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Dronedarone and amiodarone are cationic lipophilic benzofurans used to treat cardiac arrhythmias. They also have activity
against the parasitic protozoan Trypanosoma cruzi, the causative agent of Chagas’ disease. They function by disrupting intracel-
lular Ca®>* homeostasis of the parasite and by inhibiting membrane sterol (ergosterol) biosynthesis. Amiodarone also has activ-
ity against Leishmania mexicana, suggesting that dronedarone might likewise be active against this organism. This might be of

therapeutic interest, since dronedarone is thought to have fewer side effects in humans than does amiodarone. We show here
that dronedarone effectively inhibits the growth of L. mexicana promastigotes in culture and, more importantly, has excellent
activity against amastigotes inside infected macrophages (the clinically relevant form) without affecting the host cell, with the
50% inhibitory concentrations against amastigotes being 3 orders of magnitude lower than those obtained previously with T.
cruzi amastigotes (0.65 nM versus 0.75 pM). As with amiodarone, dronedarone affects intracellular Ca®>* homeostasis in the par-
asite, inducing an elevation of intracellular Ca** levels. This is achieved by rapidly collapsing the mitochondrial membrane po-
tential and inducing an alkalinization of acidocalcisomes at a rate that is faster than that observed with amiodarone. We also
show that dronedarone inhibits parasite oxidosqualene cyclase, a key enzyme in ergosterol biosynthesis known to be vital for
survival. Overall, our results suggest the possibility of repurposing dronedarone as a treatment for cutaneous, and perhaps

other, leishmaniases.

eishmania mexicana is a trypanosomatid parasite responsible

for cutaneous and mucocutaneous leishmaniases. Drugs used
to treat these diseases, such as meglumine antimoniate (Glucan-
time), amphotericin B, and miltefosine, frequently cause adverse
side effects (1, 2) so there is a growing interest in new drug targets
and leads. We have demonstrated that amiodarone (Fig. 1, com-
pound 1), a commonly used antiarrhythmic, has promising activ-
ity against both Leishmania mexicana (3) and Trypanosoma cruzi
parasites (4, 5). Moreover, the combination of amiodarone and
miltefosine resulted in the complete parasitological cure of mice
infected with L. mexicana (6). It has been proposed that disruption
of parasite intracellular Ca** homeostasis is the target of action of
several drugs, including miltefosine and amiodarone (7). Thus,
miltefosine opens a Ca** channel in the plasma membrane of
these parasites (6), probably related to the recently described sph-
ingosine-induced L-type voltage-dependent Ca®" channel in L.
mexicana (8), causing a large increase in the intracellular Ca*”"
concentration ([Ca®"];) of the parasites, while amiodarone also
increases the [Ca®" |, in L. mexicana promastigotes, by collapsing
the mitochondrial electrochemical potential and alkalinizing aci-
docalcisomes. However, in spite of its frequent use in humans,
amiodarone use may lead to a number of side effects, due at least
in part to the presence of two iodine atoms in its structure, which
may contribute, for example, to its thyroid toxicity. For this rea-
son, an analog of amiodarone that does not contain iodine
(dronedarone) was developed (Fig. 1, compound 2). Recently, we
found that dronedarone shows even greater potency than does
amiodarone against T. cruzi epimastigotes and against amasti-
gotes present in infected Vero cells, which constitute the clinically
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relevant form of the parasite (9). This opens the possibility of
using dronedarone, already FDA approved for treating arrhyth-
mias, against Chagas’ disease (4) and, perhaps, leishmaniasis.
Here, we report the effects of dronedarone on L. mexicana, finding
that it has potent activity against both promastigotes and amasti-
gotes inside macrophages, whose growth is not affected by the
drug. As with amiodarone, dronedarone functions by disrupting
Ca*" homeostasis and by inhibiting parasite oxidosqualene cy-
clase (OSC), a key enzyme in ergosterol synthesis. This multisite
targeting is likely to contribute to the potent activity found.

MATERIALS AND METHODS

Chemicals. Amiodarone (Fig. 1, compound 1), digitonin, EGTA, car-
bonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP), and nige-
ricin were purchased from Sigma (St. Louis, MO). Fura 2-acetoxymethyl
ester (fura 2-AM), acridine orange, rhodamine 123, and rhod 2-AM were
from Molecular Probes (Eugene, OR).

