
decreasing the maximum rate of depolarization (class I antiarrhythmic effect) at clinically
relevant concentrations (Pallandi and Campbell, 1987). Desethylamiodarone rapidly
accumulates in the lung after amiodarone treatment, sometimes in higher concentrations than
amiodarone itself (Daniels et al., 1989). It proved to be more toxic than amiodarone in
pulmonary cell types (Ogle and Reasor, 1990), suggesting that desethylamiodarone may play
an important role in the development of the amiodarone treatment-induced pulmonary
fibrosis.
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Objectives
0 to compare the effect o f amiodarone and its major metabolite desethylamiodarone on
the mitochondrial permeability transition
• to analyze the concentration dependent effect o f amiodarone and desethylamiodarone
on cardiac energy metabolism
• to synthesize and screen amiodarone analogues based on their effect on the
mitochondrial permeability transition and cardiac energy metabolism.
• to functionally evaluate the potential drug candidate amiodarone analogue HO-3538
in various experimental settings.
• to verify that amiodarone based antioxidant agent accumulate in the mitochondria
and exert ROS scavenging properties in situ
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Materials and Methods
Chemicals. Cyclosporin A (CsA) was from BIOMOL Research Laboratories (Plymouth
Meeting, PA). Rhodamine 123 (Rhl23), carboxy-LLDCFDA and dihydrorhodaminel23
(DRM23) were from Molecular Probes (Eugene, OR), and desethylamiodarone (Dea) was a
gift from Professor Varró (Department of Pharmacology and Pharmacotherapy, University of
Szeged, Szeged, Hungary), anti-cytochrome c monoclonal antibody was from Pharmingen
(San Diego, CA), anti-AIF polyclonal antibody was from Oncogene (San Diego, CA), HO3538

(2-Methyl-3-(3,5-diiodo-4-{2-[N-ethyl,N-(l-hydroxy-2,2,5,5-tetramethyl-2,5-dihydro-

lH-pyrrol-3-ylmethyl) ethyl] }oxybenzoyl)benzofurane ' 2HC1 salt) was produced as
described previously (Kalai et ah, 2005). All other compounds were from Sigma-Aldrich (St.
Louis, MO) unless otherwise stated.
Animals. Wistar rats were purchased from Charles River Hungary Breeding Ltd. (Budapest,
Hungary). The animals were kept under standardized conditions; tap water and rat chow were
provided ad libitum. Animals were treated in compliance with approved institutional animal
care guidelines.
Cell Culture. PANC-1 human pancreatic epithelioid carcinoma cells, BRL 3A rat liver cells,
H9C2 mouse cardiomyocytes, H9C2 mouse cardiomyoblasts, Jurkat cells, and WRL-68
human liver cells were from American Type Culture Collection (Manassas, VA). The cell
lines were grown in humidified 5% CO2 atmosphere at 37°C. The cells were maintained as
monolayer adherent culture in Dulbecco's modified Eagle's medium containing 1% antibioticantimycotic solution (Sigma Chemical, Poole, Dorset, UK) and 10% fetal calf serum. Cells
were passaged at intervals of 3 days.
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Heart Perfusion. Pretreatment with amiodarone or desethylamiodarone was done exactly as
described previously (Nokin et al., 1987). Briefly, adult male Wistar rats (weighing 300-350
g; n = 4 in each group) were anesthetized with 200 mg/kg ketamine i.p. and then either 400
pl/kg isotonic saline (sham-operated), 20 mg/kg amiodarone (400 pl/kg Cordarone; SanofiSynthelabo Budapest, Hungary), or 20 mg/kg desethylamiodarone was injected into the
femoral vein. Thirty minutes after the treatment, the animals were heparinized with sodium
heparin (100 IU/rat i.p.), and their hearts were excised and merged into ice-cold KrebsHenseleit buffer. Hearts were perfused via the aorta according to the Langendorff method at a
constant pressure of 70 mm Hg, at 37°C as described previously (Szabados et al.,1999). Other
hearts were perfused via the aorta as described before (Szabados et al.,1999) in the absence or
presence of different concentrations of HO-3538. The perfusion medium was a modified
phosphate-free Krebs-Henseleit buffer consisting of 118 mM NaCl, 5 mM KC1, 1.25 mM
CaCl2, 1.2 mM MgSCfi, 25 mM NaHCC>3, 11 mM glucose, and 0.6 mM octanoic acid. The
perfusate was adjusted to pH 7.4 and bubbled with 95% 0 2, 5% C 02 through a glass
oxygenator. After washing (non-recirculating period of 15 min), hearts were perfused under
normoxic conditions for 10 minutes; the flow was subsequently discontinued for 30 minutes
by inflating a balloon (ischemia), which was followed by 15 minutes of reperfusion. HO-3538
at the indicated concentration was added at the beginning of the normoxic perfusion phase.
Determination of Drug Concentrations. The concentrations of amiodarone and Ndesethylamiodarone in the plasma and in the heart mitochondria of rats 30 min after the
pretreatment by either 20 mg/kg amiodarone or desethylamiodarone (n = 3 in each group)
were determined by a high-performance liquid chromatographic procedure as described
previously (Kannan et al., 1987).
NMR Spectroscopy. NMR spectra were recorded with a Varian unityINOVA 400 WB
instrument. 31P measurements (161.90 MHz) of perfused hearts were run at 37 °C in a
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Z-SPEC 20-mm broadband probe (Nalorac Co. Martinez , CA), applying WALTZ proton
decoupling (yB2 =1.6 kHz) during the acquisition only. Field homogeneity was adjusted by
following the !H signal (wi/2 = 10-15 Hz). Spectra were collected with a time resolution of 3
min by accumulating 120 transients in each free induction decay. 45° flip angle pulses were
used after a 1.25-s recycle delay, and transients were acquired over a 10-kHz spectral width in
0.25 s, and the acquired data points (5000) were zero-filled to 16384. Under the above
circumstances, relative concentrations of the species are proportional to the corresponding
peak areas, since interpulse delays exceeded 4 to 5 times the Ti values of the metabolites that
were analyzed in the P experiments. Data were acquired from 5 independent experiments for
each concentration of HO-3538 and amiodarone-treated groups.
Determination of heart function. Left ventricular developed pressure, rate-pressure product,
heart rate, and dP/dt were monitored during the entire perfusion period as described
previously (Toth et al., 2003) by means of a Haemosys manometer device after inserting a
latex balloon into the left ventricle through the mitral valve and filling it to achieve an enddiastolic pressure of 8-12 mmHg. All experiments were repeated four times.
Western Blot Analysis. Myocardial specimens (n = 3 in each group) were snap-frozen
immediately after surgical removal or at the end of the Langendorff perfusion experiment and
stored at -80°C until analyzed. Frozen heart muscle samples were mechanically homogenized
in liquid nitrogen and the nuclear fraction was prepared as described previously (Schmitt at
al., 2002). Equal amounts of nuclear extracts were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (12% gel) and then transferred to a nitrocellulose filter.
Membranes were blocked using 5% dry milk. The blot was probed with antibodies against
AIF, Endo G and cyt-c were detected by immunoblotting from each fraction as described
under the ’’Detection of mitochondrial protein release” section. The antigen-antibody complex
was visualized on an X-ray film using secondary antibodies linked to horseradish peroxidase
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(1:1000; Sigma-Aldrich) and a chemiluminescence kit (ECL; Amersham Biosciences Inc.,
Piscataway, NJ). The experiments were repeated three times for each group, and the results
are demonstrated by photomicrograph of a representative blot.
Cell Viability Assay. PANC 1, BRL-3A, WRL-68, and H9C2 cells were seeded into 96-well
plates at a starting density of 2.5 x 104 cell/well and cultured overnight in humidified 5% C 02
atmosphere at 37°C. The next day, amiodarone or desethylamiodarone at the indicated
concentrations were added to the medium in an other experiment amiodarone, HO-3538 and
SCAV at the indicated concentration together with 150 pM of H2O2 were added to the
medium. Forty-eight or 24 hours later, 0.5% of the water-soluble mitochondrial dye 3-(4,5dimethyl-2-thiazolyl)-2,5-diphenyl-2iT-tetrazolium bromide (MTT+) was added. Incubation
was continued for three more hours, the medium was removed, and the water-insoluble blue
formosan dye formed stoichiometrically from MTT+ was solubilized by acidic isopropanol.
Optical densities were determined by a 2010 ELISA reader (Anthos Labtech, Vienna, Austria)
at 550-nm wavelength. All experiments were run in at least four parallels and repeated three
times.
Isolation of mitochondria. Rats were sacrificed by decapitation and the mitochondria were
isolated from the liver and the heart by differential centrifugation as described by a standard
protocol (Schneider at al., 1950). Only difference among the organs were in the primary
homogenization protocol; liver was squeezed through a liver press, while pooled heart tissue
from 5 rats was minced with a blender. All isolated mitochondria were purified by Percoll
gradient centrifuging (Sims, 1990), and the mitochondrial protein concentrations were
determined by biuret method with bovine serum albumine as the standard.
Mitochondrial

permeability

transition.

