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A worldwide menace
More than a century after its discovery by 
the Brazilian physician and parasitologist 
Carlos Chagas, American Trypanosomiasis 
(Chagas disease) continues to be among 
the most neglected of all tropical dis
eases, affecting millions of people and 
posing a serious health and economic 
setback for most Latin American coun
tries.1,2 Furthermore, as a consequence of 
increased migration, both domestically 
(from rural to urban areas) and inter
nationally, Chagas disease has spread 
from Latin America to become a world
wide menace.2,3 Estimates from the World 
Health Organization and the Centers for 
Disease Control and Prevention indicate 
that between 8 and 11 million people are 
infected, and at least 100 million are at risk 
of infection, by the diseasecausing parasite 
Trypanosoma cruzi.4,5 Central and South 
American countries such as Argentina, 
Bolivia, Brazil, and Venezuela continue 
to have the highest prevalence of this 
disease,4,6 but cases have been described in 
Australia, Canada, and Europe,3 and at least 
300,000 individuals residing in the USA are  
estimated to have this condition.7

Pathophysiology
After infection by the protozoan parasite 
T. cruzi, the disease undergoes an acute and 
then a chronic phase.8 During the acute 
phase, a wide variety of parenchymal cells 
become parasitized, including those of the 
gastrointestinal tract (colon and esophagus), 
brain and, especially, the heart.8 Chronic 
cardiomyopathy is the most frequent and 
serious manifestation in latestage disease, 
affecting up to 40% of individuals, and can 
occur years or decades after initial infec
tion.6,8 The pathophysiology of myocardial 
damage is based on the direct injury caused 
by the intracellular forms of the parasite 
(amastigotes; Figure 1), which provokes 
the host inflammatory response, resulting 
in a chronic, focaltomultifocal, fibrosing 
myocarditis and consequent impairment 
of myocardial contractile function.6,8,9 This 
diffuse pattern of panmyocarditis serves 
as the anatomical substrate for the electro
cardiographic patterns of intraventricular 
conduction disturbances and the atrial and 
ventricular arrhythmias seen in advanced 
forms of chagasic cardiomyopathy.6,9

Although several studies in the past have 
suggested an autoimmune component in 
the pathogenesis of this disease, multiple 
studies have shown a posi tive correlation 
between tissue parasitism and the extent of 
cardiac dysfunction.10,11 Tarleton et al. have 

demonstrated that heterotopic neonatal heart 
transplants to syngeneic mice with chronic 
experimental Chagas disease and severe 
cardiomyopathy do not elicit autoimmune 
type rejection or are targets of inflamma
tory responses from the host.12 Rejection 
occurred only when the hearts were directly 
injected with live parasites, leading to a dra
matic inflammatory response and cessation 
of contractile activity.12 In addition, effective 
antiparasitic treatment leads to regression of 
the inflammatory heart lesions and fibro
sis in experimental animals and also stops 
prog ression of disease in humans, support
ing the notion that the presence of the para
site is necessary and sufficient for chagasic  
cardio myopathy to develop.10

Treatment options
To date, there are only two commonly avail
able drugs to treat Chagas disease, the nitro
heterocyclic compound nifurtimox and the 
nitroimidazole derivative benznidazole.9 
Large, multicenter, randomized trials of 
these drugs, including the BENEFIT trial,13 
are currently underway. However, neither 
nifurtimox nor benznidazole is ideal to treat 
the chronic phase of Chagas disease because 
of their limited efficacy, the presence of 
natu rally resistant strains of the parasite, and 
substantial toxic adverse effects.14

Paradoxically, and despite the wide spec
trum of atrial and ventricular arrhythmias 
and conduction disturbances frequently 
observed in patients with chagasic cardio
myopathy, drug therapy with conventional 
antiarrhythmics in this setting is also fre
quently ineffective.6,8,9 Several studies have 
demonstrated the efficacy of implantable 
cardioverter– defibrillators in treating 
malignant arrhythmias in patients with 
Chagas cardio myopathy;15 however, this 
alternative is not readily available for low
income populations  such as those affected 
by this disease.

Over the past 10 years, several novel 
approaches using new and old drugs have 
emerged on the basis of an increa sing under
standing of bio chemical, physio logical, and 
metabolic aspects of the parasite.14,16 Among 
the mostpromising candidates are specific 
drugs that have proven efficacy and have been 
extensively used for other clinical conditions, 
inclu ding the bisphosphonate risendronate17 
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and several azolebased antifungals, such 
as itraco nazole16 and posaconazole.14,18 
However, the option that has become more 
tempting, because of its dual mechanism 
of action, is the anti arrhythmic agent and  
benzofuranderivative amiodarone.