Dronedarone extraction. At room temperature, two commercial tab-
lets of dronedarone (Multaq, 400 mg each; Sanofi-Aventis) were added to
20 ml of methanol. Then 10 ml of H,O was added, and the mixture was
stirred for 15 min. The mixture was extracted with 10 ml of chloroform
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FIG 1 Structures of molecules of interest.

four times, and the combined chloroform extracts were dried over anhy-
drous magnesium sulfate, filtered, and evaporated under reduced pres-
sure to yield colorless crystals. The product was further purified using
column chromatography on silica gel (eluent chloroform-hexane, 9:1),
and the fractions containing pure dronedarone were evaporated to obtain
pure dronedarone as colorless crystals (mp 65°C).

Culture of L. mexicana epimastigotes and growth inhibition by
dronedarone. L. mexicana (Bel 21 strain) promastigotes were cultured in
liver infusion-tryptose (LIT) medium supplemented with 10% fetal bo-
vine serum using continuous agitation (100 rpm) at 29°C, as reported
previously (8). A growth curve was performed to evaluate the susceptibil-
ity of parasites to either dronedarone or amiodarone at different concen-
trations; live parasites were counted daily using a Neubauer chamber. The
initial parasite concentration was 10° parasites/ml, and either the drug or
the vehicle (dimethyl sulfoxide [DMSO]) was added after 24 h. At least 3
independent experiments were performed for each drug and dose, and the
50% inhibitory concentrations (IC5s) were determined using GraphPad
Prism 5.0.

Amastigote growth inhibition. L. mexicana amastigotes were incu-
bated with murine macrophages (J774) maintained in RPMI 1640
(Gibco) supplemented with 10% fetal bovine serum at 37°C in humidified
95% air-5% CO, (6). Five hundred macrophages were seeded per cover-
slip in a 24-well plate and infected with promastigotes, using 10 parasites
per cell, for 12 h. After infection, cells were washed three times to remove
the external, nonadherent parasites, and fresh culture medium was added,
with or without dronedarone at different concentrations. The infected
cells were incubated for 96 h as previously described (6). After 96 h, mac-
rophages were fixed with methanol and stained with Giemsa to determine
the percentage of infected cells.

Determination of the intracellular Ca>* concentration. L. mexicana
promastigotes were loaded with the fluorescent ratiometric indicator fura
2 in order to evaluate the effect of dronedarone on [Ca**], as reported
previously (8). Briefly, 1 X 10® parasites were collected by centrifugation
at 600 X g for 2 min and washed twice with a loading buffer (137 mM
NaCl, 4 mM KCl, 1.5 mM KH,PO,, 8.5 mM Na,HPO,, 11 mM glucose, 1
mM CaCl,, 0.8 mM MgSO,, and 20 mM HEPES-NaOH [pH 7.4]). The
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pellet was then resuspended and loaded with fura 2-AM (1 wM), probe-
necid (2.4 mM), and pluronic acid (0.05%) in the loading buffer. The
parasites were incubated at 29°C in the dark with continuous agitation for
1 h. Fura 2-loaded parasites were washed twice with the same buffer, in
either the presence or absence of Ca®*. Fluorescence measurements were
carried out on stirred cells at 29°C using a PerkinElmer LS 55 spectrofluo-
rimeter with excitation (Ex) at 340 nm and 380 nm and emission (Em) at
510 nm.

The [Ca?*]; was calculated as described by Grynkiewicz et al. (10),
using the equation, [Ca®*"]; = K; X (R — R;,/R,na — R) X F_;,, (380)/
F. .« (380), where K, is the dissociation constant (244 nM), R is the ratio
of measured fluorescence intensities (at 340 nm and at 380 nm), R, ;, is
the lowest R value at 0 Ca** concentration, R, is the highest R value at
saturating concentrations of Ca®", F,,,_is the lowest value of measured
fluorescence at 380 nm with 0 Ca>* concentration, and F,, ;. is the highest
value of measured fluorescence at 380 nm at saturating concentrations of
Ca**.

Maximum and minimum values were obtained after the addition of 30
M digitonin, which allows the flow of Ca®" to the interior of the cell.
Then, 8 mM EGTA was added to chelate the remaining Ca’™".