rnPT

was

monitored

by

following

the

accompanying large amplitude swelling via the decrease in absorbance at 540 nm (Varbiro at
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ah, 2001) measured at room temperature by a Perkin-Elmer fluorimeter (London, UK) in
reflectance mode. Briefly, mitochondria at the concentration of 1 mg protein/ml were pre
incubated in the assay buffer (70 mM sucrose, 214 mM mannitol, 20 mM N-2-hydroxyethyl
piperasine-N'-2-ethanesulfonic acid, 5 mM glutamate, 0.5 mM malate, 0.5 mM phosphate)
containing the studied substances for 60 seconds. Mitochondrial permeability transition was
' j,

induced by the addition of either 60 pM of Ca , amiodarone or HO-3538 at the indicated
concentration. Decrease of E540 was detected for 20 min. The results are demonstrated by
representative original registration curves from at least five independent experiments, each
repeated three times using mitochondria prepared from the same liver or pool of rat hearts
respectively.
Mitochondrial membrane potential. The membrane potential was monitored by
fluorescence of Rhl23, released from the mitochondria following the induction of
permeability transition at room temperature by using a Perkin-Elmer fluorimeter (London,
UK) at an excitation wavelength of 495 and an emission wavelength of 535 nm. Briefly,
mitochondria at the concentration of 1 mg protein/ml were pre-incubated in the assay buffer
(70 mM sucrose, 214 mM mannitol, 20 mM N-2-hydroxyethyl piperasine-N'-2-ethanesulfonic
acid, 5 mM glutamate, 0.5 mM malate, 0.5 mM phosphate) containing 1 pM Rhl23 and the
studied substances for 60 seconds. Alteration of the mitochondrial membrane potential was
induced by the addition of HO-3538 at the indicated concentration. Changes of fluorescence
intensity were detected for 4 min. The results are demonstrated by representative original
registration curves from five independent experiments, each repeated three times using
mitochondria prepared from the same liver or pool of rat hearts respectively.
Detection of mitochondrial protein release. Detection of the release of rat heart
mitochondrial pro-apoptotic proteins in vitro was performed as described [31]. Samples from
the cuvette were taken 20 min after the induction of the permeability transition by Ca2+, with
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CsA or HO-3538 present in the indicated concentration, and centrifuged at 13000 rpm for 15
minutes. Pellets and the supernatants were analyzed for cytochrome c (cyt-c), apoptosis
inducing factor (AIF) and endonuclease-G (Endo G). Equal amounts of proteins were
separated by a 12% poliacrilamid gel for the detection of AIF and Endo G, and by an 18%
poliacrilamid gel for the detection of cyt-c. The separated protein samples were transferred to
a nitrocellulose membrane, appropriate primary and secondary antibodies were applied and
bands were visualized by enhanced chemiluminescence labelling. Results are demonstrated by
photomicrographs of representative blots of three independent experiments.
Determination of cytochrome c level by high-pressure liquid chromatography (HPLC).
The analysis of cyt-c was perfomed on a non-porous 33 X 4.6 mm KOVASIL-MS C l8
column (Zeochem AG, Uetikon, Switzerland). Separations were carried out on a Dionex
HPLC system consisting of a Dionex P 580 low pressure gradient pump and a Dionex UVD
340S diode array detector (chromatograms were detected at 393 nm). The samples were
injected by a Rheodyne 8125 injector equipped with a 20 pi loop. Instrument control and data
acquisition was carried out using Chromeleon data management software. The measurements
were accomplished by using gradient elution. Eluent A consisted of 10:90 acetonitrile-water +
0.1% (v/v) trifluoroacetic acid and eluent B consisted of 90:10 acetonitrile-water + 0.1% (v/v)
trifluoroacetic acid. The applied gradient program was the following: 0 —> 7 min: from 0 % B
to 70 % B, 7 —*■min 12: from 70 % B to 100 % B, 12 —* 12.5 min: from 100 % B to 0 % B,
12.5 —> 14.5 min: 0 % B. The flow rate was 1 cm3-min'1. The column reequilibration was
involved in the gradient program. Data acquisition was performed from at least three
independent experiments.
Quantitative mass spectrometry (MS) with electron spray ionisation and HPLC-MS. The
samples and the calibration standards of HO-3538 were dissolved in acetonitrile. The sample
solutions were introduced into the ion source at the flow rate of 150 pL per hour via a PEEK
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capillary (Upchurch Scientific Inc., Oak Harbor, WA, USA). A Bruker Esquire HCT ion trap
mass spectrometer equipped with an atmospheric electrospray ionization source (Bruker
Daltonics, Bremen, Germany) was employed for mass detection. The ion source was operated
in positive and negative mode. Nitrogen was used as drying gas at 300 °C, with a flow rate of
12 L per minute, the pressure of the nebulizer was set at 20 psi. We used the Smart Parameter
Setting (SPS) with target mass of 729 m/z. The scanning mass to charge range was 50 to 1200
m/z with a scanning speed of 26000 m/z per second. Maximum accumulation time was 200
ms.
The Determination of ROS Formation. ROS formation was detected as described
previously (Varbiro et al., 2001) by the fluorescence of Rhl23 formed by ROS-induced
oxidation of the nonfluorescent DRhl23 in situ at an excitation wavelength of 495 nm and an
emission wavelength of 535 nm by a fluorimeter (PerkinElmer Life Sciences). The ROSinduced oxidation of A-acetyl-8-dodecyl-3,7-dihydroxyphenoxazine forms A-acetyl-8dodecyl-resorufin (resorufin), which exhibits strong red fluorescence. This product is well
retained in living cells and organelles by virtue of its lipophilic tail, making it possible to
detect ROS production in the lipid phase. The method is the same as described above except
for changing the excitation wavelength to 578 nm and the emission wavelength to 597 nm.
ROS formation was calculated from the slope of the registration curves.
Detection of antioxidant effect in cells. H9C2 cells were seeded into 96-well plates at a
starting density of 2 x 104 cell/well respectively and cultured overnight. The following day,
the cells were exposed for 90 min to 1 mM of H2O2 followed by two washings with phosphate
buffered physiological saline solution. The cells were then preincubated for 30 min in flesh
medium containing HO-3538 or different antioxidants at the concentration of 10 pM, and 1
pM of carboxy-H2DCFDA was added to the medium for a further 1 hour incubation.
Fluorescence of carboxy-DCFDA oxidized stochiometrically by the ROS was measured by
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using a fluorescent ELISA reader (BMG Laboratories, Offenbach, Germany) at the excitation
and emission wavelength of 485 and 555 nm, respectively. All experiments were run in at
least 4 parallels and repeated 3 times.
Caspase activity assay. 2 x 106 Jurkat cells were treated with different concentrations of
H03538 in the presence or absence of 50 pM of Etoposide for 12h. The cells were collected
by centrifugation, washed twice with ice-cold PBS, and were resuspended in 50 pi of ice-cold
lysis buffer (ImM dithiothreitol, 0.05% Nonident P-40, in 50mM Tris Ph 7.5), kept on ice for
30 min, and centrifuged at 13,000 x g for 15 min at 4°C. 40 pg of protein was incubated with
50 pM of caspase substrate (Ac-DEVD-AMC) in triplicates in a 96 well plate in a final
volume of 150 pi for three hours at 37°C. Fluorescence was monitored by a fluorescent
ELISA reader at an excitation and emission wavelengths of 360 nm and 460 nm respectively.
Determination of protein carbonyl content with 2,4-dinitrophenylhydrazine. Fifty mg of
freeze-clamped rat heart tissue from control or from hearts subjected to normoxic perfusion or
to ischemia-reperfusion were homogenized with 1 ml 8% perchloric acid and the protein
content was collected by centrifugation. The protein carbonyl content was determined with
the 2,4-dinitrophenylhydrazine method (Szabados et al., 1999).
Lipid peroxidation in perfused hearts. Lipid peroxidation was estimated from the formation
of thiobarbituric acid reactive substances (TBARS). TBARS were determined using a
modification of the method described previously. [34]. Cardiac tissue was homogenized in
6.5% TCA and a reagent containing 15% TCA, 0.375% TBA and 0.25% HC1 was added,
mixed thoroughly, heated for 15 min in a boiling water bath, cooled, centrifuged and the
absorbency of the supernatant was measured at 535 nm against a blank that contained all the
reagents except the tissue homogenate. Using malondialdehyde standard TBARS were
calculated as nmol/g wet tissue.
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Determination of infarct size in perfused hearts. For infarct size measurements, 90-min
post-ischaemic reperfusion was employed in hearts either untreated or treated with 5 pM HO3538. After removing from the Langendorff perfusion apparatus, ventricles were cut off and
kept overnight at -4°. Frozen ventricles were sliced into 2-3 mm thick sections, then
incubated in 1% 2,3,54-triphenyl tetrazolium chloride (TTC) at 37° in 0.2 M Tris buffer (pH
7.4) for 30 min. While the normal myocardium was stained brick red, the infarcted areas
remained unstained. Size of the infarcted area was estimated by the volume and weight
method (Toth et al., 2003).
Statistical Analysis. Data were presented as means ± S.E.M. For multiple comparisons of
groups, ANOVA was used. Statistical difference between groups was established by paired or
unpaired Student's t test, with Bonferroni correction.
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Results
1. Effects of Amiodarone and Desethylamiodarone
1.a. Effect of Amiodarone and Desethylamiodarone on Permeability
Transition in Isolated Mitochondria
To demonstrate the direct effect of amiodarone and desethylamiodarone on the mitochondrial
permeability transition, we monitored mitochondrial swelling from isolated, Percoll gradientpurified rat liver mitochondria. High-amplitude swelling of the mitochondria due to
permeability transition was monitored by the decrease of reflectance of 540-nm light. In
isolated liver mitochondria, the swelling induced by 60 pM Ca2+ (Fig. 5. A, line 2, and B, line
2) was completely inhibited by 2.5 pM CsA (Fig. 5A, line 3, and B, line 3) or by 1 pM FCCP
(data not shown). Depending on its concentration, amiodarone had a biphasic effect on
mitochondrial swelling. Up to the concentration of 10 pM, amiodarone inhibited the rapid
swelling induced by Ca2+ in a concentration-dependent manner (Fig. 5A, lines 4-7) with the
IC50 value of 3.9 ± 0.8 pM. The most pronounced inhibitory effect of amiodarone on the
swelling induced by 60 pMCa2+ was at the concentration of 10 pM (Fig. 5A, line 7). At higher
concentrations, amiodarone proved to be less effective in delaying the Ca2+-induced swelling
(Fig. 5.A, line 8). In contrast to amiodarone, desethylamiodarone did not show any inhibitory
effect on the mitochondrial permeability transition induced by 60 pM Ca