A dual mechanism of action
Amiodarone
Frequently prescribed to patients with 
complex arrhythmias as a consequence of 
their baseline chagasic cardio myopathy,16 
amiodarone is primarily considered a 
class III antiarrhythmic agent, but shares 
at least some of the properties of other 
electro physio logical classes of anti
arrhythmic drugs.16,19 Actions of amio
darone include inhibition of Na+ channels, 
Ltype Ca2+ channels, K+ channels, and the  
Na+/Ca2+  exchanger, as well as non
competitive blockade of α and β adrenergic 
receptors.19 Although no specific agent has 
yet been demonstrated to prolong survival in 
patients with Chagas disease in randomized 
trials,9 two studies have shown that amio
darone is the mosteffective antiarrhythmic 
agent in patients with this condition.20,21 
Indeed, ambulatory electrocardiographic 
monitoring over a 26month period revealed 
only a few minor arrhythmic events in 
patients with chronic chagasic myocarditis 
and malignant ventricular arrhythmias who 
had been treated with amiodarone.22 These 
observations suggest that nonelectrophysio
logical mechanisms of action might have a 
role in the superior efficacy of amiodarone 
in this setting.

In 2006, amiodarone was reported to 
have specific antiT. cruzi effects in addition 
to its antiarrhythmic activity.17 The direct 
antiT. cruzi activity of amiodarone, as well 
as its potent synergistic effect when coupled 
with the ergosterol biosynthesis inhibitor 
posaconazole, was demonstrated in vitro 
and in infected mice.17 Amiodarone disrupts 
Ca2+ homeostasis in T. cruzi by inducing the 
release of this ion from intracellular stores 
(Figure 2), specifically from the single giant 
mitochondrion present in the parasite17 as 
well as from the acido calcisomes (acidic 
organelles containing high concentrations 
of pyrophosphate and Ca2+).23,24 Interestingly, 
this action seems to be parasite specific, 
since it was not observed in the mamma
lian host cells (Figure 2), which grew nor
mally under the amiodarone levels that 
led to loss of parasite viability within 24 h. 
Additionally, amio darone was found to 

block sterol bio synthesis in T. cruzi by inhi
bition at the level of oxidosqualene cyclase, 
an effect also potentiated by posaconazole.17 
The combined effects of these two mutu
ally reinforcing molecular mechanisms, the 
disruption of the parasite’s Ca2+ homeo stasis 
and the blockade of de novo ergosterol bio
synthesis, contribute to the anti proliferative 
and synergistic effects of amiodarone against 
this parasite.17 Electron microscopy studies 
have confirmed that these drugs, when 
used indivi dually or in combination, induce 
parasite death, as shown ultra structurally by 
intense wrinkling of the protozoan surface, 
shedding of plasma membrane vesicles, 
vesicle for mation in the flagellar pocket, 
swelling of the parasite’s mitochondrion, 
accumulation of lipid inclusions in the 
cytoplasm, disorganization of the Golgi 
complex, and formation of autophagic 
vacu oles (Figure 3).25,26 This direct acti vity 

Figure 1 | Myocardium stained with 
hematoxylin and eosin, revealing severe 
inflammatory reaction composed primarily of 
lymphocytic cell infiltrate (small, round, dark 
blue cells), and nests of tightly packed 
amastigotes (white arrows) within muscle cells.
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Figure 2 | Amiodarone disrupts intracellular Ca2+ homeostasis in T. cruzi. Vero cells heavily infected 
with T. cruzi amastigotes were incubated simultaneously with cell-permeant Rhod-2 AM (to show 
Ca2+ distribution; red) and Rhodamine 123 (to show mitochondrial membrane electrochemical 
potential; green). a | Under control conditions, the red fluorescence of Rhod-2 came mainly from 
intracellular Ca2+-rich compartments—primarily mitochondria—because the low affinity of Rhod-2 for 
Ca2+ limits its fluorescence in the Ca2+-poor cytoplasm of the amastigotes or Vero cells. b | Also 
under control conditions, the green fluorescence of Rhodamine 123 was distributed across the 
inner mitochondrial membrane showing its membrane potential. c | A merge of parts a and b shows 
co-localization of these fluorescent stains. d | When the individual Vero cell (infected with T. cruzi 
amastigotes) was treated with amiodarone (12.5 μmol/l), Ca2+ was released from the parasites’ 
mitochondria and a concomitant increase in the parasites’ cytoplasmic Ca2+ concentration was 
observed. However, no effects were seen on the cytoplasmic Ca2+ levels in the host Vero cell. 
e | The amiodarone-induced change in Ca2+ localization within the parasite (shown in part d) was 
associated with a collapse of the mitochondrial membrane potential, as depicted by decreased 
green fluorescence compared with that seen in part b. Reprinted with permission from 
Benaim, G. et al. Amiodarone has intrinsic anti-Trypanosoma cruzi activity and acts synergistically 
with posaconazole. J. Med. Chem. 49, 892–899 (2006). Copyright 2006 American Chemical Society.