Mitochondrial membrane potential. The effect of dronedarone on
the mitochondrial membrane potential of L. mexicana promastigotes was
evaluated using the fluorescent dye rhodamine 123 as reported previously
(9). Briefly, 10® parasites were collected by centrifugation at 600 X g for 2
min and washed in phosphate-buffered saline (PBS) plus 1% glucose. The
pellet was resuspended in the same buffer and loaded with 20 uM rhoda-
mine 123 for 45 min at 29°C in the dark with mild agitation. Subsequently,
parasites were washed twice, resuspended in the same buffer, and trans-
ferred into a magnetically stirred cuvette. Measurements (excitation
wavelength [A,,], 488 nm; emission wavelength [A,], 530 nm) were
made in a Hitachi 7000 spectrofluorimeter at 29°C. FCCP (1 wM) was
used as a positive control.

Acidocalcisome alkalinization. The effect of dronedarone on the al-
kalinization of acidocalcisomes was evaluated using acridine orange (9).
Promastigotes (10° cells/ml) were collected and washed and then incu-
bated with 2 WM acridine orange in PBS for 5 min at 29°C with constant
stirring. Measurements were performed with A\, at 488 nm and A, at
530 nm at 29°C in a Hitachi 7000 spectrofluorimeter under magnetic
stirring. Nigericin (1 wM) was used as a positive control.

Subcellular fractionation. L. mexicana promastigotes in the exponen-
tial phase (2 liters of culture) were homogenized and fractionated follow-
ing established procedures (11). Briefly, cells were collected at 3,000 X g
for 10 min and washed twice in buffer A (25 mM Tris-HCI [pH 7.4], 1 mM
EDTA, 250 mM sucrose) and broken by abrasion in a 1:1 (wet weight/wt)
mixture of cells with silicon carbide (200 mesh) in a chilled mortar to
produce a homogenate that was diluted to 100 ml of buffer B (25 mM
Tris-HCI [pH 7.2], 250 mM sucrose, 25 mM NaCl, 2 mM Na,EDTA, 5
mM dithiothreitol) in the presence of a cocktail of protease inhibitors (10
UM leupeptin, 50 wg ml~" trypsin inhibitor, 1 mM benzamidine, 50 uM
phenylmethylsulfonyl fluoride (PMSF), 100 M Na-p-tosyl-L-lysine
chloromethyl ketone [TLCK], 0.2 uM antipain, 1 wM pepstatin, 1 uM
E-64, 1 M chymostatin, 1 M bestatin). The homogenate was centri-
fuged at 1,000 X g for 10 min to remove unbroken cells and nuclei and
then at 5,000 X g for 10 min, which produced a large granule fraction
(containing mitochondria and large cellular debris); a small granule pellet
was obtained at 33,000 X g for 15 min. The post-small granule superna-
tant was subjected to 105,000 X g for 90 min to produce a microsomal
pellet and a soluble (cytosolic) fraction. The microsomal fraction pellet
was resuspended in 6 ml of 50 mM morpholinepropanesulfonic acid
(MOPS)-NaOH (pH 7.4), 1 mM EDTA, 0.1% Triton X-100, and 0.1%
Tween 80, homogenized with a Potter-Elvehjem homogenizer, and then
centrifuged at 105,000 X g for 90 min. The resulting supernatant was
collected and used for the enzyme inhibition assays.

Determination of protein concentration. Proteins were precipitated
with 10% (wt/vol) trichloroacetic acid at 47°C. The protein precipitate
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FIG 2 Inhibition of L. mexicana promastigotes growth by dronedarone. (A) Susceptibility of promastigotes to dronedarone (Droned). Each point represents the
mean * SD of at least three independent experiments. (Inset) Dose-response curve from panel A (IC5,, 115 nM). (B) Percentages of growth inhibition induced
by dronedarone in promastigotes. All of the values were taken from the data of panel A, using the values obtained at 10 days after addition of the corresponding

drug concentration. Each point represents the mean = SD.

was washed with cold acetone, resuspended in distilled water, and finally
assayed using a modification (12) of Folin phenol in the presence of 0.1%
sodium dodecyl sulfate; the procedure was designed to eliminate the in-
terference from substances present in the fractionation and assay media,
including EDTA and sucrose. Bovine serum albumin was used as a stan-
dard.

