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Belo Horizonte, Brazil; 8Division of Infectious Diseases and Geographic Medicine, Department of Medicine, Stanford University School of
Medicine, Stanford, California

Abstract. Trypanosoma cruzi is the etiologic agent of Chagas disease (CD), which can result in severe cardiomy-
opathy.Trypanosoma cruzi is endemic to theAmericas, and of particular importance in Latin America. In theUnitedStates
and other non-endemic countries, rising case numbers have also been observed. The currently used drugs are benzni-
dazole (BNZ) and nifurtimox, which have limited efficacy during chronic infection. We repurposed itraconazole (ICZ),
originally an antifungal, in combination with amiodarone (AMD), an antiarrhythmic, with the goal of interfering with T. cruzi
infection. Human pluripotent stem cells (hiPSCs) were differentiated into cardiomyocytes (hiPSC-CMs). Vero cells or
hiPSC-CMs were infected with T. cruzi trypomastigotes of the II or I strain in the presence of ICZ and/or AMD. After 48
hours, cells were Giemsa stained, and infection and multiplication were evalutated microscopically. Trypanosoma cruzi
infection and multiplication were evalutated also by electron microscopy. BNZ was used as a reference compound. Cell
metabolism in the presence of test substances was assessed. Itraconazole and AMD showed strain- and dose-
dependent interference with T. cruzi infection and multiplication in Vero cells or hiPSC-CMs. Combinations of ICZ and
AMDweremore effective against T. cruzi than the single substances, or BNZ, without affecting host cell metabolism, and
better preserving host cell integrity during infection. Our in vitro data in hiPSC-CMs suggest that a combination of ICZ
andAMDmight serve asa treatment option forCD inpatients, but that different responsesdue toT. cruzi strain differences
have to be taken into account.

INTRODUCTION

Chagasdisease (CD,American trypanosomiasis) is causedby
infection with the protozoan Trypanosoma cruzi. Worldwide, an
estimated8–20millionpeopleare infected.Although thedisease
is largely endemic to the Americas, particularly Latin America
where most of the infected persons reside, case numbers are
rising worldwide.1–5 It is estimated that more than 300,000 in-
dividuals in the United States have CD, with up to 45,000 per-
sons having developed resulting cardiomyopathies.6,7

Trypanosoma cruzi is spread by more than 130 triatomine
insects, also referred to as “kissing bugs,” which transfer T.
cruziduring their bloodmeals.8 From the bloodstream, T. cruzi
trypanomastigotes can infect and replicate in various organs
and cell types, such as macrophages, smooth and skeletal
muscles, cardiomyocytes, and endothelial cells. There are six
knownclinically importantT. cruzi strains, TcI–VI,9which seem
to have different geographical locations and preferences for
different organs.10,11 After infection, CD presents with an
acute phase, with only signs at the locus of the insect bite,
followed by an often asymptomatic lifelong chronic phase.
Infected persons are at risk of developing cardiac and/or di-
gestive pathology.4 The most common and severe manifes-
tation of CD is the cardiac form (CARD), causing congestive
heart failure, arrhythmias, and conduction abnormalities, and
frequently leading to stroke and sudden death. Treatment is
presently benznidazole (BNZ) or nitrofurans, which are only
recommended for treatment of the acute phase and early in

chronic infection,12,13 have limited efficacy,14 and cause se-
vere side effects at prolonged high-dose treatment.
We have decades-long experience in testing antifungal

drugs. Because T. cruzi and fungi are eukaryotes, it can be
expected that they share common metabolic pathways that
can be exploited as potential drug targets. In fact, a number of
antifungals have been shown to be active against T. cruzi in
vitro and in animal models, among those are posaconazole
and itraconazole (ICZ).15,16,17 To combine antitrypanosomal
therapy with a strategy to support heart function, we studied
effects of the antifungal azole ICZ in combinationwith the anti-
arrhythmic amiodarone (AMD) on T. cruzi infection in Vero
cells, as well as in human-induced pluripotent cell–derived
cardiomyocytes (hiPSC-CMs).

