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The antidepressant clomipramine induces programmed cell death
in Leishmania amazonensis through a mitochondrial pathway
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Abstract
Despite many efforts, the currently available treatments for leishmaniasis are not fully effective. To discover new medications,
drug repurposing arises as a promising strategy. We present data that supports the use of the antidepressant clomipramine against
Leishmania amazonensis. The drug presented selective activity at micromolar range against both the parasite forms and stimu-
lated nitric oxide production in host macrophages. Regarding the mechanism of action, clomipramine led parasites do mito-
chondrial depolarization, which coupled with the inhibition of trypanothione reductase induced strong oxidative stress in the
parasites. The effects observed in promastigotes included lipoperoxidation, plasma membrane permeabilization, and apoptosis
hallmarks (i.e., DNA fragmentation, phosphatidylserine exposure, and cell shrinkage). The mechanism of action in both parasitic
forms was quite similar, but amastigotes also exhibited energetic stress, reflected by a reduction of adenosine triphosphate levels.
Such differential effects might be attributable to the metabolic particularities of each form of the parasitic. Ultrastructural
alterations of the endomembrane system and autophagy were also observed, possibly indicating an adaptive response to oxidative
stress. Our results suggest that clomipramine interferes with the redox metabolism of L. amazonensis. In spite of the cellular
responses to recover the cellular homeostasis, parasites underwent programmed cell death.
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Introduction

Leishmania is a diverse genus of pathogenic protozoa that can
penetrate and replicate inside macrophages, the front-line cells of
the immune system (Berman et al. 1979; Moradin et al. 2012).
These intracellular protozoa present a complex digenetic life cy-
cle, requiring a susceptible vertebrate host and a permissive insect
vector, generally phlebotomines. Leishmaniasis comprises a

group of diseases that are caused by these parasites, presented
as a severe public health problem in many countries worldwide,
affecting mainly regions that are socially and economically vul-
nerable (WHO 2018; Pace 2014).

The chemotherapeutics that are currently available for the
treatment of leishmaniasis are not completely effective. Drugs
that have proven leishmanicidal activity have severe toxic
effects. Treatment can result in the emergence of resistant
strains and involves a complex protocol of administration.
The liposomal formulation of amphotericin B (L-AMB) is
the best option that is currently available for the treatment of
leishmaniasis. L-AMB presents the highest therapeutic effica-
cy and best safety, but its use is limited by its high cost
(Georgiadou et al. 2015). Considering these limitations, sev-
eral drug discovery approaches have been employed to find
more effective and less toxic medications for the treatment of
leishmaniasis, including the isolation of natural products and
screening of large libraries of synthetic compounds.
Nevertheless, despite increasing investments in drug discov-
ery, these traditional approaches have not yet successfully
resulted in safer or more effective therapeutic alternatives
(Munos 2009). The repurposing of already approved drugs
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may be a less expensive and faster approach to discover new
treatments for these parasitic diseases (Andrews et al. 2014;
Kaiser et al. 2015).

Clomipramine is a tricyclic antidepressant that is currently
used for the treatment of psychiatric disorders, including
obsessive-compulsive disorder. It presents amechanism of action
that is based on the inhibition of serotonin reuptake (El Mansari
and Blier 2006). By employing a repurposing approach, clomip-
ramine was shown to have promising efficacy against different
trypanosomatids, including Trypanosoma brucei (Rodrigues
et al., 2016), Trypanosoma cruzi (Hammond et al., 1984;
Rivarola et al., 2005), and Leishmania donovani (Zilberstein
et al., 1984). In addition, imipramine another tricyclic antidepres-
sant has shown to be active against Leishmania donovani
(Mukherjee et al., 2012). Initial studies suggested that clomipra-
mine acts through the competitive inhibition of trypanothione
reductase, an enzyme that plays a key role in the unique redox
metabolism of these parasites (Benson et al. 1992).

Still unknown are the effects of clomipramine against the
causative agents of cutaneous leishmaniasis in the New
World. The present study evaluated the activity of clomipra-
mine against Leishmania amazonensis. This parasite has a
wide spectrum of clinical manifestations, including cutaneous,
mucocutaneous, and diffuse cutaneous forms (Barral et al.
1991). We investigated biochemical and ultrastructural alter-
ations that may be involved in the mechanism of action of
clomipramine in L. amazonensis.