up to the

concentration of 10 pM (Fig. 5B, lines 4-8).
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Fig. 5. Effect o f amiodarone or desethylamiodarone on Ca -induced mitochondrial swelling.
Mitochondrial swelling was demonstrated by monitoring E 540 in isolated rat liver
mitochondria. Amiodarone (Ad) at the indicated concentration or 2.5 juM CsA was present
throughout the experiment (A). Alternatively, Desetylamiodarone, (Dea) at the indicated
concentration or 2.5 juM CsA was present throughout the experiment (B). The mitochondrial
permeability transition (swelling) was induced by adding 60 pM Ca2+ at arrow. A, line 1,
baseline swelling (no agent); line 2, 60 pM Ca2+-induced swelling (no Ad or CsA); line 3,
CsA; line 4, 1 pM Ad; line 5, 2.5 pM Ad; line 6, 5 pM Ad; line 1, 10 pM Ad; and line 8, 20
pMAd. (B) Line 1, baseline swelling (no agent); line 2, 60 pMCa2+-induced swelling (no Dea
or CsA); line 3, CsA; line 4, 1 pM Dea; line 5, 2.5 pM Dea; line 6, 5 pM Dea; line 7, 10 pM
Dea; and line 8, 20 pM Dea.
At concentrations above 10 pM, amiodarone induced mitochondrial swelling by its own (Fig.
6A, lines 5 and 7) that was not inhibited by 2.5 pM CsA (Fig. 6A, lines 6 and 8). In contrast to
30 uM amiodarone, which developed swelling with a rate significantly slower than that of the
Ca2+-induced swelling, desethylamiodarone, at the concentration of 30 pM, induced swelling
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with a rate similar to that of the Ca2+-induced one (Fig. 6B, line 7). The swelling induced by
desethylamiodarone was not inhibited by 2.5 \±M CsA (Fig. 6B, lines 6 and 8).

Fig. 6. Mitochondrial swelling induced by amiodarone or desethylamiodarone. Mitochondrial
swelling was demonstrated by monitoring E 540 in isolated rat liver mitochondria. CsA, at the
concentration o f 2.5 pM, where indicated, was present throughout the experiment. Swelling
was induced by adding amiodarone (Ad) at the indicated concentration (A) or Dea at the
indicated concentration (B), or 60 pM Ca2+ at the arrow. A, line 1, baseline swelling (no
agent); line 2, 60 pM Ca2+-induced swelling (no Ad or CsA); line 3, 10 pM Ad; line 4, 10 pM
Ad + CsA; line 5, 20 pM Ad; line 6, 20 pMAd+ CsA; line 7, 30 pMAd; and line 8, 30 pMAd
+ CsA. B, line 1, baseline swelling (no agent); line 2, 60 pM Ca2+-induced swelling (no Dea
or CsA); line 3, 10 pM Dea; line 4, 10 pM Dea + CsA; line 5, 20 pM Dea; line 6, 20 pM Dea
+ CsA; line 7, 30 pM Dea; and line 8, 30 pM Dea + CsA.
The effect of amiodarone or desethylamiodarone on isolated rat heart mitochondria was
basically the same (data not shown).
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1.b. Effect of Amiodarone and Desethylamiodarone on Membrane
Potential in Isolated Mitochondria
Ca2+ (60 pM) caused the dissipation of Af‘, as detected by the release of the membrane
potential sensitive dye Rhl23 from isolated liver mitochondria (Fig. 8A, line 2). When the
mitochondrial membrane was depolarized by Ca2+ in the presence of 2.5 pM CsA, after a
transient depolarization lasting for about a minute, A^'retumed to the value identical to the one
before the addition of Ca2+ (Fig. 7A, line 4). Amiodarone (10 pM) depolarized the
mitochondrial membrane in a similar extent as did the 60 pM Ca2+, (Fig. 7A, line 3); however,
its depolarizing effect was not influenced at all by 2.5 pM CsA (Fig. 7A, line 5). Amiodarone
caused a concentration-dependent release of Rhl23 from liver mitochondria with a calculated
EC50 value of 4.2 ± 0.7 pM (Fig. 7B, lines 2-6). In contrast, desethylamiodarone, up to the
concentration of 10 pM, did not induce the dissipation of Ai’ (Fig. 7C, lines 2-5). However,
desethylamiodarone, at the concentration of 20 pM (Fig. 7C, line 6), caused Rhl23 release
2+
from the isolated mitochondria as did 20 pM amiodarone (Fig. 7B, line 6) and 60 pM Ca
(Fig. 7A, line 2) or as did 1 pM FCCP (data not shown). The calculated EC50 value for
desethylamiodarone was

16.3

±

2.3

pM.

The

depolarizing

effect

of 20

pM

desethylamiodarone was not influenced at all by 2.5 pM CsA (data not shown).
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Fig. 7. Effect o f amiodarone or desethylamiodarone on the mitochondrial membrane
potential in isolated mitochondria. Membrane potential was monitored by measuring the
fluorescence intensity o f the cationic fluorescent dye rhodamine 123. Isolated rat liver
mitochondria, added at the first arrow, take up the dye in a voltage-dependent manner and
quench fluorescence. Amiodarone (Ad) and Dea at the concentrations indicated or 60 pM
Ca2+ (either added at second arrow) induces depolarization, resulting in release o f the dye
and increase o f the fluorescence intensity. A, line 1, no agent; line 2, Ca2+; line 3, 10 pMAd;
line 4, Ca2+ + 2.5 pMCsA; line 5, 10 pMAd + 2.5 pM CsA; and line 6, 10 pM Dea. B, line 1,
no agent; line 2, 1 pM Ad; line 3, 2.5 pM Ad; line 4, 5 pM Ad; line 5, 10 pM Ad; and line 6,
20 pMAd. C, line 1, no agent; line 2, 1 pM Dea; line 3, 2.5 pM Dea; line 4, 5 pM Dea; line
5, 10 pM Dea; and line 6, 20 pM Dea.

1.c. Effect of Amiodarone and Desethylamiodarone on Mitochondrial
ROS Production
Because ROS formation can induce mitochondrial permeability transition, we studied the
effect of amiodarone and desethylamiodarone on ROS production in isolated, Percoll gradientpurified rat heart and liver mitochondria. ROS formation was measured by monitoring the
green or red fluorescence of Rhl23 or resorufin oxidized by the ROS from nonfluorescent
DRhl23 or iV-acetyl-8-dodecyl-3,7-dihydroxyphenoxazine in situ. By virtue of its dodecyl
group, resorufin is localized in membranous regions and detect ROS formation in lipid phase,
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whereas Rhl23 fluorescence reflects to ROS levels in aqueous phase. Amiodarone and
desethylamiodarone did not induce ROS production in either case in the concentration range
from 1 to 100 pM (data not shown).

1.d. Effect of Amiodarone and Desethylamiodarone on Cultured Cell
Lines
Viability of H9C2, BRL-3A, WRL-68, and PANC-1 cells exposed to different concentrations
of amiodarone or desethylamiodarone for 48 h were assessed by the MTT+ method. In each of
the cell lines desethylamiodarone proved to be more toxic than amiodarone in a specific
concentration range (Fig. 8). This concentration range seemed to be variable in the different
cell lines. The significant difference (p < 0.001) between the toxicity of amiodarone and
desethylamiodarone observed in H9C2 cardiomyocytes was in a concentration range between
10 to 60 pM (Fig. 8A). In the normal rat (BRL-3A) and human (WRL-68) liver cell lines the
significant difference (p < 0.001 and p < 0.01, respectively) between the toxicity of the drugs
occurred in a lower concentration range between 3 to 20 pM (Fig. 8, A and B). In PANC-1
human pancreatic epithelioid carcinoma cells, significant difference (p < 0.01) between the
toxicity of amiodarone and desethylamiodarone was observed in a concentration range of 20
to 80 pM as revealed by the viability data (Fig. 8D). The various cell lines presented different
sensitivity toward the toxicity of amiodarone or desethylamiodarone (Table 2). The drugs
were shown to be the least toxic in H9C2 cardiomyocyte cells. BRL-3A and WRL-68
hepatocytes were much more sensitive to amiodarone or desethylamiodarone toxicity than the
PANC-1 human pancreatic epithelioid carcinoma cells; however, BRL-3A and WRL-68 were
normal, whereas PANC-1 was a cancer cell line.
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Fig.8. Effect o f amiodarone and desethylamiodarone on viability o f cell lines. The effect o f
amiodarone (open columns) and desethylamiodarone (filled columns) on viability o f H9C2
(A), BRL-3A (B), WRL-68 (C), and HeLa cells (D) were detected by the formation o f waterinsoluble blue formásán dye from the yellow mitochondrial dye M T ff by the functionally
active mitochondria o f the cells. The cells were exposed to different concentrations o f
amiodarone or desethylamiodarone for 48 h before the addition o f the MTlff dye. Data
represent average ± S.E.M. o f three independent experiments running in four parallels,
significant difference (p < 0.01; mean ± S.E.M., paired t test); *, significant difference (p <
0.001; mean ± S.E.M., paired t test) o f amiodarone from equimolar concentrations o f
desethylamiodarone.
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1.e. Effect of Amiodarone and Desethylamiodarone on the Energy
Metabolism during Ischemia-Reperfusion in Perfused Hearts
Concentrations of high-energy phosphate intermediates were monitored during ischemiareperfusion in Langendorff-perfused hearts by using 31P NMR spectroscopy. To study the
effect of amiodarone or desethylamiodarone on the energy metabolism of the perfused hearts,
a single i.v. injection of 20 mg/kg amiodarone or 20 mg/kg desethylamiodarone was
administered to a group of rats, 30 min before the start of the heart perfusion, a protocol that
was previously reported to be optimal for cardioprotection by amiodarone. This resulted in a
mitochondrial amiodarone and desethylamiodarone concentrations of 2.42 ± 0.29 and 2.69 ±
0.28 pg/mg mitochondrial protein, respectively (Table 1). Thirty minutes of global ischemia
induced the disappearance of creatine phosphate (Fig. 9A) and ATP (Fig. 9B) and a gradual
increase of inorganic phosphate (Fig. 9C) signal. During reperfusion, all hearts restarted
working, whereas creatine phosphate concentrations in hearts of sham-operated animals
recovered to 35 ± 4% of their normoxic level. Amiodarone pretreatment resulted in a
significantly higher recovery (p < 0.001) of creatine phosphate concentrations during the
ischemia-reperfusion cycle (74 ± 6%; Fig. 5A) compared with control (35 ± 4%; Fig. 9A),
whereas the pretreatment with desethylamiodarone had no significant effect on the recovery of
creatine phosphate concentration after ischemia (32 ± 4%; Fig. 5A). In addition, amiodarone
pretreatment slightly but significantly (p < 0.05) delayed the decrease of ATP concentrations
during ischemia, whereas it significantly (p < 0.001) improved the recovery of ATP level (45
± 6% versus 28 ± 5%;Fig. 5A). The pretreatment with desethylamiodarone had no significant
effect on the recovery of ATP level (28 ± 5%; Fig. 9B) compared with control. Amiodarone
pretreatment facilitated the significantly (p < 0.001) faster and more complete utilization of
inorganic phosphate (31 ± 6% versus 62 ± 6%; Fig. 5A) during reperfusion. The pretreatment
with desethylamiodarone did not prove to be effective in the utilization of inorganic phosphate
(63 ± 4%; Fig. 5C).
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Amiodarone
Desethylamiodarone