PERSPECTIVES

© 2012 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | CARDIOLOGY  VOLUME 9 | OCTOBER 2012 | 607

of amiodarone against T. cruzi has also been 
clearly demonstrated in vivo in murine 
models of Chagas disease.17 Compared with 
several other therapies, treatment of infected 
animals with amiodarone alone reduced 
parasi temia and increased survival by 
60 days and, when given in combi nation with 
posaco nazole, also delayed the development  
of parasitemia.17

Consequently, we decided to explore 
whether antiarrhythmic treatment with 
amiodarone would also have an effect on 
parasite load in humans, or enhance the effi
cacy of other speci fic antiparasitic agents. 
The preliminary results have been very 
encouraging. In a case report, we showed 
that amiodarone treatment resulted not only 
in adequate control of arrhythmia, but also in 
a consi derable reduction in parasite load 
in a 62yearold man diagnosed with severe 
chagasic cardiomyopathy.16 Surprisingly, 
1 month after initiating amiodarone and 
obtaining clinical stabilization, circulating 
specific ‘lytic’ antibodies (antirTc24) against 
T. cruzi dropped dramatically.16 Itraconazole 
was added to his regimen and, after an 
additional 6 months of combi nation treat
ment, specific antirTc24 antibodies reached 
levels below the cutoff point for detection. 
Moreover, our patient’s clinical condition 
improved consi derably, with his ejection frac
tion increasing from 25% to 32%, revealing 
an enhancement of myo cardial function.16 
How, then, did amiodarone contribute to 
recovery of cardiac function in this patient?

The answer to this question came early 
in 2011, with the elucidation of the mecha
nism by which amiodarone promotes cardiac 
cell recovery at the same time as it inhibits 
T. cruzi infection.26 Parasite proli feration 
is associated with progressive reduction of 
cardio myocyte contractility. Because T. cruzi 
is known to disrupt gap junctional communi
cation through reduction of the essential gap 
protein connexin 43 (also known as gap junc
tion alpha1 protein), Adesse et al. evalu ated 
expression of connexin 43 and its interactions 
with actin filaments after amiodarone treat
ment of cell cultures infected with T. cruzi.26 
Notably, reassembly of these cytoskeleton ele
ments was accompanied by recovery of spon
taneous contractility of cardiac myocytes 
and, after several hours, the number of spon
taneous beats was at a level comparable to 
that of uninfected cardio myocyte cultures.26  
We believe that these results reflect, at a cellu
lar level, the sequence of clinical events that 
led to the improvement of our patient with 
amiodarone treatment.

Unfortunately, amiodarone’s adverse effects  
(including thyroid, pulmonary, and gastro
intestinal toxicity) and potential photo toxic 
reactions represent a major challenge to use 
of this drug in certain clinical scenarios, such 
as interstitial lung disease, hyperthyroidism, 
hypothyroidism, or hepatic or renal dys
function. These undesirable features have 
prompted consideration of a new candidate 
drug, a noniodinated benzofuran derivative 
of amiodarone, dronedarone.

Dronedarone
Like amiodarone, dronedarone is consi
dered mainly a class III agent, but exerts 
multi channelblocking properties by inhibi
ting multiple Na+ channels, K+ currents, 
Ltype and Ttype Ca2+ channels, as well 
as demonstrating substantial αblocking 
and βblocking properties.19,27 Structurally, 
the iodine moieties of amiodarone are not 
present in dronedarone, and a methyl
sulfonamide group has been added to 
decrease lipophilicity (Figure 4a), thus 
reducing the possibility of neurotoxic and 
other adverse effects.19,27

To date, no experience of dronedarone 
use in patients with Chagas disease has 
been reported, and overall longterm clini
cal experience with this drug is limited (the 
largest trial of its use, the ATHENA study,28 
lasted for only approximately 21 months).27 
However, several randomized, placebo
controlled trials have demonstrated the effi
cacy of dronedarone for the maintenance of 
sinus rhythm and ventricular rate control in 
patients treated for atrial fibrillation or atrial 
flutter.19,27,29 On a clinical basis, therefore, we 
believe that dronedarone is a good candidate 
for the treatment of chagasic cardio myopathy 
in patients with associated arrhythmia, but 
what about its antiparasitic action?