Materials and methods

Chemicals

Dimethyl sulfoxide (DMSO), thiazolyl blue tetrazolium bro-
mide (MTT), actinomycin D, antimycin A, carbonyl cyanide
m-chlorophenylhydrazone (CCCP), camptothecin, potassium
cyanide (KCN), Nile red, N-acetyl-L-cysteine (NAC), digito-
nin, lipopolysaccharides (LPS), and monodansylcadaverine
(MDC) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Brain heart infusion (BHI) was acquired from Beckton
Dickinson (Sparks, MD, USA). Fetal bovine serum (FBS),
RPMI-1640 medium, and Giemsa were obtained from
Invitrogen (Grand Island, NY, USA). Annexin V fluorescein
isothiocyanate (FITC) conjugate, the APO bromodeoxyuridine
(BrdU) terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay kit, 2 ′,7′-
dichlorofluorescin diacetate (H2DCFDA), 4-amino-5-
methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM),
Amplex red hydrogen peroxide/peroxidase assay kit, and
tetramethylrhodamine (TMRE) were obtained from Invitrogen
(Eugene, OR, USA). Cell titer-glo luminescent cell viability
assay was obtained from Promega ® (Madison, USA). All of
the other reagents were of analytical grade.

Compound

Clomipramine hydrochloride (Clomi) was purchased from
Sigma-Aldrich (St. Louis, MI, USA). The drug was diluted
in DMSO before each experiment and the final concentration
of diluent in all assays never exceeded 0.5%. Equimolar con-
centrations of DMSO were applied in all the treatments and
controls, and had no influence on parasites and cells.

Parasites and mammalian cells

The experiments were performed with L. amazonensis
(WHOM/BR/75/JOSEFA strain) that was originally isolated
by C.A. Cuba-Cuba (Universidade de Brasília, Brazil) from a
patient with diffuse cutaneous leishmaniasis. Promastigotes
were cultivated in Warren medium (brain heart infusion, he-
min, and folic acid; pH 7.0) supplemented with 10% FBS and
maintained at 25 °C. J774.A1macrophages (Banco de Células
do Rio de Janeiro, Rio de Janeiro, Brazil) were maintained in
RPMI-1640 medium (pH 7.2), supplemented with sodium
bicarbonate, L-glutamine, and 10% FBS, maintained at
37 °C in a 5%CO2 atmosphere. Intracellular amastigotes were
obtained from macrophages that were infected with
promastigotes and cultivated under the same conditions that
were established for macrophages but at 34 °C.

Antiproliferative activity against promastigotes
of L. amazonensis

Parasites were harvested in the exponential growth phase (1 ×
106 promastigotes/ml) and incubated in the presence or ab-
sence of different concentrations of clomipramine for 72 h.
Parasite growth was estimated by counting the number of
parasites in a Neubauer hemocytometer. The results were
expressed as a percentage of growth inhibition relative to con-
trol cultures. The inhibitory concentrations for 50% (IC50) and
90% (IC90) of parasite growth were determined by non-linear
regression using the sigmoidal inhibition curve of better ad-
justment. The amount of drugs (8 and 22 μM) applied to
further experiments with promastigotes was based on the
IC50 and IC90 values.

Antiproliferative activity against intracellular amastigotes
of L. amazonensis

To assess the activity of clomipramine against intracellular par-
asites, JJ74A.1 macrophages were infected with promastigotes
(10 parasites per host cell) and incubated for 24 h at 34 °C in a
5% CO2 atmosphere. The infected macrophages were then
treated with different concentrations of clomipramine and incu-
bated for 48 h, followed by fixation in methanol and Giemsa
staining. The number of infected cells and amastigotes was
counted in 200 cells. The infection indices (number of
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amastigotes per cell × percentage of cells infected / total number
of cells) were determined, and IC50 and IC90 values were cal-
culated as described for promastigotes. The amount of drugs
(15 and 30 μM) applied of further experiments with
amastigotes was based on the IC50 and IC90 values.

Cytotoxicity in J774A.1 macrophages

Macrophages were cultured (5 × 105 cells/ml) in RPMI-1640
medium supplemented with 10% FBS in 96-well microplates
at 37 °C in a 5% CO2 atmosphere. After 24 h, the cells were
treated with different concentrations of clomipramine and in-
cubated for 48 h. The microplates were then washed with
phosphate-buffered saline (PBS), and 50 μl of MTT solution
(2mg/ml) was added to each well. The plate was incubated for
4 h at 37 °C while protected from light. After incubation,
150 μl of DMSO was added to each well, and absorbance
was read in a Bio-Tek Power Wave XS spectrophotometer at
570 nm. The MTT assay is based on the conversion of water-
soluble MTT to an insoluble formazan precipitate by viable
mitochondria. The cytotoxic concentration for 50% of the
cells (CC50) was determined by non-linear regression using
the sigmoidal inhibition curve of better adjustment. The selec-
tivity index (SI) was calculated as CC50/IC50.