Plasma
pig/ml ± S.E.M.
4.1±0.8
4.3±4.2

Heart mitochondria
jug/mg ± S.E.M.
2.42±0.29
2.69±0.28

Table 1. Concentration values for amiodarone and desethylamiodarone in the plasma and
heart mitochondria o f rats measured by high-performance liquid chromatography 30 min.
after the i.v. administration o f either 20mg/kg amiodarone and desethylamiodarone.results
are expressed as mean ± S.E.M. (n=3)

reperfusion

Creatine phosph. (% of normoxic value)

reperfusion

perfusion time (min)

reperfusion

■Sham-operated

■Amiodarone

■Dea

Fig. 9. Effect o f amiodarone and desethylamiodarone on the high-energy phosphate
metabolism in Langendorff-perfused rat hearts. Groups o f five rats were treated by a single
shot o f physiological salt solution (sham-operated), 20 mg/kg amiodarone, or 20 mg/kg
desethylamiodarone i.v. 30 min before sacrifice. Their hearts were removed and applied to a
Langendorffperfusion apparatus, which was inserted into the magnet o f a NMR spectrometer.
Concentrations o f creatine phosphate (A), ATP (B), and inorganic phosphate (C) were
measured in situ by 31P NMR spectroscopy in the perfused hearts subjected to 30 min o f
ischemia followed by 15 min o f reperfusion. Data represent average ± S.E.M. Note that the
time axis is not proportional. , p < 0.05 (mean ± S.E.M., repeated measures ANOVA); , p
< 0.001 (mean ± S.E.M., repeated measures ANOVA) o f amiodarone from equimolar
concentrations o f desethylamiodarone.
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1.f. Effect of Amiodarone and Desethylamiodarone on AIF Translocation
in Perfused Hearts after Ischemia-Reperfusion.
The release and nuclear translocation of AIF was detected from the nucleus of Langendorffperfiised rat heart tissue after ischemia and reperfusion by Western blot. The results,
demonstrated by a photomicrograph of a representative blot, are presented in Fig. 2. The
removal and normoxic perfusion of the heart increases the level of AIF in the nucleus of the
heart cell compared with the control (Fig. 10, lanes 1 and 2); however, this is further increased
by 30 min of ischemia and 60 min of reperfusion (Fig. 10, lane 3). Pretreatment with a single
i.v. injection of 20 mg/kg amiodarone prevented the increase in the level of AIF stimulated by
ischemia-reperfusion (Fig. 10, lane 4). The pretreatment with a single i.v. injection of 20
mg/kg desethylamiodarone, however, does not have any attenuative effect on the increase of
AIF level after ischemia-reperfusion (Fig. 10, lane 5).
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Fig. 10. Effect o f amiodarone and desethylamiodarone on the nuclear AIF level in
Langendorff-perfused rat hearts. Western blot analysis o f AIF level in the nuclear fraction o f
rat heart tissue after ischemia-reperfusion in Langendorff-perfused rat hearts. Lane 1, control
(no perfusion); lane 2, 30 min o f normoxic perfusion; lane 3, 30 min o f ischemia followed by
60 min o f reperfusion; lane 4, pretreatment with 20 mg/kg amiodarone for 30 min followed by
excision o f the heart and 30 min o f ischemia and 60 min o f reperfusion; and lane 5,
pretreatment with 20 mg/kg desethylamiodarone for 30 min followed by excision o f the heart
and 30 min o f ischemia and 60 min o f reperfusion.
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2. Effects of amiodarone analogues
2.a. Effect of amiodarone analogues on the mitochondrial permeability
transition and the membrane potential (Dw)
Amiodarone 1 inhibits the mitochondrial permeability transition (MPT) with an IC50 value of
3.9 ± 0.8 pM, however, in concentrations above 10 pM, it induces a swelling of its own
(Varbiro at al., 2003/1). In the case of the modified amiodarone analogues only compounds 8c
and 10c exerted a biphasic effect as they induced mitochondrial swelling. The other
compounds did not induce mitochondrial swelling below the concentration of 100 pM.
Furthermore, while amiodarone exerts a temporary inhibitory effect on the Ca -induced
mitochondrial swelling (Varbiro at al., 2003/1), compounds 7a, 8a, 8b and 10b presented an
inhibitory effect similar to the one caused by the classical MPT inhibitor, cyclosporine A
(CsA) when the permeability transition was monitored for more than 30 min (data not
shown). Amiodarone 1, due to its uncoupling effect, also induces the collapse of the
membrane potential with an ED50 value of 4.2 ± 0.7 pM. While a moderate uncoupling
proved to be beneficial in decreasing the ROS production (Kahlert at al., 2002),

total

uncoupling leads to energetic failure of the mitochondria due to the cessation of ATP
production. The effect of the different amiodarone analogues on the permeability transi tion
and membrane potential in isolated mitochondria with IC50 and ED50 values, respectively, are
presented in Table 2. Based on the results obtained from these experiments, three agents had
IC50 values below 10 pM, 8c, 10b and 10c, showing similarity with amiodarone, however,

each of these drugs exerted uncoupling effect on the mitochondrial oxidative phosphorylation
in higher concentrations, compared to amiodarone, as it is characterized by elevated ED50
values.
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Compound
Amiodarone
7a
7c
7d
8a
8b
8c
9
10b
10c
13b
13c

ICsoOiM)
3.9±0.8
8.1±1.4
6.1±0.5
16.8±2.1
15.8±2.1
35.41=2.1
2.U0.2
100
4.9±0.5
3.1 ±0.4
55.9±6.4
52.7±4.9

ED50 (pM)
4.2±0.7
20.1±2.2
13.4±3.0
27.8±2.4
21.8±2.2
51.3±6.1
7.9±0.8
123.5±9.7
36.2±3.2
11.9±1.8
29.7±4.8
39.2±4.3

Table 2. IC 50 and ED50 values o f amiodarone analogues presenting inhibitory effect on the
mitochondrial permeability transition and inducing the collapse o f the mitochondrial
membrane potential, respectively

2.b. Effect of amiodarone analogues on the viability of cultured cells
Viability of WRL-68 liver cells and H9C2 cardiomyocytes was detected by MTT+ method
(Fig. 11). The sensitivity of the cell lines towards amiodarone shows a difference with
extracardiac cells in general, being more susceptible to amiodarone toxicity. Amiodarone 1 up
to 100 pM did not decrease the viability of H9C2 cells, however in WRL-68 the viability
significantly decreased above the concentration of 10 pM (Fig. 11A). In H9C2 cells 8c and
10b exhibited a similar effect as amiodarone, showing no or only minimal toxicity up 100
pM. Compound 10c however proved to be toxic above 10 pM (data not shown), showing
similar effect as did 7a. When toxicity was assessed in WRL-68 cells, 8c decreased the
viability more than amiodarone above the concentration of 10 pM. In contrast to this, 10b was
less toxic in WRL-68 cells when compared to 8c above the concentration of 10 pM (Fig.
1IB). Based on the results obtained from the viability test, 8c and 10b proved to be non-toxic
on the cardiomyocyte cells. This is also in accord with the results obtained from the effect of
these agent on the permeability transition and membrane potential in isolated mitochondria.
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Figure 11. The concentration dependent effect o f amiodarone and its analogues on the
viability ofWRL-68 liver (A) and H9C2 cardiomyocyte cell (B) lines following a 48 h
treatment as detected by MTT+ method.