MATERIALS AND METHODS

Materials. Itraconazole (R51211)wasobtained fromJanssen
Pharmaceutica (Oud Turnhout, Belgium). Amiodarone, BNZ,
amphotericin B (AmB), Giemsa solution, Bouin’s fixative solu-
tion, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide inner salt (XTT), andmenadionewerepurchased
fromSigma-Aldrich (St. Louis,MO).Fetalcalf serum (FCS),RPMI
1640 medium, and B27 supplement (serum free, containing in-
sulin) were derived from Gibco (New York, NY). Matrigel™ was
obtained from BD Biosciences, San Jose, CA. Millicell EZ
chamber slideswere purchased fromMillipore (Burlington,MA).
Trypanosoma cruzi strains. Trypanosoma cruzi strains

TcII (TcY, ATCC 50832) and TcI (Sylvio, ATCC 50800) were
studied.
Isolation of trypanomastigotes. Culture-derived trypa-

nomastigotes (TCTs) of the TcI or TcII strains were obtained
from monolayers of Vero cells (African green monkey kidney
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cells; ATCC; CCL-81) that had been infected at a ratio of 5:1
(TCTs: Vero cells). Vero cells were incubated at 37�C in RPMI
1640, enriched with 5% inactivated FCS, and supplemented
with antibiotics (penicillin 500 μ/mL and streptomycin 0.5 mg/
mL) for 7–9 days. Parasites were collected from the culture
supernatants by centrifugation at 1000×g for 10 minutes and
the sediment was suspended in RPMI + 5% fetal bovine se-
rum. Parasites were counted using a Neubauer chamber and
the number was adjusted according to assay needs.
Differentiation of hiPSC-CMs. Reprogramming with

Sendai virus was used to generate hiPSC lines from peripheral
blood mononuclear cells of healthy individuals, according to
previously published protocols.18,19 Human pluripotent stem
cell lines were differentiated into hiPSC-CMs using a two-
dimensional monolayer differentiation protocol and were
maintained in a 5% CO2 + 95% air environment, and char-
acterized as described previously, with respect to gene ex-
pression, protein expression, and electrophysiologic
profiles.20–22

Infection with T. cruzi.Monolayers of Vero cells or hiPSC-
CMs were prepared on Matrigel-coated eight-well chamber
slides at a density of 2 × 105 cells/well and cultivated for 48
hour at 37�C in a 5% CO2 atmosphere. When using hiPSC-
CMs, chamber slides were pre-coated with Matrigel, and
RPMI 1640 with 5% FCS was supplemented with B27. In-
fection was carried out at a target effector ratio of 1:5 (cell:
parasite), with 24-hour interaction time in the presence of
drugs, before replacing themediumwith RPMIwith 5%FCS±
B27. Twenty-four hours after infection, cellswerewashedwith
phosphate-buffered saline, fixed with Boudin’s solution, and
Giemsa stained. The number of infected cells (defined as at
least one amastigote/cell), as well as the number of amasti-
gotes per infected cells (multiplication), was determined for
each vision field by microscopy. About 25–40% of all cells in
control wells (no drugs) were found to be infected by TcII,
whereas TcI-infected cells to 80%, when used at the same
infection ratio. In comparison to drug-treated wells, control
infections (without the presence of drugs) were regarded
as 100%.
Cell metabolism. Viability of uninfected cells was de-

termined by XTT metabolic assay.23 Into a 96-well plate, 105

cells were seeded and allowed to settle for 24 hours at 37�Cat
5%CO2 and80%humidity. Aftermediumchange, drugswere
added, and cells were incubated for 24 hours at 37�C at 5%
CO2 and 80% humidity. XTT with menadione (200 μg/mL, 40
μM in a volume of 100 μL) in RPMI with 5% FCS (containing
B27 for cardiomyocyte tests) were added to each well and
incubated at 37�C. Tests were evaluated using a plate reader
(Opsys MR; DYNEX Technologies, Chantilly, VA).
Electron microscopy (EM). Human-induced pluripotent