Enzyme inhibition assay. Oxidosqualene cyclase (OSC) was assayed
using the radioactive method described by Milla et al. (13). The micro-
somal extract (0.7 mg of protein/ml) was incubated with 35-2,3-["*C]oxi-
dosqualene (35 M) in the presence of Triton X-100 (0.1%) and Tween
80 (0.1%) in 50 mM MOPS-NaOH (pH 7.4) and 1 mM EDTA for 30 min
at 28°C under vigorous shaking on a water bath. The reaction was stopped
by addition of 20% KOH-50% ethanol (EtOH), and lipid was saponified
at 80°C for 30 min. The nonsaponifiable lipids were extracted twice with 1
ml of petroleum ether and separated on thin-layer chromatography
(TLC) plates (Merck) using toluene-diethyl ether (9:1) as the developing
solvent. Radioactivity in 2,3-oxidosqualene and lanosterol was quantified
by using an imaging plate on a System 2000 imaging scanner (Packard).
The amount of lanosterol product formed was used for the calculation of
enzyme activity. Chromatographic standards were 2,3,22,23-dioxidos-
qualene, lanosterol, squalene, 2,3-oxidosqualene, and ergosterol. The
standards were visualized on the TLC plate with iodine vapor. The enzyme
inhibition was carried out in basically the same way, but in the presence of
various concentrations of dronedarone. Lineweaver-Burk plots were uti-
lized to derive apparent K; values (averages of triplicates = standard de-
viation [SD]).

Computational aspect. Docking of dronedarone to a Phyre2 (14)
model of L. mexicana OSC (LmOSC) was carried out by using the Glide
program (15) from Schrédinger. The common feature hypothesis was
produced using compounds 3 to 7, known OSC inhibitors (5), with the
Molecular Operating Environment (MOE) program (16). All the struc-
tural figures were made by using PyMOL (17).

Data analysis. Kinetic data and IC,, results were analyzed using non-
linear regression methods implemented in the SigmaPlot software pack-
age.

RESULTS AND DISCUSSION

We first studied the effect of dronedarone at different concentra-
tions on the growth of L. mexicana promastigotes. Figure 2A
shows that dronedarone at concentrations of >0.25 pM has a
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profound effect on the growth of promastigotes in culture. The
calculated IC5, was 115 nM (as shown in the inset). This concen-
tration is much smaller than the concentration that we previously
obtained in L. mexicana with amiodarone (IC5, of ~900 nM) (6).
We also analyzed the percentage of growth inhibition induced by
dronedarone in promastigotes in Fig. 2B, where a clear dose-de-
pendent response was obtained. We then evaluated the effect of
dronedarone on the growth of intracellular amastigotes in the
infected macrophages. As shown in Fig. 3, dronedarone has a
marked effect on the parasites, with a calculated IC;,, of 0.65 nM,
again significantly less than the IC;, of 8 nM observed using ami-
odarone under the same conditions (6). Interestingly, this con-
centration is also dramatically lower than that obtained using
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FIG 3 Effect of dronedarone against intracellular amastigotes. Macrophages
(J774 cells) infected with L. mexicana amastigotes were exposed to different
concentrations of dronedarone. The percentages of infected macrophages and
the effects on noninfected macrophages were determined at 72 h after the
addition of the drug. Around 100 cells were counted in each experiment. Each
point represents the mean = SD of at least three independent experiments.
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FIG 4 Effect of dronedarone (Droned) on the [Ca®" ]; of L. mexicana promastigotes. Promastigotes were loaded as described under Materials and Methods. (A)
Effect of 2.5 M dronedarone (arrow) on the parasite cytoplasmic Ca®" concentration in the presence of 2 mM external Ca®". (B) Effect of 2.5 .M dronedarone
(arrow) on fura 2-loaded promastigotes in the absence of external Ca>* (EGTA). (C) Effect of 0.65 nM dronedarone (arrow) on the parasite cytoplasmic Ca®"
concentration in the presence of 2 mM external Ca*". The figures shown are representative of at least three independent experiments. (D) Initial slopes (300 s)
of the curves obtained in the presence of 2 mM external Ca>*. The first and second slopes were taken from at least three independent experiments similar to that
shown in panel A. The slope named IC;, was taken from at least three independent experiments similar to that shown in panel C. Each point represents the
mean = SD. %, significant difference (measured using Student’s ¢ test, P < 0.01); nd, not determined.

dronedarone on T. cruzi amastigotes in infected cells, for which in
a previous work (9) we reported an ICs, of 0.75 pM (i.e., an
~1,000-fold-higher ICs,). Since the amastigotes inside macro-
phages represent the clinically relevant form of L. mexicana, this
result points to the much higher effectiveness of dronedarone in L.
mexicana. Additionally, it can be seen (Fig. 3) that dronedarone at
the concentrations employed does not have any discernible effect
on macrophages over the entire dose range investigated. At ther-
apeutic doses (in humans to treat arrhythmias), the plasma level of
dronedarone is ~0.2 wM, but in the liver, the level is ~10 to 20
times higher (18).