2.c. Effect of amiodarone analogues on the ischemiareperfusion injury in
Langendorff-perfused rat hearts
Based on the results obtained from the previous experiments, amiodarone analogues 8c and
10b were selected for further study in the perfused heart model. The results are summarized in
Table 2. Amiodarone 1 proved to have beneficial effects on the level of mitochondrial highenergy phosphate metabolites in perfused hearts as detected by

•71

P NMR (Varbiro at al.,
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2003/2). During reperfusion the level of creatine phosphate returned to about 35 ± 4% of the
normoxic level (Table 2). However, following the administration of 10 pM of amiodarone,
the concentration of creatine phosphate returned to 74 ± 6% of the initial level (Table 3). In
addition, amiodarone administration significantly (p < 0.01) increased the recovery of ATP
levels as well (45 ± 6% vs 28 ± 5%; Table 3). Following the administration of compound 10b
in the concentration of 5 pM, it facilitated the recovery of the creatine phosphate level to 77 ±
6% of the initial value (Table 3). The rate and extent of the recovery of creatine phosphate
was slightly higher compared to the one induced by amiodarone. The recovery in the level of
ATP following 10c administration was also faster and higher (54 ± 5%), compared to the
effect of 10 pM of amiodarone (Table 3). When compound 8c was administered in the
concentration of 5 pM, it facilitated the recovery of creatine phosphate to 51 ± 4% of the
initial value. Although this was higher compared to the control, it does not reach the level
achieved by the administration of 10 pM of amiodarone (74 ± 6%). When 8c was
administered in the concentration of 10 pM, the level of creatine phosphate returned to 54 ±
4% of the initial value (Table 3). We can conclude that 8c did not have any beneficial effect
on the recovery of ATP, as it was found to be 27 ± 3% and 34 ± 3% when administered in 5
or 10 pM, respectively, compared to 28 ± 5% in the case of the control (Table 3). Based on
the results obtained from the heart perfusion experiments, we found that 5 pM of 10b had a
similar effect as 10 pM of amiodarone, however 8c did not reach the level of efficiency in
facilitating the recovery of highenergy phosphate metabolites of the mitochondria compared
to equimolar concentration of amiodarone.
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Creatine
Phosphate
ATP

Control (%)
35—4

Amiodarone (%)
74±6

8c (%)
54±4

10b(%)
77±6

28±5

45±6

34±3

54±5

Table 3. Effect o f 10 pM o f amiodarone 1, 10 juM o f 8c and 5 juM o f 10b on the levels o f
creatine phosphate and ATP following ischemiareperfusion in Langendorff-perfused rat
hearts

3. E ffects o f H 0 3 5 3 8
3.a. Subcellular localisation of HO-3538
For establishing its subcellular distribution, we determined by using a quantitative HPLC-MS
technique the concentrations of HO-3538 in nuclear, mitochondrial and cytosolic fractions of
H9C2 cells following a 1 hour incubation in the presence of 10 pM HO-3538. As it is shown
on Fig. 12C, more than 95% of the HO-3538 taken up by the cells was accumulated in the
mitochondria. We performed similar measurements in isolated, Langendorff-perfused hearts,
and found that the mitochondrial fraction contained 93.2 ± 5.8% (n=4) of the HO-3538 taken
up by the heart tissue during the experiment.
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Fig. 12. The chemical structures of amidarone HO-3538 and SCAV
(A). The chemical structures o f amiodarone (2-butyl-3-benzofuranyl 4-[2-(diethylamino)~
ethoxy]-3,5-diiodophenyl-ketone hydrochloride), HO-3538 (2-Methyl-3-(3,5-diiodo-4-{2-[Nethyl,N-(l-hydroxy-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-ylmethyl)
ethyl]}oxyhenzoyl)benzofurane ' 2HCI salt). (B). The 1-hydroxy-2,2,5,5-tetramethyl-2,5dihydro-lH-pyrrol-3-ylmethyl component (SCAV) o f HO-3538 possesses ROS scavenging
activity. The oxidizedform can he reduced by thiols, ascorbate, GSSH, etc.

3.b. Effect of HO-3538 on the mitochondrial permeability transition
In order to demonstrate the direct effect of HO-3538 on the mitochondrial permeability
transition, we monitored mitochondrial swelling from isolated, Percoll gradient purified rat
liver or heart mitochondria. High-amplitude swelling of the mitochondria due to permeability
transition was monitored by the decrease of reflectance of 540 nm light. In isolated liver
mitochondria, the swelling induced by 150 pM of Ca2+ (Fig 13A, line 2) was completely
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inhibited by 2.5 pM of cyclosporine A (Fig. 13A, line 3). The modified amiodarone analogue,
HO-3538 inhibited the mitochondrial swelling induced by Ca

in a concentration dependent

manner with the IC50 of 4.9 ± 0.5 pM (Fig. 13A, lines 4-7). The effect of HO-3538 on isolated
rat heart mitochondria was basically the same (Fig 13B, lines 4-7). HO-3538 completely
inhibited the Ca -induced swelling above the concentration of 40 pM, as did 2.5 pM of
cyclosporine A. HO-3538 did not induce swelling on its own up to the concentration of 100
pM in isolated rat liver (Fig. 13C, lines 3-7) or isolated rat heart mitochondria (Fig. 13D, lines
3-7). Similar inhibitory effects by HO-3538 were observed when the mitochondrial swelling
was induced by other agents such as tert-butyl hydroperoxide or atractyloside (data not
shown). The free-radical scavenging side-chain of HO-3538 did not have any effect on the
calcium induced mitochondrial swelling up to the concentration of 100 pM (data not shown).

^
G\ ^ LO

A

4

5 min.
44

W

Fluorescent intensity

50 J

Scattering at 540nm
-o

®

ScatterirgatSlOntr

<"
5 min.
<=*

4^
U\

to

to

LÓ"--4

^

Fig. 13. Direct effects of HO-3538 on isolated mitochondria.
Mitochondrial swelling was demonstrated by monitoring E 540 in isolated rat liver
mitochondria. HO-3538 at the indicated concentration or 2.5 pM cyclosporin A (CsA) was
present throughout the experiment. The mitochondrial permeability transition (swelling) was
induced in isolated rat liver (A) or heart (B) mitochondria by adding 150 pM Ca2+ indicated
by the arrow. Line 1: baseline swelling (no agent); line 2: 150 pM Ca2+- induced swelling ;
line 3: 150 pM Ca2+ + 2.5 pM CsA; line 4: 5 pM HO-3538; line 5: 10 pM HO-3538; line 6:
20 pM HO-3538; and line 7: 50 pM HO-3538. The mitochondrial permeability transition
(swelling) was induced by adding 150 pM Ca2+ or attempted by different concentrations o f
HO-3538 in isolated rat liver (C) or heart (D) mitochondria, indicated by the arrow. Line 1:
baseline swelling (no agent); line 2: 150 pM Ca2+-induced swelling; line 3: 5 pM HO-3538;
line 4: 10 pM HO-3538; line 5: 20 pM HO-3538fine 6: 50 pM HO-3538; and line 7: 100 pM
HO-3538. (E) Membrane potential was monitored by measuring the fluorescent intensity o f
the cationic fluorescent dye rhodamine 123. Isolated heart mitochondria, added at the first
arrow, takes up the dye in a voltage dependent manner and quenches its fluorescence. HO3538 at the concentrations indicated or 150 pM Ca2+ (either added at second arrow) induces
depolarization resulting in release o f the dye and increase o f the fluorescence intensity. Line
1, no agent; line 2, 5 pM HO-3538; line 3, 10 pM HO-3538; line 4, 20 pM HO-3538; line 5,
50 pM HO-3538; line 6, 150 pM Ca2+.

3.c. Effect of HO-3538 on the mitochondrial membrane potential (Aigj)
150 pM of Ca

induced the decrease of the AT' as detected by the release of the membrane

potential sensitive dye, Rhl23 from isolated heart mitochondria (data not shown). HO-3538
also caused a concentration dependent dissipation of AT' (Fig. 13E) with an EC50 value of
36.2 ± 3.2 pM. The effect of HO-3538 on the membrane potential of liver mitochondria was
basically the same (data not shown). Since the uncoupling effect, that is dissipation of AT' by
HO-3538 was found to be negligible up to the concentration of 10 pM while it simultaneously
exerted a strong inhibitory effect of the mPT at this concentration range, we used HO-3538 at
the concentration of 10 pM for the further studies in isolated mitochondria.

3.d. Effect of HO-3538 on the release of pro-apoptotic protein from
isolated heart mitochondria
The pro-apoptotic proteins AIF, Endo G and cyt-c, are sequestered within the mitochondria,
and are released following an apoptotic or necrotic stimuli. Mitochondrial permeability
transition was induced in isolated rat heart mitochondria by 150 pM of Ca2+ as described
above causing the release of AIF, Endo G and cyt-c from the mitochondria (pellet, P) into the
buffer (supernatant, S). This release of pro-apoptotic proteins was inhibited by 2.5 pM of
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cyclosporine A. HO-3538, alone at the concentration of 10 pM did not have any effect on the
release of the mitochondrial proteins (data not shown). However, when the mitochondrial
swelling was induced by 150 pM of Ca2+, 10 pM of HO-3538 inhibited the release of AIF,
Endo G and cyt-c, with an effect comparable to cyclosporine A and somewhat stronger than
that of equimolar amiodarone (Fig. 14). Inhibitory effect of HO-3538 on the Ca2+ induced
cytochrome c release was quantified by using an HPLC method. According to our results,
cyclosporine A, HO-3538 and amiodarone inhibited the cytochrome c release by 92.1 ± 2.5%
(p<0.005), 81.4 ± 4.5% (p<0.005) and 72.5 ± 5.2% (p<0.05), respectively.
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Fig. 14. Effect of HO-3538 on the release of pro-apoptotic mitochondrial proteins from
isolated rat heart mitochondria. AIF, EndoG and cyt-c were detected from the pellet (P) as
unreleased or from the supernatant (S) as released pro-aportotic mitochondrial proteins by
immunoblot analysis. The mitochondrial permeability transition was induced by 150 pM Ca2+
in the absence or presence o f 2.5 pM o f CsA or 10 pM o f HO-3538. Lane 1: control (no agent
added); lane 2: 150 pM o f Ca2+; lane 3: 150 pM o f Ca2+ + 2.5 pM o f CsA; lane 4: 150 pM o f
Ca2+ + 10 pM o f HO-3538. The photomicrographs demonstrate representative blots o f five
independent experiments.
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3.e. Effect of HO-3538 on the viability of cardiomyocytes
On isolated mitochondria, we found considerable difference between amiodarone and HO3538 in respect to their mPT inducing effect at higher concentrations. We investigated
whether this difference manifested in any effect on cell viability. To this end we administered
different concentrations of HO-3538 or amiodarone to H9C2 cardiomyocytes for 48 hours.
Our results show that unlike amiodarone, HO-3538 did not affect the viability of the
cardiomyocytes up to the concentration of 100 pM as detected by the MTT+ method (Fig.
15A). Amiodarone at the concentrations of 30 pM or 100 pM significantly decreased the
viability of H9C2 cells when compared to equimolar amounts of HO-3538 (Fig. 15A).
To reveal any cytoprotective effect of HO-3538 in H9C2 cell line, we administered H2O2 in
the presence of 10 pM amiodarone, HO-3538, SCAV, Vitaminé E, Vitaminé C and N-acetyl
cysteine for 24 hours, then the cell viability was assessed by the MTT+ method. The results
demonstrate that the 150 pM of H2O2 caused a substancial cell death. Among the substances
tested, cytoprotective effect of HO-3538 was significantly the most effective (Fig. 15B).