cell–derived cardiomyocytes were infectedwith T. cruzi type II
as described previously. Infected cells were grown in multi-
well chambers, fixed in a mixture of 4% paraformaldehyde
with 2%glutaraldehyde in 0.1Msodiumcacodylate buffer (pH
7.3), and postfixed in 1% aqueous osmium tetroxide (1 hour)
and 1% uranyl acetate (overnight). Samples were dehydrated
in an increasing ethanol series (50–70–90–100%, 10 minutes
each) and propylene oxide (100%, 2 × 15 minutes) before
gradual infiltration with Embed 812 resin (25%, 50%, 75%,
and 100% twice, 4 hours each), before final embedding in
100% EMbed 812 (SPI supplies, Johannesburg, South
Africa) and polymerization for 48 hours at 60�C. Samples

were trimmed for ultramicrotomy (Leica EM UC6, Leica
Microsystems,Wetzlar, Germany) and ultrathin sections (100
nm) collected on silicon wafers and post-stained with 2%
uranyl acetate (20 minutes) and Reynold’s lead citrate (2
minutes). Sections were visualized using a Zeiss MERLIN
field emission scanning EM (Carl Zeiss Microscopy, Jena,
Germany) operated at 6–8 kV acceleration voltage, 10 nA
probe current, and using backscattered electron detection.
Electron images were captured as tagged image file format
files using a pixel averaging noise reduction algorithm.
Statistical analysis.Resultswere analyzedusingStudent’s

t-test if two equal groups were compared, or by Student’s t-
test withWelshmodification if the two groupswere of unequal
sample sizes.

RESULTS

Effects of AMD and ICZ on infection of Vero cells with T.
cruzi strain TcII.WhenVero cellswere infectedwith TcII in the
presence of BNZ, we observed dose-dependent effects on
both T. cruzi infection (Figure 1A) and multiplication (Figure
1B). Amphotericin B showed strong effects against TcII in-
fection and multiplication as well (Figure 1A and B). Amio-
darone or ICZ alone dose-dependently inhibited TcII infection
(Figure 1A), and reduced multiplication (Figure 1B). In groups
containing ICZ (1.5 μg/mL or 4.5 μg/mL), AMD dose-
dependently increased effects against TcII infection (Figure
1A), and multiplication (Figure 1B). Anti-TcII effects of ICZ (7.5
μg/mL) were not further increased by AMD (Figure 1A and B).
All ICZ combinations with AMD were more effective against
TcII infection than AMD alone at a given concentration (all
P £ 0.001). Regarding TcII multiplication, all AMD + ICZ
combinations were more effective than AMD alone at a given
concentration (Table 1).
Itraconazole, AMD, and all ICZ + AMD combinations (with

the exception of AMD [2 μM]), as well as AmB, showed
stronger effects on TcII infection than BNZ (23 μM), a con-
centration equivalent to the highest dose therapeutic serum
concentration (squares in Figure 1A). Effects of ICZ, and ICZ +
AMD combinations on TcII multiplication also were stronger
than effects of BNZ (23 μM) (squares in Figure 1B).
Amphotericin B, as well as ICZ, and all AMD + ICZ combi-

nations significantly affectedVero cellmetabolism (Figure 1C).
Effects of AMD and ICZ on infection of hiPSC-CMs with

TcII. Infection of hiPSC-CMs with TcII, as well as TcII multi-
plication, was affected by BNZ (dose-dependently), and by
AmB (Figure 2A and B). Itraconazole or AMD alone dose-
dependently inhibited TcII infection (Figure 2A), and reduced
multiplication (Figure 2B). In all groups, AMD dose-
dependently increased effects of ICZ against TcII infection
(Figure 2A). In the ICZ (1.5 μg/mL) + AMD groups, AMD also
dose-dependently increased effects against TcII multiplica-
tion (Figure 2B). Several ICZ + AMD combinations were more
effective against TcII infection (Table 2) ormultiplication (Table
3) than AMD alone at a given concentration.
Whencombining the results shown inFigure 2AandTable 2,

the following ICZ + AMD combinations were found to bemore
effective against TcII infection than both single substances:
ICZ (4.5 μg/mL) + AMD (2, 4, or 8 μM), and ICZ (7.5 μg/mL) +
AMD (2, 4, or 8 μM). Benznidazole had stronger effects on
cardiomyocyte infection than were observed for Vero cell in-
fection (compare Figure 2A with Figure 1A). Itraconazole
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(7.5 μg/mL) alone, aswell as all combinations of ICZ (4.5 or 7.5
μg/mL) with AMD, showed significantly stronger effects on
TcII infection than BNZ (23 μM) (Figure 2A). Only the combi-
nation ICZ (7.5 μg/mL) + (AMD 8 μM) showed stronger effects
against TcII multiplication than BNZ (23 μM) (Figure 2B).
Effects of AMD and ICZ on infection of hiPSC-CMs with