The 0.65 nM IC;, in amastigotes is ~300 times less than the 0.2
M plasma level using normal therapeutic dosing and suggests a
potentially good therapeutic index.

Since we found in previous work that amiodarone induced an
increase in the intracellular cytoplasmic levels of calcium
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([Ca*"];), we next investigated whether dronedarone had a simi-
lar effect on [Ca " |; using fura 2-loaded promastigotes. As shown
in Fig. 4A, the addition of dronedarone (2.5 pM) induces a
marked increase in [Ca®"];, which reaches a plateau after a few
minutes. To determine whether this increase was due to entry of
extracellular Ca®" or was a consequence of its release from intra-
cellular organelles, the same experiment was performed in the
absence of external Ca*>" (i.e., a Ca*> " -free buffer and the presence
of EGTA). As can be seen in Fig. 4B, in the absence of external
calcium, dronedarone causes the same increase in [Ca®"]; as that
obtained in the presence of external calcium, meaning that it was
released from intracellular stores. It should be noticed that under
both conditions, we observed a biphasic response that we attribute
to the action of dronedarone on at least two intracellular compart-
ments, namely, acidocalcisomes and the mitochondrion, given
that these are the intracellular organelles known to be involved in
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FIG 5 Effect of dronedarone on acidocalcisomes from L. mexicana promastigotes. Parasites were loaded with acridine orange (2 uM) as described in Materials
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followed by the addition of nigericin (Nig, 2 wM) on the acidic level of acidocalcisomes. Lower gray trace, effect of amiodarone (Amiod, 10 wM) and then of
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acidic level of acidocalcisomes. The figures shown are representative of at least three independent experiments.

Ca** accumulation (7, 19, 20). We calculated the initial slopes of
this biphasic response, finding that dronedarone acts about twice
as fast as does amiodarone (Fig. 4D). However, when the experi-
ments were performed using the IC;, instead of 2.5 uM droneda-
rone (Fig. 4C), there was still a marked increase in [Ca?*];, but the
biphasic response was not discernible and the initial slope of the
curve with dronedarone was about one-third of that obtained in
the presence of the drug at 2.5 wM (Fig. 4D).

In order to test the effect of dronedarone on acidocalcisomes,
several experiments were performed using promastigotes loaded
with acridine orange, a compound that accumulates in acidic
compartments, enabling the visualization of any alkalinization.
Figure 4A shows that dronedarone (2.5 wM) induces rapid alka-
linization of acidocalcisomes. In the same experiment, amioda-

April 2014 Volume 58 Number 4

rone, also known to lower the acidity in these organelles (6), was
added at 10 wM in order to compare its effect with that of drone-
darone. As can be seen in Fig. 5A, the effect of dronedarone was
significantly faster than that seen with amiodarone. The subse-
quent addition of nigericin induced further alkalinization in these
organelles (Fig. 5A). Nigericin promotes the electroneutral ex-
change of H and K™, and loading with acridine orange followed
by exposure to nigericin leads to the rapid release of the fluores-
cent dye from the acidocalcisomes with a concomitant increase in
fluorescence (9).

Performing the same experiment but inverting the order of
addition (i.e., adding nigericin first and then dronedarone or ami-
odarone) produced once again a large rise in acidocalcisome alka-
linization (Fig. 5B). The subsequent addition of dronedarone or

aac.asm.org 2299


http://aac.asm.org

Benaim et al.

>

340 - FCCP 0.14
0.12
330
0.10

320

310

Fluorescence (arb. units)

300

o

Slope of fluorescence change

e e o 9 ©
©o © © o o
S N & O ©
l i 1 1 1

290 Control Droned Amiod FCCP
{ bMso D = 340-
280 ; ; . , . . . . )
0 500 1000 1500 2000 5 Fccp
Time (sec) g 320
o
B 2 Droned
340 3 3004
7
o
S
Z 3304 i 2804
: T T T 1
o 0 500 1000 1500 2000
,‘9, 320 Time (sec)
g & 340-
2 2
g 310 £
? FCCP 5
0_) = 320‘
=} & Droned
= 300 - g
n Droned g
38 300{ Fccp
7]
290 - e
DMSO S
L 280
280 . . . . ; T ; ! : : : .