3.f. Effect of HO-3538 on the caspase-3 activation in cells
To assess the presumed anti-apoptotic effect of HO-3538 at cellular level, we induced
apoptosis in Jurkat cells by administering 50 pM of etoposide for 12 hours, and detected
caspase-3 activation (DEVD-ase). HO-3538 significantly decreased the DEVD-ase activity
induced by etoposide (Fig. 15C) at the concentration of 5 pM or 10 pM (p<0.05 or p<0.01,
respectively). When administered at higher concentrations, HO-3538 did not decrease any
further the DEVD-ase activity induced by etoposide (data not shown). SCAV did not affect
caspase-3 activity either in the presence or absence of etoposide, and HO-3538 did not induce
it either in the absence of etoposide (data not shown).

3.g. ROS scavenging effect of HO-3538 in cardiomyocytes
In vivo ROS scavenger effect of HO-3538 was compared to that of some well established
antioxidant compounds as well as of SCAV and amiodarone. In order to avoid any direct
49

interaction with exogeniously added ROS in the medium, the H2O2 used for inducing ROS
formation in H9C2 cells was removed before introducing HO-3538 or the other agents used at
equimolar concentrations to the incubation medium. ROS levels in the cells were quantified
by measuring the fluorescence of carboxy-DCFDA oxidized stochiometrically by the ROS
from non-fluorescent carboxy-hhDCFDA added to the medium 30 m

in

after the other agents.

All the agents tested significantly diminished the H202-induced ROS formation in the H9C2
cardiomyoblasts. However, amiodarone was significantly less efective while SCAV and
Vitamin C were more effective than HO-3538 (Fig. 15D).
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Fig. 15. Toxicity and cytoprotective effect o f amiodarone and HO-3538 in cardiomyblasts.
(A) The effect o f amiodarone (filled columns) and HÖ3538 (diagonally striped columns) on
the viability o f H9C2 cardiomyoblasts as detected by the formation o f water-insoluble blue
formásán dye from the yellow mitochonrial dye MTI*. The cells were exposed to different
concentrations o f amiodarone or HO-3538for 48 h before the addition o f the M TI* dye.
(B) The effect o f different compounds on the viability o f H9C2 cells as detected by M T I The
cells were exposed to 150 pM o f H2Ö2for 24 h in the presence o f 10 pM concentration o f the
different compounds tested (indicated underneath the column). Open column represent the
control (no agent added), to which the viabilities were normalised (100%). Data represents
average ±S.E.M o f three independent experiment running in four parallels.
(C) Anti-apoptotic effect o f HO-3538 and amiodarone. Apoptosis was induced in Jurkat cells
by administering 50 pM o f etoposide (Etop) for 12 hours in the absence or presence o f
amiodarone and HO-3538, and the activity o f caspase-3 was detected by the fluorescent
caspase-3 substrate, Ac-DEVD-AMC. Open column represent the control (no agent added).
Data represents average ±S.E.M o f three independent experiment running in three parallels.
(D) ROS scavenging effect o f o f different compounds in H9C2 cells. To induce ROS
formation, the cells were exposed to 1 mM o f H 2O2for 90 min, then the medium was replaced
to fresh one containing 10 pM o f the different compounds tested (indicated underneath the
column). After 30 min o f incubation non-fluorescent carboxy-H2DCFDA was added to the
medium for an other hour o f incubation. Fluorescence o f carboxy-DCFDA oxidised by the
ROS was detected by a fluorescent ELISA reader and was normalised to the H2O2 only value.
Open column represent the control (no agent added). Data represent mean ± S.E.M. o f three
experiments running in four parallels.
Significantly different from HO-3538: * p < 0.05; ** p < 0.01); *** p < 0.001.
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3.h. The effect of HO-3538 on the levels of mitochondrial high-energy
phosphate metabolites and cardial functional parameters during
ischemia-reperfusion in Langendorff-perfused hearts
To evaluate the effect of the inhibition of permeability transition on the myocardial level of
high-energy phosphate metabolism during ischemia and reperfusion, we monitored the
concentrations of ATP, creatine phosphate (Cr-P) and inorganic phosphate (P;) in
Langendorff-perfused rat hearts by using 31P NMR spectroscopy (Varbiro at al., 2003/2).
Thirty minutes of global ischemia resulted in a complete disappearance of Cr-P and ATP, and
a simultaneous increase of Pi. These changes partially recovered to 25-35 % of the normal
\alues during 15 min of reperfusion (data not shown). Presence of 5 pM of HO-3538,
amiodarone and SCAV throughout the perfusion resulted in a significant increase in the rate
of recovery (data not shown) as well as a more complete normalisation of the high-energy
phosphate metabolism (Fig. 16A). However, HO-3538 was more effective in this respect than
either amiodarone or SCAV (Fig. 16A) at any of the concentrations used. We have tested the
effect of the substances at the concentration range of 2.5 to 20 pM, and we found 5 pM to be
the most effective, so we used this concentration for the heart perfusion experiments further
on.
To evaluate their effect on the postischemic myocardial functional recovery, 5 pM of HO3538, amiodarone or SCAV was applied to the perfusion medium. At the end of the
equilibration period, left ventricular developed pressure (LVDP) was 139 ± 16 mmHg, ratepressure product (RPP) was 3.4 ± 0.12 x 104 mmHg/min, dP/dt was 1263 ±192 mmHg/s and
the average heart rate was 241 ± 16 beats/min. Fig. 5B shows the percentage recovery of
LVDP, RPP and dP/dt by the end of the reperfusion period compared to the initial values. All
the compounds tested significantly improved the recovery of all parameters, however, HO3538 was significantly more effective than either amiodarone or SCAV (Fig. 16B)
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Fig. 16. The effect of HO-3538 on mitochondrial energy production and cardiac functional
parameters in Langendorff-perfused rat hearts. Hearts were removed from rats (n = 5 in
each group), applied to a Langendorjf perfusion apparatus, and were inserted into the
magnet o f an NMR spectrometer. This technique enabled us to identify and quantitate highenergy phosphate metabolites in situ during the entire perfusion. The hearts were exposed to
30 min o f ischemia followed by 15 o f reperfusion.
(A) HO-3538, amiodarone and SCAV were administered to each group at the concentration
o f 5 pM into the perfusion buffer at the beginning o f the normoxic period. Concentrations o f
Cr-P, ATP and inorganic phosphate were measured by 31P NMR spectroscopy in the perfused
hearts subjected to 30 min o f ischemia followed by 15 min o f reperfusion.
(B) Cardiac functional parameters; left ventricular developed pressure (LVDP), rate-pressure
product (RPP) and dP/dt were monitored during the entire perfusion period by means o f a
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Haemosys manometer device after inserting a latex balloon into the left ventricle through the
mitral valve andfilling it to achieve an end-diastolic pressure o f 8-12 mmHg.
Values are normalised to the normoxic values except for that o f inorganic phosphate, which is
normalised to value present at the end o f the ischemic period. Grey column represent
ischemia-reperfusion, no drug added group; black column represent amiodarone-treated;
diagonally striped column represent HO-3538-treated; diagonally chequered column
represent SCAV-treated group. Data represent mean ± S.E.M. o f four independent
experiments.
Significantly different from HO-3538: * p < 0.05; **, p < 0.01; *** p < 0.001.

3.L Effect of HO-3538 on the mitochondrial protein release following
ischemia-reperfusion in Langendorff-perfused hearts
We determined mitochondrial release of AIF, Endo G and cyt-c by using immunoblotting
after subcellular fractionation of hearts that underwent the perfusion experiment. Ischemiareperfusion induced the release of pro-apoptotic proteins from the mitochondria and caused
nuclear translocation of AIF and Endo G. As it is demonstrated on Fig. 17, HO-3538
prevented this release as revealed by the retainment of the proteins in the mitochondrial
fraction and their diminished presence in the nuclear or cytosolic fractions. Amiodarone and
SCAV inhibited the release of pro-apoptotic proteins less effectively than HO-3538. Amount
of cyt-c in the cytosolic fraction was quantified by HPLC technique, and it was found that
HO-3538, amiodarone and SCAV reduced the ischemia-reperfusion induced cyt-c release by
70.3 ± 5.5, 61.7 ± 3.8 (p<0.05) and 44.4 ± 3.5 % (p<0.001), respectively.
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Fig. 17. Effect o f H 03538 on the release of pro-apoptotic mitochondrial proteins following
ischemia-reperfusion in Langendorff-perfused hearts. The hearts were exposed to 30 min o f
ischemia followed by 15 o f reperfusion, then they were subjected to subcellular fractionation.
AIF, EndoG and cyt-c were detected from the mitochondrial fraction (M) as unreleased and
from the nuclear (N) or the cytosolic (S) fraction as released pro-aportotic mitochondrial
proteins by immunoblot analysis. The photomicrographs demonstrate representative blots o f
three independent experiments.