TcI. Infection of hiPSC-CMs with TcI was not significantly

affectedbyBNZ, andonly slightly affectedbyAmB (Figure 3A).
Itraconazole or AMD alone inhibited TcI infection (Figure 3A).
There was no clear evidence for a benefit or detriment of ICZ +
AMD combinations over the single substances (Figure 3A).
With regard to TcI multiplication, BNZ as well as AmB showed
significant effects, along with ICZ or AMD, as well as all ICZ +
AMD combinations (Figure 3B). The following ICZ + AMD
combinations were found to be more effective against TcI
multiplication than either single substances: ICZ (4.5 μg/mL) +
AMD (2 μM), and ICZ (4.5 μg/mL) + AMD (4 μM). In comparison

TABLE 1
Effects of AMD + ICZ combinations vs. AMD alone on TcII multipli-

cation in Vero cells (P-value)
ICZ (1.5 μg/mL) ICZ (4.5 μg/mL) ICZ (7.5 μg/mL)

AMD (2 μM) 0.0003 < 0.0001 < 0.0001
AMD (4 μM) 0.0139 0.0018 0.0018
AMD (8 μM) 0.0202 0.0204 0.0216
AMD = amiodarone; ICZ = itraconazole. The P-value is derived from the combinations of

ICZ dose (columns), and AMD dose (rows) vs. the same AMD dose alone.

FIGURE 1. Effects of amiodarone (AMD) and itraconazole (ICZ) on
infectionof Vero cellswith theTrypanosomacruzi strain TcII. Vero cells
(2×105/well)were infectedwithTcII at a ratioof five trypanosomes/cell
for 24 hours at 37�C at 5% CO2 and 80% humidity. Infections took
place in the presence of amphotericin B (250 ng/mL), benznidazole
(BNZ) (11.5 or 23 μM), ICZ (1.5, 4.5, or 7.5 μg/mL), AMD (2, 4, or 8 μM),
or ICZ/AMD combinations. Infection rates (A) and multiplication (B)
were determined 48 hours after infection. Cell damage was de-
termined by XTT assay (C). Statistics: Welch’s t-test. Comparisons
without brackets: asterisks, RPMI vs. all other bars; squares, BNZ (23
μM) vs. all other bars. Other comparisons as indicated by the ends of
the brackets. One, two, or three asterisks or squares = P £ 0.05, P £
0.01, or P £ 0.001, respectively.

FIGURE 2. Effects of amiodarone (AMD) and itraconazole (ICZ) on
infection of human-induced pluripotent cell–derived cardiomyocytes
with TcII. Human-induced pluripotent cell–derived cardiomyocytes (2
× 105/well) were infected with TcII at a ratio of five trypanosomes/cell
for 24 hours at 37�C at 5% CO2 and 80% humidity. Infections took
place in the presence of amphotericin B (250 ng/mL), benznidazole
(BNZ) (11.5 or 23 μM), ICZ (1.5, 4.5, or 7.5 μg/mL), AMD (2, 4, or 8 μM),
or ICZ + AMD combinations. Infection rates (A) and multiplication (B)
were determined 48 hours after infection. Statistics: Welch’s t-test.
Comparisons without brackets: asterisks, RPMI vs. all other bars;
squares, BNZ (23 μM) vs. all other bars. Other comparisons as in-
dicated by the ends of the brackets. One, two, or three asterisks or
squares = P £ 0.05, P £ 0.01, or P £ 0.001, respectively.
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to BNZ (23 μM), ICZ (4.5 or 7.5 μM) alone, AMD (4 μM) alone,
and the following ICZ + AMD combinations showed stronger
effects on TcI infection: ICZ (1.5μg/mL) +AMD (8 μM), ICZ (4.5
μg/mL) + AMD (4 μM), and ICZ (7.5 μg/mL) + AMD (2 or 4 μM)
(Figure 3A). Only ICZ (4.5 μg/mL) and the combinations ICZ
(4.5 μg/mL) + AMD (8 μM), and ICZ (7.5 μg/mL) + AMD (2 or 4
μM) showed stronger effects against TcI multiplication than
BNZ (23 uM) (Figure 3B).
Effectsof ICZ,AMD,or their combinationsonhiPSC-CM