FIG 6 Action of dronedarone on the mitochondrial electrochemical potential of L. mexicana promastigotes. Parasites were incubated in the presence of
rhodamine 123 for 45 min at room temperature, as indicated under Materials and Methods. (A) Effect of dronedarone (Droned, 2.5 wM), followed by the
addition of FCCP (1 wM) on the mitochondrial electrochemical potential (upper black trace). Effect of amiodarone (Amiod, 10 uM) followed by the addition
of FCCP (1 uM) on the mitochondrial electrochemical potential (lower gray trace). The additions in panel B are in reverse order versus those in panel A. Arrows
indicate the different additions. (C) Initial slopes (300 s) of the curves from experiments similar to those of panels A and B. The slopes corresponding to
dronedarone and amiodarone were taken from at least three independent experiments similar to that shown in panel A. The slope corresponding to FCCP was
taken from at least three independent experiments similar to that shown in panel B. Each point represents the mean * SD. %, Significant difference (measured
using Student’s t test, P < 0.01). (D) Top, effect of dronedarone (6.5 nM), followed by the addition of FCCP (1 wM) on the release of rhodamine 123 from the
mitochondrion; bottom, effects of FCCP (1 wM) and then dronedarone (6.5 nM) on the release of rhodamine 123 from the mitochondrion. The figures are

representative of at least three independent experiments.

amiodarone induced a further increase in the release of acridine
orange. Once again, the effect of dronedarone was more rapid
than that seen with amiodarone (Fig. 5B), perhaps suggesting bet-
ter cell membrane permeability. Since nigericin completely dis-
rupts acidocalcisome function, this further effect of the drugs sug-
gests that another separate compartment may be involved in their
action. Analysis of the initial slopes in Fig. 5A and B indicates (Fig.
5C) that the rate of alkalinization of dronedarone is similar to that
obtained with nigericin, while that of amiodarone is significantly
slower. This might help explain the lower ICs, obtained with
dronedarone compared to that with amiodarone (Fig. 5C). We
also observed that dronedarone, when added at the ICs, (instead
of at 2.5 wM), was again able to induce alkalinization of the aci-
docalcisomes, albeit with a lower velocity (Fig. 5D).

The large, unique mitochondrion in L. mexicana is also

2300 aac.asm.org

thought to be involved in [Ca®"]; regulation (21, 22) and in the
leishmanicidal effects of amiodarone (6). Thus, we next investi-
gated the effects of dronedarone on the mitochondrial membrane
potential using rhodamine 123, which is known to accumulate in
energized mitochondria (4, 9), resulting in self-quenching of the
dye’s fluorescence. An increase in rhodamine 123 fluorescence
corresponds to deenergization. As shown in Fig. 6A, dronedarone
(2.5 pM) induces a rapid increase in fluorescence, due to a col-
lapse of the mitochondrial membrane potential. Again, the effect
is significantly faster with dronedarone than with amiodarone (at
10 wM) (Fig. 6A). Furthermore, addition of the uncoupler FCCP
after addition of either amiodarone or dronedarone induces a
small additional release of rhodamine 123, as deduced from the
increased fluorescence. When FCCP is added first (Fig. 6B), it
induces a rapid but small increase in fluorescence, since FCCP
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FIG 7 Kinetics and inhibition of L. mexicana microsomal OSC. (A) Double-reciprocal plot of LmOSC enzyme activity as a function of the [2,3-'*CJoxidos-
qualene concentration in the presence of the different fixed concentrations of dronedarone. (Inset) Plot of the intercepts as a function of the dronedarone
concentration which yields a K; value of ~0.7 WM. Activity was measured in the presence of 0.1% Triton X-100. (B) Effects of dronedarone on the activity of L.
mexicana microsomal OSC in the presence of saturating substrate concentrations.

dissipates the mitochondrial membrane potential by permeabiliz-
ing the inner mitochondrial membrane to protons. In the same
figure, it is also evident that the subsequent addition of droneda-
rone (2.5 wM) causes a rapid release of rhodamine 123, faster
again than that obtained with amiodarone (at 10 wM) (Fig. 6B).
The calculated initial slopes of these curves indicate that the effect
of dronedarone is faster than that of amiodarone (about 5-fold)
and twice as fast as that obtained with FCCP (Fig. 6C). We also
performed experiments on the mitochondrial electrochemical po-
tential using the IC;, of dronedarone. As can be seen in Fig. 6D,
dronedarone is able to induce robust release of rhodamine 123,
even when added after FCCP. This strongly suggests that the ac-
tion of dronedarone on mitochondria might be part of the im-
proved performance of dronedarone compared to that of amio-
darone.