Results obtained in our laboratory have 
shown that dronedarone effectively de 
energizes the parasite mitochondrion 
(Figure 4b), and induces the release of Ca2+ 
from T. cruzi acidocalcisomes in a similar 
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Figure 3 | Effects of amiodarone on the ultrastructure of intracellular T. cruzi (Y strain) amastigotes. a | Untreated heart muscle cells, after 192 h of 
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fashion to amiodarone (Figure 4c),23 thus 
effectively killing the parasites in both 
its extracellular form (epimastigotes) and its 
intracellular, and clinically relevant, form 
(amastigotes). As with amiodarone, the tar
geting of acidocalcisomes is critical, owing 
to the important role of these organelles in 
maintaining an adequate pH and osmo
regulation within the parasites. Additionally, 
as a reser voir of polyphosphates, the funda
mental function of acidocalcisomes in 
the bioenergetics of the parasite is crucial 
because pyrophosphate is an alternative 
energy source to ATP for these parasites and 
is more abundant.24

A potential drawback to the use of drone
darone in combination with other antipara
sitic drugs is its extensive liver metabolism 

by cytochrome P450.30,31 In contrast to 
amiodarone, which exerts a strong syner
gistic antiparasitic effect with itraco nazole 
or posaconazole in vitro and in vivo, the use 
of dronedarone in combination with cyto
chrome P450 3A inhibitors, such as itra
conazole, ketoconazole, and vori conazole, 
is reported to potentially result in a signifi
cant increase of dronedarone concen
tration and toxi city.30,31 On the other hand, 
an increase in the plasma concentration of 
drone darone (when concomitantly used 
with azoles) might increase exposure of the 
parasites to the drug. Nevertheless, the use 
of drone darone in patients with severe heart 
failure is still controversial, with conflict
ing results from two of the mostimportant 
trials, the ANDROMEDA and ATHENA 

trials.28,29,32 Although the former study 
revealed a higher mortality among patients 
with decom pensated heart failure receiving 
drone darone,32 the latter indicated a posi
tive outcome when considering time of first  
hospitalization or death as end points.28

Despite these potential drawbacks, we 
believe that dronedarone has emerged as a 
strong candidate for the treatment of cha
gasic cardiomyopathy in patients who have 
arrhythmia in light of its anti arrhythmic 
and antiparasitic efficacies, as well as its 
better overall safety profile compared with 
amiodarone. We strongly suggest that until 
more information is collected regarding the 
safety profile of dronedarone in patients 
with advanced heart failure, its use should 
be restricted to chagasic patients with arrhy
thmia and mildtomoderated heart failure. 
At the moment, amiodarone remains the pre
ferred of these two drugs, primarily because 
of its potential for use in combi nation with 
azolederivatives. However, the morepotent 
antiparasitic effect of dronedarone places this 
drug as a better singletherapy candidate. 
Additionally, because of its powerful effect on 
killing parasites, we suggest that the duration 
of dronedarone treatment in combination 
with azoles could potentially be shortened 
or tailored to avoid potential adverse effects.

Conclusions
In Latin America, major efforts to control 
Chagas disease have included the imple
mentation of housing improvement, case 
manage ment, and vectorcontrol cam
paigns.33 However, important and success
ful programs such as the Southern Cone 
Initiative (INCOSUR) have clearly empha
sized that current prevention strategies are 
not sufficient to control disease burden, and 
that diagnosis and treatment of every indivi
dual with Chagas disease is a key to success.33 
The organization Médecins Sans Frontières 
has demonstrated the feasi bility of imple
menting Chagas disease diagnosis and treat
ment protocols in highly affected populations 
in the Andes and in Central American coun
tries, as well as the need for moreeffective 
drugs with improved safety profiles.34

The dual role of benzofuran derivatives—
not only as primary antiarrhythmic drugs, 
but also as proven antiparasitic agents— 
represents a clear example of the ‘kill two birds 
with one stone’ approach in thera peutics. 
Combination schemes including benzofuran 
derivatives with azole drugs could improve 
treatment efficacy, reduce dosage, treatment 
duration, and toxicity, and might prevent the 
potential development of resistant parasite 
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strains. Also, their complementary use with 
other therapeutical interventions (such as 
implantable cardioverter defibrillators15) 
or other drugs with proven efficacy for this 
condition (for example, βblockers35) might 
impro ve the overall survival of patients with 
Chagas disease.

Despite the World Heath Organization’s 
mostrecent efforts to eliminate Chagas 
disease (launched in 2007),36 little has been 
accomplished. Chagas disease continues to 
impair human development by produ cing 
substantial morbidity, premature death, 
and disability,33,37 with an estimated annual 
cost of 667,000 disabilityadjusted lifeyears 
lost.37,38 This condition thus severely affects 
the productivity and progress of an entire 
continent, and the lack of investment in, or 
solid commitment to, discovery and develop
ment of new antitrypanosomal drugs paints 
a forlorn picture. Therefore, the potential use 
of drugs already approved for treatment of 
other conditions in humans is emerging as a 
hope in the fight against this disease.
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