metabolism. As shown in Figure 4, none of the single sub-
stances or combinations indicated cell damage of hiPSC-
CMs. This result corresponded to observations during
microscopy, where no signs of cell stress were detectedwhile
analyzing Giemsa-stained cells (data not shown).
Effects of ICZ, AMD, or their combinations on T. cruzi–

infected hiPSC-CM cellular and amastigote structure.
Human-induced pluripotent cell–derived cardiomyocytes, in-
fected with T. cruzi type II, were evaluated for effects of dif-
ferent treatments on cellular (Figure 5) or amastigote (Figure 6)
structure. In infected but untreated cells, amastigotes (aster-
isks in Figure 5A) with acidocalcisomes were visible as
electron-transparent areas. Cell structures seemed devoid of
cytoplasm, presumably due to infection. Electron-dense in-
clusions (lipid bodies, arrows in Figure 5A) occurred in the
nucleus (N, Figure 1A) andvacuoles of a different cell (V, Figure
5B) of infected, untreated cells. Human-induced pluripotent
cell–derived cardiomyocytes, infected with T. cruzi and
treated with ICZ/AMD, appeared “healthier,” with a denser
cytoplasm, and improved preservation of ultrastructure
(Figure 5C). The nucleus (N) included various electron-dense
areas (asterisks) distributed throughout the nucleoplasm.
Mitochondria (arrows) appeared as flattened electron-dense
structures. In amastigotes (arrows inFigure 6A) fromuntreated
hiPSC-CMs, infected with T. cruzi type II, their nucleus (N),
kinetoplast (K), and acidocalcisomes (Ac) were visible. Host
cell structures were partially damaged by infection. Amasti-
gotes from T. cruzi–infected and BNZ (Figure 6B), ICZ
(Figure 6C), or ICZ/AMD (Figure 6D)-treated hiPSC-CMs
showed increased numbers of vacuoles, which may be both
acidocalcisomes (Ac) and contractile vacuoles (V). Nuclei
showed increased electron density, which likely indicates

physiological stress. In ICZ-treated cells, the kinetosomes
appeared highly electron dense, whereas apparent extrusion
of the kinetosomemay occur in ICZ/AMD-treated cells (K with
arrow). Taken together, ICZ/AMD treatment improved hiPSC-
CM structure and damaged the T. cruzi amastigote structure.

DISCUSSION

For decades, antimicrobial therapy against CD has been
limited to the nitroimidazole derivative BNZ, most used, and
the nitroheterocyclic compound nifurtimox. Both drugs are
predominantly used in treatment of acute and early chronic
phase CD.14,24 Benznidazole has poor tissue penetration25

and no accumulation within macrophages.26 Its relatively
short half-life may make it difficult to maintain desirable tis-
sue concentrations.27 Benznidazole is approved for use in
pediatric patients for the treatment of CD in the United
States; however, lackluster performance has been noted in
large population studies of adults in the chronic stages of
infection. Results of the BNZ Evaluation for Interrupting

TABLE 3
Effects of AMD + ICZ combinations vs. AMD alone on TcII multipli-
cation in human-induced pluripotent cell–derived cardiomyocytes
(P-value)

ICZ (1.5 μg/mL) ICZ (4.5 μg/mL) ICZ (7.5 μg/mL)

AMD (2 μM) – < 0.0114 < 0.0001
AMD (4 μM) – < 0.0001 < 0.0001
AMD (8 μM) – – < 0.0001
AMD = amiodarone; ICZ = itraconazole. The P-value is derived from the combinations of

ICZ dose (columns), and AMD dose (rows) vs. the same AMD dose alone.