From these results, it is clear that dronedarone induces a rapid
collapse of the parasite’s mitochondrial membrane potential, al-
though its specific target is unknown. The effect of dronedarone
or amiodarone after FCCP is not easy to explain since it might be
expected that the uncoupler would release all the fluorescent dye.
In a previous study with epimastigotes of T. cruzi (9), we also
observed this behavior with dronedarone (and amiodarone) after
FCCP addition. It is conceivable that FCCP is not acting properly
under these experimental conditions. Another possible explana-
tion is that part of the action of dronedarone (and amiodarone)
occurs by effects on another unknown compartment.

We also performed experiments on the electrochemical mito-
chondrial potential, using the IC;, of dronedarone. It can be seen
in Fig. 6D that this drug is also able to induce robust release of
rhodamine 123, even when added after FCCP. This strongly sug-
gests that the action of dronedarone on mitochondria may be part
of the better performance of dronedarone for these parasites than
that of amiodarone.

With amiodarone inhibition of T. cruzi growth (6), we re-
ported previously that this drug not only affected the [Ca**]; and
the mitochondrial membrane potential but also blocked forma-
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tion of the essential membrane sterol ergosterol by inhibiting the
enzyme oxidosqualene cyclase (OSC). We thus investigated
whether dronedarone inhibited the activity of L. mexicana OSC
(LmOSC) in a similar fashion.

Figure 7A shows that the enzyme exhibits classic Michaelis-
Menten kinetics with respect to substrates with K,,, .., [(35)-2,3-
oxidosqualene] = 36 uM, V. .., = 0.82 pM - min~', and
Vinax/ Ky = 0.023 min~". Dronedarone behaves as a potent non-
competitive inhibitor with respect to [(35)-2,3-oxidosqualene],
with K; = 0.7 wM. The dose-response curves for the activity of
dronedarone against LmOSC (Fig. 7B) are consistent with non-
competitive inhibition with K; = ICs; these K; values are 1 to 2
orders of magnitude lower than the K,, of the substrates. Similar
experiments were performed with amiodarone in order to com-
pare it with dronedarone (not shown). The K; value obtained was
9.0 wM, much weaker inhibition than that with amiodarone.

To investigate how dronedarone (Fig. 1, compound 2) might
bind to LmOSC, we used computational docking with the Glide
program (15). The top scoring pose is shown in Fig. 8A and B,
superimposed on the structure of the OSC inhibitor Ro-48-8071
(Fig. 1, compound 3) bound to human OSC (PDB code 1W6]J).
Clearly, it seems very likely that dronedarone binds to the LmOSC
substrate binding site with its cationic (trialkylammonium) side
chain located close to the essential D718, corresponding to D455
in Homo sapiens OSC (HsOSC) that catalyzes the protonation-
initiated electrocyclization of epoxysqualene. The binding of ami-
odarone (Fig. 7C, compound 1) is also similar to that of Ro-48-
8071 (Fig. 7C, compound 3) and a comparison between the
amiodarone (compound 1) and dronedarone (compound 2)
docked LmOSC structures is shown in Fig. 7D. A common feature
pharmacophore obtained using the potent known HsOSC inhib-
itors (Fig. 1, compounds 3 to 7) is shown in Fig. 8E superimposed
on the structure of dronedarone (compound 2). The key features
of this pharmacophore that are also found in dronedarone are the
presence of the cationic feature (that presumably mimics the car-
bocation obtained on protonation of epoxysqualene) that is likely
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FIG 8 Suggested binding site for dronedarone in L. mexicana oxidosqualene cyclase. (A) Glide docking pose of dronedarone (compound 2) bound to a
Phyre2-predicted structure model (magenta) superimposed on the X-ray structure of Ro-48-8071 (compound 3, white) bound to human OSC (PDB code
1W6]). (B) Expanded view of panel A, showing the most highly conserved Asp residues in the catalytic site. Dronedarone is in magenta, and Ro-48-8071
(compound 3) is in white. The cationic centers likely interact with the conserved Asp. (C) Superimposed structures of Ro-48-8071 (compound 3) bound to
HsOSC and amiodarone (compound 1) docked to the T. cruzi OSC model. (D) Comparison between dronedarone (compound 2) and amiodarone (compound
1) docked poses. (E) Common feature pharmacophore for potent HsOSC inhibitors (compounds 3 to 7) superimposed on dronedarone (compound 2) showing