3.j. The effect of HO-3538 on the lipid peroxidation, protein oxidation and
infarct size in Langendorff-perfused hearts
We assessed protective effect of HO-3538 on ischemia-reperfusion induced damages by
§y::

determining TBARS formation and carbonyl content of proteins in the perfused heart tissue as
I-

I

a measure of lipid peroxidation and protein oxidation, respectively. Infarct size was estimated

[

after histological staining of thick sections of the perfused hearts. All three parameters were
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significantly diminished by 5 jliM of HO-3538, while amiodarone and SCAV were again
somehow less efective (Fig. 18).

micromol/g wet tissue

A
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Fig. 18. The effect of HO-3538 on lipid peroxidation, protein oxidation and infarct size
following ischemia reperfusion in Langendorff-perfused hearts. The hearts were exposed to
30 min o f ischemia followed by 15 o f reperfusion, then they were subjected to the appropriate
measurement.
(A) Lipid peroxidation was estimated from the formation o f thiobarbituric acid reactive
substances (TBARS) from homogenates o f rat hearts (n = 5 in each group). Using MDA
standard, TBARS were calculated as nmol/g o f wet tissue.
(B) Protein oxidation was estimated from the protein carbonyl content from homogenates of
rat hearts (n =5 in each group), and expressed as pmol/g wet tissue.
(C) For infarct size measurements, an additional 90-min post-ischaemic reperfusion was
employed to rat hearts (n =5 in each group). The size o f the infarcted area was estimated by
the TTC staining with volume and weight method as described in the Materials and Methods
section.
White column represent normoxic control; grey column represent ischemia-reperfusion, no
drug added group; black column represent amiodarone-treated; diagonally striped column
represent HO-3538-treated; diagonally chequered column represent SCAV-treated group.
Data represent mean ± S.E.M. o f five independent experiments.
Significantly different from HO-3538: * p < 0.05; ** p < 0.01); *** p < 0.001.
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Discussion
In conclusion, we present clear evidence that amiodarone but not desethylamiodarone protects
the mitochondrial energy metabolism of the perfused heart during ischemia and reperfusion as
detected by real-time in situ 31P NMR measurement. We demonstrate for the first time that
amiodarone prevents the mitochondrial AIF release induced by ischemia-reperfusion in
perfused hearts. We also demonstrated that cardiac and extracardiac cells are more susceptible
to desethylamiodarone than amiodarone. and We also report that amiodarone exerts a biphasic
effect on the mitochondria, with protective effects in lower concentration and toxic properties
manifesting when present at higher concentrations, whereas desethylamiodarone does not
have this dual feature. Amiodarone when present in low concentrations protects the energy
mechanism of postischemic heart by inhibiting the mitochondrial permeability transition by
attenuating the ROS generation. These properties of amiodarone are due to the presence of its
ethyl group, because its major metabolite, desethylamiodarone, does not exhibit the
cardioprotective and beneficial mitochondrial features of the parent drug. In higher
concentrations, amiodarone as well as desethylamiodarone, can induce a CsA-independent
mitochondrial swelling, thus contributing to the toxic property of the drug. Although both
amiodarone and desethylamiodarone have similar antiarrhythmic properties, only amiodarone
possesses a cardioprotective effect, and the frequently manifesting side effects during long
term amiodarone therapy could be related, at least in part, to the accumulation of
desethylamiodarone.
We report the synthesis of new amiadorone analogues, which were modified on benzofuran
ring, for example, 2-methyl versus 2-butyl, and in aliphatic moiety of 2,6-250
diiodophenolether

by

incorporating

2,2,5,5-tetramet-2,5-dihydro-lH-pyrrole,

1,2,5,6-

tetrahydropyridine nitroxides or their hydroxylamine or amine and precursors. It was found
that 2-butylbenzofurane derivatives were less potent than 2-methylbenzofurans, although
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most derivatives synthesized exhibited weaker effect on mitochondrial permeability transition
than amiodarone 1 itself. Compounds 8c, 10b and 10c had similar inhibitory effect on
mitochondrial permeability transition as amiodarone, but compound 10b lacked the biphasic
charac- 260 teristic, as this agent did not induce swelling up to the concentration of 100 pM.
In addition to this, compounds 7a, 8a, 8b and 10b presented a total inhibition of MPT as did 1
pM of CsA. Elevated uncoupling concentrations, indicated by the higher ED50 values were
also a feature of most of the compounds. This would allow the administration of these agents
in higher concentration without deteriorating the mitochondrial energy production by
uncoupling the oxidation and the phosphorylation. Among the other parameters toxicity and
restoring of the level of high-energy phosphate metabolites in perfused hearts, compound 10b
have similar effects as amiodarone 1, however this effect could be achieved in administering
this compound in a lower concentration. Compound 10b, therefore seems a good starting
point for further toxicology studies and rat pharmacokinetic studies.
HO-3538 inhibited the Ca2+- tert-butyl hydroproxide- and atractyloside induced mitochondrial
swelling in vitro in isolated liver and heart mitochondria (Fig. 13). This effect was inferior to
that of cyclosporine A, but was similar to that of amiodarone (4.9 ± 0.5 vs. 3.9 ± 0.8 pM)
while SCAV did not have any effect. More importantly and unlike amiodarone, HO-3538 did
not induce swelling on its own up to the concentration of 100 pM. The mPT inhibitory effect
of HO-3538 was also demonstrated by detecting the release of proapototic proteins from the
mitochondria by using immunoblotting and HPLC analysis. By monitoring mitochondrial
membrane potential, we found that at the concentrations where HO-3538 effectively inhibited
mPT it exerted a mild uncoupling effect too (ED50=36.2 ±3.2 pM). Mild uncoupling could
inhibit mPT (Okado-Matsumoto at al.,2001; Aronis at al.,2002) by making the respiratory
chain to work more efficiently leading to less leakage of electrons and thus lowering the level
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of ROS generation (Budd et al.,1997). All these results show that HO-3538 had beneficial
effects on the isolated mitochondria.
It is a widely accepted therapeutic disadvantage of amiodarone that it causes toxic side-effects
in the patients during prolonged treatment (Amico et al., 2006). Under our experimental
conditions, 30 and 100 pM of amiodarone significantly reduced viability of H9C2
cardiomyoblasts even after a mere 48-hour exposure. However, HO-3538 was not toxic at all
under the same conditions as it was revealed by using the MTT+ cell-proliferation assay (Fig.
4A). Rather, it exerted protective effect that was significantly superior to that of equimolar
amiodarone against either oxidative stress-induced (Fig. 15B) or etoposide-induced (Fig. 15C)
apoptotic cell death in cultured cell lines. Oxidative stress was induced by exposing H9C2
cells to 150 pM H2O2 for 48 hours, under which conditions the cell death was apoptotic rather
than necrotic. It was, because H9C2 cells were quite resistant to H2O2, so this H2O2
concentration represented a moderate oxidative stress for them, to which they were exposed
for a long time. We compared the cytoprotective effect of HO-3538 with equimolar amounts
of various antioxidants including SCAV, the antioxidant side-chain of HO-3538, as well as
with amiodarone under these conditions (Fig. 15B). HO-3538 proved to be significantly the
most effective among the substances tested, although its antioxidant properties were superior
only to that of amiodarine, were about the same as that of Vitamin E and N-acetyl cysteine,
and were inferior to that of SCAV and Vitaminé C as it was revealed in a separate experiment
(Fig. 15D). In the latter, the cells were exposed to a strong oxidative stress (1 mM H2O2) for
90 min, which induced ROS generation in the cells, but was too short time to cause
considerable cell death. Jurkat cells were used to compare the anti-apoptotic properties of
amiodarone and HO-3538 assessed by measuring caspase-3 activity. This cell line is a well
established model for detecting the activation of the caspase dependent apoptotic pathway,
and at the concentration of 50 pM, etoposide was not supposed to induce considerable ROS
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formation providing a suitable setup for the experiment.

Both substances decreased the

etoposide-induced caspase-3 activity significantly; however, HO-3538 was more effective in
this respect than amiodarone (Fig. 15C) even at low concentrations where amiodarone was
not supposed to induce apoptosis (DiMatola et al., 2000). All these results clearly
demonstrated the relevance of our working hypothesis since HO-3538 protected the H9C2
cells more effectively than amiodarone (mPT inhibitor, but poor antioxidant) and Vitamin C
or SCAV (superior antioxidants to HO-3538, but no mPT inhibitory property), and its antiapoptotic effect was superior to that of amiodarone too. Also, HO-3538 was preferably taken
up into the mitochondria as we found by quantitative mass spectrometry, so it was in position
to exert mitochondrial protection.
While the intrinsic phase of apoptosis is characterised by the release of pro-apoptotic proteins
from the mitochondrial inter-membrane space, the permeability transition has important
consequences affecting energy production, such as loss of oxidative phosphorylation capacity
due to the failed integrity of the inner membrane, the conversion of complex V (ATPsynthase) from an energy-producing to an energy-consuming complex that consumes
glycolytic ATP and the inhibition of complex I due to the loss of NADH. We evaluated what
beneficial consequences could result from the simultaneous inhibition of permeability
transition and ROS scanvenging on myocardial high-energy phosphate metabolism during
hypoxia-ischemia in Langendorff-perfused rat hearts by monitoring the levels of as creatine
phosphate, ATP and inorganic phosphate in situ by means of P NMR spectroscopy. Thirty
minutes of ischemia abolished Cr-P and ATP entirely with simultaneous appearance and
increase of inorganic phosphate that was undetectable prior to ischemia. During reperfusion,
these values recovered to 25-35% of their pre-ischemic values in the first 15 min of
reperfusion, then the rate of recovery became almost imperceivable, however, cardioprotectic
agents improved both the rate and the extent of this recovery [Toth et al.]. HO-3538
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significantly improved the rate and extent of the recovery of all the phosphate metabolites
tested, and in this respect it was superior to either equimolar amiodarone or SCAV (Fig. 5A).
Particularly, recovery of Cr-P in the presence of 5 pM of HO-3538 was more rapid and
reached a higher value than in the case of 10 pM of amiodarone (data not shown). It is
noteworthy since Cr-P is the major energy source for the myocardium. Interestingly, we found
that the most effective concentration for HO-3538 was 5 pM, and further increasing its
concentration in the perfusion medium decreased rather than increased its effectivity. It is
hard to explain, because HO-3538 did not induce mPT at least up to 100 pM, was not toxic to
H9C2 cells and its mild uncoupling effect was supposed to contribute to its beneficial effects.
Besides the energy metabolism, more effectively than amiodarone or SCAV, HO-3538
improved the recovery of cardiac functional parameters (Fig. 16B), and decreased the release
of pro-apoptotic mitochondrial proteins cyt-c, EndoG and AIF (Fig. 17). Latter result
suggested that inhibition of mPT was a major factor in the cardioprotective effects of HO3538. However, the facts that HO-3538 was again more effective than amiodarone and that
SCAV significantly improved the energy metabolism as well as the cardiac functional
parameters underline the importance of free-radical scavenging in alleviating ischemiareperfusion induced damages. ROS produced during the reperfusion period induces lipid
peroxidation, DNA damage as well as protein oxidation, which through reactive aldehydes
further deteriorates the mitochondria. Under our experimental conditions, HO-3538
significatly improved these parameters as well as it decreased infarct size (Fig. 18). Latter
might not represent ultimate rescue of cardiomyocytes since seemingly smaller infarcts are
often merely delayed [42], however, all the other results indicate a clear cytoprotective effect
for HO-3538.
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In conclusion, HO-3538, the first representative of mPT inhibitors with free-radical
scavenging properties demonstrated significant cytoprotection and cardioprotection that may
have therapeutic relevance.