TABLE 2
Effects of AMD + ICZ combinations vs. AMD alone on TcII infection in
human-induced pluripotent cell–derived cardiomyocytes (P-value)

ICZ (1.5 μg/mL) ICZ (4.5 μg/mL) ICZ (7.5 μg/mL)

AMD (2 μM) – < 0.0001 < 0.0001
AMD (4 μM) < 0.0001 < 0.0001 < 0.0001
AMD (8 μM) – < 0.0001 < 0.0001
AMD = amiodarone; ICZ = itraconazole. The P-value is derived from the combinations of

ICZ dose (columns), and AMD dose (rows) vs. the same AMD dose alone.

FIGURE 3. Effects of amiodarone (AMD) and itraconazole (ICZ) on
infection of human-induced pluripotent cell–derived cardiomyocytes
with TcI. Human-induced pluripotent cell–derived cardiomyocytes (2
× 105/well) were infectedwith TcI at a ratio of five trypanosoma/cell for
24 hours at 37�C at 5%CO2 and 80% humidity. Infections took place
in the presence of amphotericin B (250 ng/mL), benznidazole (BNZ)
(11.5 or 23 μM), ICZ (1.5, 4.5, or 7.5 μg/mL), AMD (2, 4, or 8 μM), or ICZ
+ AMD combinations. Infection rates (A) and multiplication (B) were
determined 48 hours after infection. Statistics: Welch’s t-test. Com-
parisons without brackets: asterisks, RPMI vs. all other bars; squares,
BNZ (23 μM) vs. all other bars. Other comparisons as indicated by the
ends of the brackets. One, two, or three asterisks or squares = P £
0.05, P £ 0.01, or P £ 0.001, respectively.
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Trypanosomiasis trial revealed that BNZ treatment did not
result in a statistically significant improvement in cardiac
clinical outcomes, or radical cure of trypanosomiasis in
humans.28,29 Long-term treatment with BNZ and nifurtimox in
the chronic phase of infection is limited, owing to the devel-
opment of severe side effects, as toxicity is cumulative in
prolonged dosing.30 To determine better treatment options,
inhibitors of ergosterol biosynthesis, trypanothione metabo-
lism, cysteine protease, pyrophosphate metabolism, protein
and purine synthesis, lysophospholipid analogs, and natural
drugs have been investigated.31 In past years,much effort has
been put into investigating trypanosoma-specific drug tar-
gets, such as cruzipain32 or trypanothione, hoping to avoid
severe side effects in long-term treatment. Inhibitors against
both molecules are under investigation.33

Polyenes and azoles are antifungals that act on ergosterol
or interfere with ergosterol biosynthesis, and have shown ef-
fects againstT. cruzimembrane integrity. Someof thosedrugs
have been studied in human clinical trials, but unfortunately
none have demonstrated improved efficacy over conventional
therapy, either as monotherapy or as adjuncts. Our recent
publication34 explored the possibility that amphotericin B
could be curative with only intermittent administration be-
cause of prolonged blood levels, measured in weeks, and
good tissue penetration. However, although our regimens
significantly prolonged life in mice, and rapidly cleared the
blood of all parasites, tissue infection was not cleared.34

Several azoles have been tested for their anti-trypanosoma
activity, including ketoconazole, fluconazole, ICZ, vor-
iconazole, and posaconazole.35 Although in vitro and animal
model activity generally was promising, only ICZ and pos-
aconazole thus far showed effects in clinical studies.36 Itraco-
nazole (a synthetic triazole) has profound activity against
T. cruzi infection in vitro and in vivo, presumably by interfering
with terminal enzymes in the cell membrane ergosterol syn-
thesis pathway.17,37 Because of the intracellular nature of
T. cruzi and its capacity to reside in sanctuary sites such as
adipose tissue,38 mononuclear phagocytic cells,39 and

cardiomyocytes,40 treatment delivery poses a significant
challenge. From a pharmacokinetic point of view, ICZ con-
centrates in macrophages, cardiomyocytes, spleen, and adi-
pocytes in higher-than-plasma levels, thus increasing the
parasite exposure to higher levels in infected tissues.40,41

McCabe et al.42 described in vitro activity of ICZ against
T. cruzi in macrophages, and parasitologic cure in mice. Itra-
conazole has also been shown to enhance the anti-