common cationic (red) and aromatic/hydrophobic (orange) features.

to interact with the conserved D718, together with 3 hydrophobic
features. In conclusion, the results indicate that dronedarone
binds to the same catalytic/hydrophobic pocket as does amioda-
rone (in T. cruzi OSC) and the HsOSC inhibitor Ro-48-8071,
whose structure is known (PDB code 1W6]) and which has a sim-
ilar pharmacophore. The results also show that the cationic moi-
ety in dronedarone docks very close to the very highly conserved
D718, which in human OSC is a key catalytic residue (D455) in-
volved in the initial squalene epoxide protonation. Given that
amastigotes are inhibited with a very low ICs, (0.65 nM), it seems
unlikely that there will be significant OSC inhibition at the sub-
micromolar levels that might be anticipated to have therapeutic
utility. Nevertheless, the development of more potent analogs that
target LmOSC is a potentially important goal since multiple-site
targeting is expected to increase efficacy.

In conclusion, the results we have shown above are of interest
for several reasons. First, we showed that the antiarrhythmia drug
dronedarone has activity against L. mexicana promastigotes. Sec-
ond, we showed that it has potent activity against intracellular
amastigotes in macrophages, with an IC;, of 0.65 nM, while host
cell proliferation is not inhibited. These effects are similar to those
observed previously with amiodarone but occur more rapidly and
are far more pronounced. Third, we found that dronedarone in-
creases intracellular Ca®* and that this increase in [Ca** ], arises
from Ca®" release from acidocalcisomes and the mitochondrion.
Finally, we found that dronedarone inhibits L. mexicana oxidos-
qualene cyclase, potentially opening a future route to block for-
mation of the essential membrane sterol, ergosterol. Overall, these
results are of considerable interest since dronedarone is not only
more potent than is amiodarone against L. mexicana but also
known to have fewer adverse side effects (in humans, when used as
an antiarrhythmic) because it lacks the iodine substituents that
make amiodarone resemble thyroxine or triiodothyronine.

From a clinical perspective, these findings are of importance
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because mixed infections involving both Trypanosoma cruzi and
different Leishmania species are becoming common clinical sce-
narios in many countries in Central and South America (23).
Thus, having a single drug that can target both parasites is of
therapeutic interest. Moreover, Leishmania mexicana is a major
causative agent of difficult-to-treat diffuse cutaneous leishmania-
sis (24), for which new drugs are needed.

It remains to be seen whether dronedarone is more efficacious
than is amiodarone in humans since at least part of the efficacy of
amiodarone against cutaneous leishmaniasis is likely due to its
unusual dermal elimination from the body. That is, concentra-
tions in the skin may be much higher than those with dronedar-
one, and further work on determining these levels with droneda-
rone is needed, as are studies aimed at other Leishmania parasites.
However, the considerably increased efficacy of dronedarone may
offset the decrease in skin elimination.

The repositioning of old drugs for their use in other diseases
has been a matter of recent interest, since trials in humans have
already been successfully conducted, and most of these drugs are
not expensive since their patents have expired (25). We postulate
that since both dronedarone and amiodarone are inexpensive and
amiodarone has been used in some clinical trials against leishman-
iasis and also Chagas’ disease, both drugs can be repurposed in the
near future for the treatment of these human infections. It seems
likely that the more potent and less toxic dronedarone may be
more efficacious in humans.

Because the role of dronedarone in patients with severe heart
failure is still controversial, we believe that its use should be
avoided in patients with severe cardiac disease. However, its po-
tential use in otherwise healthy patients with cutaneous leishman-
iasis and/or mild to moderate heart failure or arrhythmias remains
a feasible therapeutic option, especially considering its potentially
high efficacy.
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