Conclusions
•

We report that amiodarone exerts a biphasic effect on the mitochondria with protective
effects in lower concentrations and toxic properties manifesting when present at higher
concentrations. On the other hand desethylamiodarone had only toxic effects. In higher
concentrations, amiodarone as well as desethylamiodarone, can induce a CsA-independent
mitochondrial swelling, thus contributing to the toxic property of the drug. Although both
amiodarone and desethylamiodarone have similar antiarrhythmic properties, only
amiodarone possesses a cardioprotective effect, and the frequently manifesting side effects
during long-term amiodarone therapy could be related, at least in part, to the accumulation
of desethylamiodarone.

•

We present

clear evidence that

amiodarone

at low concentrations

but not

desethylamiodarone protects the mitochondrial energy metabolism of the perfused heart
during ischemia and reperfusion as detected by real-time in situ 31P NMR measurement.
We also demonstrated that cardiac and extracardiac cells are more susceptible to
desethylamiodarone than amiodarone.
•

We report the synthesis of new amiadorone analogues, which were modified on
benzofuran ring, for example, 2-methyl versus 2-butyl and in aliphatic moiety of 2,6-250
diiodophenolether by incorporating 2,2,5,5-tetramet-2,5-dihydro-lH-pyrrole, 1,2,5,6tetrahydropyridine nitroxides or their hydroxylamine or amine precursors. Compound
Ho3538, therefore seemed a good starting point for further toxicology studies and rat
pharmacokinetic studies.

64

•

The best derivate H03538 had much lower toxicity and higher cardioprotective effect as
amiodarone, while it schowed similar effectivity as amiodarone inhibiting mPT in vitro
and in vivo, aswell as a much superior antioxidant effect.

•

HO-3538 was preferably taken up into the mitochondria as we found by quantitative mass
spectrometry, so it was in position to exert mitochondrial protection. In conclusion, HO3538, the first representative of mPT inhibitors with free-radical scavenging properties
demonstrated significant cytoprotection and cardioprotection that may have therapeutic
relevance.
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SOD mimetikus mPT inhibitorok prototípusának
kifejlesztése
Az

Amiodarone

(2-butyl-3 -benzofuranyl

4-[2-(diethylamino)-ethoxy]-3,5-

diiodophenyl-ketone hydrochloride) egy III. kategóriájú antiarrhitmiás ágens, amit a
klinikai gyakorlatban számos szívritmuszatar kezelésében használnak. Bizonyított
jótékony hatása postischemiás szivek esetében is, mivel javítja a nagy energiájú foszfát
metabolitok visszatérését és mPT gártó gatással is rendelkezik.
Az

Amiodarone

legjelentősebb

metabolitja,

a

Desethylamiodarone,

szintén

rendelkezik (III. típusú) antiarritmiás hatással. Ez a metabolit az Amiodarone kezelést
követően jelentős mértékű, még az Amiodaronnál is magasabb, halmozódást mutat a
tüdőben. Vizsgálatok kimutatták, hogy a Desethylamiodarone jelentősebb mértékben
károsítja

a tüdő

sejtjeit

mint

az Amiodarone,

így

feltételezhető,

hogy

a

Desethylamiodaronenak jelentős szerepe van az Amiodarone kezelés következtében
kialakuló súlyos mellékhatásokban, mint a pulmonális fibrosis.
Tanulmányunk első felében azt kívántuk megvizsgálni, hogy az Amiodaronnak és a
Desethylamiodaronenak

milyen

hatásai

vannak

a

mPT-re,

és

a

szív

energiaháztartására. Izolált patkány máj mitokondriumokon végeztünk permeabilitás
tranziciós vizsgálatokat mind Amiodarone, mind Desethylamiodarone különböző
koncentrációival. Eredményeink szerint az Amiodarone kis koncentrációban nagyfokú
mPT inhibitoros hatással rendelkezik, nagy koncentrációban viszont indukálja a
mitokondriális duzzadást és a mitokondriális membránpotenciái összeomlását okozza.
A Desethylamiodarone ezzel szemben nem birtokolja az Amiodarone bifázisos
tulajdonságait, kis koncentrációban nem gátolja a permeabilitás tranziciót, nagy
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koncentrációban

a

tulajdonságai

hasonlóak

az

Amiodaronhoz,

indukálja

a

mitokondriális duzzadást.
Megvizsgáltuk az Amiodarone és a Desethylamiodarone szívre gyakorolt hatásait.
Langendoff-perfuzió során, patkány sziveket vizsgáltunk 31P-NMR spektroszkópiával.
Eredményeink

szerint

az Amiodarone,

szemben

a Desethylamiodaronenal

a

mitokondriális energia metabolizmusra pozitív, protektiv hatású ischemia és reperfuzió
alatt. A szísejtekre és egyéb extrakardiális sejtekre gyakorolt hatásukat cardiomiocyta
ill. máj sejt sejtrkultúrákon vizsgáltuk. Emondhatjuk, hogy a Desethylamiodarone
sejtkárosító hatása jelentősebb az Amiodaronénál. Elmondhatjuk, hogy az Amiodarone
alacsony koncentrációban a mitokondriumokra gyakorolt pozitív hatásai (mPT gátlás,
ROS képződés gátlás, mitokondriális fehérjekiáramlás gátlás) miatt jótékony hatású a
postischemiás

szivekre.

Feltételezéseink

szerint

az

Amiodarone

pozitív

tulajdonságaiért a szerkezetében egy amincsoporton található etyl csoport lehet a
felelős, mivel metabolitja a Desethylamiodarone, nem mutat cardioprotektív és
mitokondriumvédő hatásokat. Feltételezzük, hogy a hosszas Amiodaronkezelés
következtében kialakuló mellékhatásokért az általunk is vizsgált metabolit, a
Desethylamiodarone felhalmozódása is feleltős lehet.
Mivel az Amiodarone előnyös tulaj donságia által nélkülözhetetlen az orvostudomány
számára, a közelmúltban jelentős erőt fektettek különféle Amiodarone analógok
kifejlesztésébe. Az Amiodarone molekula szerkezetének megváltoztatásával próbáltak
olyan

molekulákat

keresni,

melyek

birtokolják

az

Amiodarone

mind

a

mitokondriumokra, mind a szívre gyakorolt pozitív hatásait, miközben elkerülhetővé
válnak a negatív mellékhatások.
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Prof. Hideg Kálmán és munkatársai által szintetizált és számunkra rendelkezésre
bocsátott

új

Amiodarone

analógok

lehetőséget jelentettek

számunkra,

hogy

tulajdonságaikat megvizsgáltva találjunk egy olyan új Amiodarone analóg molekulát,
mely megfelelhet elképzeléseinknek.
Tíznél több új analóg molekula hatásait vizsgáltuk a mitokondriális permeabilitás
tranzicióra, és Langendorff perfundált szivekre. Ezen vizsgálataink eredményeként
jutottunk el a H 03538 nevű molekulához, mely a legeffektívebb Amiodarone-analóg
molekulának tűnk.
A H 03538 szerkezetileg egy oldalláncban tér el az Amiodaron molekulától. Az
Amiodarone Etyl oldalláncát helyettesítették egy l-hydroxy-2,2,5,5-tetramethyl-2,5dihydro-lH-pyrrol-3-ylmethyl

oldallánccal,

mely

önmagában

is

gyökfogó

tulajdonságokkal rendelkezik.
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Összehasonlítottuk

a

H03538

és

az

Amiodarone

mitokondriumokra

(mPT,

fehérjekiáramlás), szivekre és sejtekre gyakolott tulajdonságait. Eredményeink azt
mutatták, hogy míg az Amiodarone csak kis koncentrációban védett a mitokondriális
permeabilitás tranzicióval szemben, addig a H 03538 még magas akár 100-200 pmólos
koncentrációban is védte a mitokondriumokat a duzzadástól. A H 03538nak ez a
tulajdonsága támasztotta alá azt is, hogy mPT során a mitokondriumokból kiáramló
fehérjék (mint CytocromC, Aif, EndoG) mennyisége is jobban csökkenthető volt nagy
koncentrációjú H 03538 hozzáadásával, mint amiodaronnal. A Ischemia-reperfuzión
átesett szivekre is kedvező hatású volt a H 03538, 5-10 pMol koncentrációban hasonló
hatásfokkal bírt, mint az Amiodarone. Sejtkultúrák vizsgálatán jól demonstrálható volt
a settúlélésre gyarokolt hatás. Míg az Amiodarone nagy koncentrációban cytotoxikus
tulajdonságokat mutatott, addig a H 03538 nem mutatkozott sejtkárosító hatásúnak. A
H 03538 oldalláncának köszönhetően jelentős gyökfogó hatással is rendelkezik, ami
lehetővé teszi számára a nagyobb fokú védelmet az oxidatív sejtkárosító hatásokkal
szemben.
Reményeink szerint ez az új gyökfogó tulajdonságokkal rendelkező Amiodarone
analóg

molekula,

a

H03538,

azonos

vagy

közel

hasonló

pozitív

terápiás

tulajdonságokkal rendelkezik majd, mind a kiindulási molekula, az Amiodarone és
feltételezzük, hogy a kezelés során kialakuló mellékhatásokat sikerül majd elkerülted a
H 03538 alkalmazása során.
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