FIGURE 4. Effects of itraconazole (ICZ), amiodarone (AMD), or their
combinations on human-induced pluripotent cell–derived car-
diomyocyte metabolism. Human-induced pluripotent cell–derived
cardiomyocytes (2 × 105/well) were incubated with amphotericin B
(250 ng/mL), benznidazole (11.5 or 23μM), ICZ (1.5, 4.5, or 7.5μg/mL),
AMD (2, 4, or 8μM), or ICZ+AMDcombinations for 24hours at 37�Cat
5% CO2 and 80% humidity. Cell damage was determined by XTT
assay. Statistics: t-test, RPMI vs. all other bars. No significant differ-
ences were detected.

FIGURE 5. Effects of itraconazole (ICZ) and amiodarone (AMD) on
the Trypanosoma cruzi–infected human-induced pluripotent cell–
derived cardiomyocyte (hiPSC-CM) structure. Untreated (A and B) or
ICZ/AMD-treated (C) hiPSC-CMs infected with T. cruzi type II. (A) and
(B): Asterisks, amastigotes; electron transparent areas, acid-
ocalcisomes. Arrows: Electron-dense inclusions, lipid bodies. N: nu-
cleus (N). V: vacuoles (V). (C): N, nucleus including electron-dense
areas (asterisks) distributed throughout the nucleoplasm. Arrows:
mitochondria. Scale bars for (A–C): 2 μm.
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trypanosomal activity of BNZ in mice.16 A clinical study
revealed parasitological cure in 53% of ICZ-treated patients
with mostly tolerable side effects, as well as normalization of
echocardiograms (EKG) in almost half of the patients.43 In a
follow-up study, patients were reevaluated by polymerase
chain reaction-based assays and a hybridization assay,
showing that only about 8% of the patients treated with ICZ
had been cured.44 In another study, only a 33% cure was
achieved in patients followed up for 20 years.45 Our data
obtained in the hiPSC-CMs, on the early events after infection,
support these earlier reports on anti-trypanosomal effects of
ICZ in a new and relevant system that allows drug testing in
human cardiomyocytes. We also found that combining ICZ
with AMD intensified ICZ effects, and in many cases was even
more effective than either of the single compounds alone,
without showing toxic effects on the cardiomyocytes.
Amiodarone is not only an anti-arrhythmic agent frequently

prescribed to prevent complex arrhythmias in cases of CD
cardiomyopathy17but alsohasdirect anti–T. cruziactivity.46,47

Amiodarone disrupts Ca2+ homeostasis in the parasite by in-
ducing its release from intracellular stores (such as the para-
sites’ giant mitochondrion and acidocalcisomes, a unique

organelle involved in the parasite bioenergetics). Amiodarone
also blocks oxidosqualene cyclase activity in T. cruzi,46,48

thereby causing ultrastructural damage to the parasite and
blocking biosynthesis of ergosterol.49 Amiodarone also ac-
cumulates inmacrophages, where it concentrates rapidly and
intensely at therapeutic levels.50 Amiodarone could be very
useful for treatment of chronic CD. Arrhythmogenic events in
CD appear related to the parasites’ capacity to disrupt gap
junctional communication through reduction in the essential
gap protein connexin 43 and its interaction with actin fila-
ments. Amiodarone promotes cardiac cell recovery and ho-
meostasis by recovering this F-actin fibrillar organization,49 as
well as preventing the potential development of exercise-
induced and potentially lethal ventricular arrhythmias.46 Al-
though there are reports of anti-trypanosomal effects of AMD
in vivo,46,49 CD patients who were treated with AMD on a
regular basis did not show reduced parasitemia, compared
with CD patients who had not been treated with AMD.51 A
recent study investigated effects of AMD and/or BNZ, and
came to the conclusion that although both compounds have
considerable anti-trypanosomal effects of their own, or in
combination, effects of their combination were not

FIGURE 6. Effects of benznidazole (BNZ), itraconazole (ICZ), or ICZ/amiodarone (AMD) on amastigote structure. (A): Amastigotes (A, arrows) from
untreated human-induced pluripotent cell–derived cardiomyocytes (hiPSC-CMs) infected with T. cruzi type II. Nucleus (N), kinetoplast (K), and
acidocalcisomes (Ac) are visible. Scale bar: 2 μm. (B–D): Amastigotes from BNZ (B), ICZ (C), and ICZ/AMD (D) treated hiPSC-CMs infected with T.
cruzi type II. Amastigotes contain acidocalcisomes (Ac) andcontractile vacuoles (V).Nuclei show increasedelectrondensity. In ICZ-treatedcells (C),
the kinetosomeappears highly electrondense,whereasapparent extrusionof the kinetosomemayoccur in ICZ/AMD-treatedcells (D; Kwith arrow).
Scale bar: 2 μm.
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synergistic.52 Effects we observed when combining ICZ with
AMDwere, inmany instances, in both effects on inhibition and
on multiplication, more pronounced than effects of the single
compounds, giving rise to the hope that increased anti-
trypanosomal effects of the combination will be accompanied
by positive effects on patient EKGs. Amiodarone has also
been combined with posaconazole in vitro and in vivo, re-
vealing synergistic effects on T. cruzi infection as well.46

Our results suggest T. cruzi strain specificity with respect to
infection rates. In our hands, some combinations of ICZ and
AMD acted cooperatively, with respect to reducing TcII in-
fection, andmultiplication, comparedwith either drug alone, in
Vero cells, and cardiomyocytes. In both cell types, some
concentrations of the single drugs, and their combinations
were superior to BNZ in reducing infection, parasite multipli-
cation, host cell structure, and damage to amastigotes. TcI in
hiPSC-CMswasnot affectedbyBNZwith respect to infection,
although BNZ did favorably affect multiplication. With TcI, by
contrast, ICZ or AMD reduced infection. However, their
combinations were not better than either alone. Cooperative
effects on TcI multiplication were seen with some combina-
tions of ICZ and AMD. ICZ or AMD, and combinations, in
contrast to BNZ, were active against TcI infection. Itracona-
zole and some combinationswere superior to BNZ against TcI
multiplication.
The relative lack of efficacy of BNZ for TcI may be particu-

larly important for the cases in the United States, as strains of
the TcI type predominate in the United States.53 Such strains
tend to be more resistant than others.54 In dogs, BNZ fails
regularly even in acute infection.55Althoughaconcentrationof
23 μMBNZ in human serum has been recommended,56 that is
unlikely to be achieved in tissue in chronic infection,57 and
tissue concentrations may be closer to the less effective 11.5
μM concentration we studied.57 Prior in vitro tests have
sometimes found inhibition requires more than 23 μMBNZ.25

The package insert for BNZ27 indicates the Cmax resulting
from the largest tablet to be dosed is < 11.5 μM, and tissue
levels would be even lower. Strains isolated from clinical
samples have higher IC50s in both the amastigote and epi-
mastigote stages of the parasite25 than isolates from other
sources. Benznidazole is delivered in less-than-plasma con-
centrations of the drug to target tissues, including 32% of
plasma concentrations to the heart, 27% to the spleen, and
30% to the colon.25,27,57

Itraconazole was studied concomitantly to obtain its syn-
ergistic effect when coupled with AMD.17 Amiodarone con-
centrations are 10 times higher in the myocardium than
plasma, and ICZ five times, thus accumulating at a primary
target organ for T. cruzi.50,58,59 Fat is also a reservoir from
which infection may be reactivated; therefore, lipid penetra-
tion is critical to eliminating the chronic phase.60 Both drugs
are highly lipophilic, with levels of ICZ exceeding 25 times that
of plasma in adipose tissue.61 The effective ICZ concentra-
tions against TcI in our study correspond to ICZ concentra-
tions in heart tissue, and the similar results in combinationwith
various AMD concentrations may suggest concurrent AMD
may be useful, and that a lower AMD dose can be used clini-
cally. This is important because there is a concern about QTc
prolongation in combinations of azoles with AMD, leading to
tachyarrhythmia.62 However, although QTc prolongation oc-
curs with this combination, a recent study has suggested that
the prolongation was not associated with cardiac events.62

Because of variable absorption of ICZ with tablets,63 thera-
peutic drug monitoring when ICZ is used in CD therapy will be
important, to assure the desirable ICZ concentrations dis-
cussed are achieved.
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