Isolation of intracellular amastigote forms

To study the mechanism of action of clomipramine in intra-
cellular amastigotes, we established a protocol for isolating
these parasites. J774.A1 macrophages were infected with
promastigotes (10 parasites per host cell) and incubated for
48 h at 34 °C in a 5% CO2 atmosphere. The infected macro-
phages were treated with clomipramine (15 and 30 μM) for
additional 24 h. After treatment, the infected macrophages
were removed using a cell scraper and lysed by aspiration
and extrusion with a syringe and needle (30 gauge, 0.5 in.,
BD PrecisionGlide, Canada). Amastigotes were separated
from unlysed macrophages and debris by differential centrifu-
gation at 1000 rpm for 5 min, and the supernatant was collect-
ed. The number of amastigotes was counted in a Neubauer
hemocytometer and adjusted to 1 × 106 parasites/ml.

Nitric oxide production in macrophages

Macrophages were plated in black 96-well plates and incubat-
ed at 37 °C for 48 h in a 5% CO2 atmosphere. The cells were
then treated with clomipramine (15 and 30μM) and incubated
for 24 h. After treatment, the cells were loaded with DAF-FM
(1 μM), incubated for 30 min at room temperature, washed
with PBS, and incubated for an additional 15 min.
Fluorescence was measured in a spectrofluorometer (Victor
X3; PerkinElmer) at lex = 495 nm and lem = 515 nm. H2O2

(4 mM) and LPS (1 μg/ml) were used as a positive control. In

parallel, we pretreated the same groups with N-acetyl cysteine
(NAC; 5 mM) for 3 h.

Morphological and ultrastructural analyses

To assess morphological and ultrastructural alterations that were
induced by clomipramine, parasites were analyzed by scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM). Promastigotes were treated with clomipramine (8
and 22 μM) for 72 h and prepared for SEM. To visualize alter-
ations of the intracellular form of L. amazonensis, macrophages
were infected with promastigotes for 48 h, treated for 24 h with
clomipramine at 15 and 30 μM, and then processed for TEM.
After treatment, both forms of the parasite were washed with
PBS and fixed in 2.5% glutaraldehyde and 0.1 M sodium
cacodylate buffer at 4 °C. For TEM, samples of infected mac-
rophages were postfixed in 1% osmium tetroxide (OsO4), 0.8%
potassium ferrocyanide, and 10 mM CaCl2 in 0.1 M cacodylate
buffer, dehydrated in an increasing acetone gradient, and em-
bedded in Epon resin for 72 h at 60 °C. Ultrathin sections were
obtained, stained with uranyl acetate and lead citrate, and exam-
ined using a JEOL JM 1400 transmission electron microscope.
For SEM, promastigotes were placed on a glass specimen sup-
port with poly-L-lysine, dehydrated in a graded series of ethanol,
critical-point dried in CO2, coated with gold, and examined
using a FEI Quanta 250 FEG scanning electron microscope.

Evaluation of the mechanism of action of clomipramine
in L. amazonensis promastigotes and amastigotes

To elucidate the mechanism of action of clomipramine in
L. amazonensis, we performed a series of spectrometric ex-
periments. For that promastigotes (1 × 106 cells/ml) were
treated with clomipramine (8 and 22 μM) for 24 h.
Intracellular amastigotes (1 × 106 cells/ml) were isolated from
infected macrophages previously incubated with clomipra-
mine (15 and 30 μM) for 24 h. In parallel, for assays that
involved promastigotes, before drug treatment, half of the par-
asites were pre-incubated with the antioxidant NAC (200 μM)
for 3 h to investigate the possible involvement of reactive
oxygen species (ROS) in some of the parameters. For all the
fluorimetric assays, parasites were distributed in black 96-well
plates before reading, and measurements were performed at a
plate multireader (Victor X3; PerkinElmer).

Determination of mitochondrial membrane potential To in-
vestigate the influence of clomipramine on the mitochondrial
membrane potential (ΔΨm), the probe Tetramethylrhodamine
Ethyl Ester (TMRE) was applied with the modified protocol
previously described by Miranda et al. (2017). Treated
promastigotes were incubated with 25 nM TMRE for
30 min. Fluorescence was read at lex = 540 nm and lem =
595 nm. CCCP (100 μM) was used as a positive control.
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Measurement of intracellular adenosine triphosphate levels
The cellular ATP levels in parasites were determined using the
Cell Titer-Glo Luminescent Cell Viability Assay, according to the
manufacturer instruction. After treatment, parasites were washed,
resuspended in PBS, and incubated, in a white 96-well plate, with
an equal volume of CellTiter-Glo reagent for 10 min.
Luminescence was measured in a microplate reader (VICTOR
X3, PerkinElmer). KCN (500μM)was used as a positive control.

Evaluation of oxidative stress To determine the influence of
clomipramine on redoxmetabolism in Leishmania, we evaluated
the total ROS, the H2O2 levels, and the amount of nitric oxide.
For that, after treatment parasites were stained, respectively, with
the fluorescent markers H2DCFDA, Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit, and DAF-FM diacetate accord-
ing to the manufacturer’s instructions in protocols previously
modified (Miranda et al. 2017; Lazarin-Bidóia et al. 2013).
Fluorescence values were measured at lex/em = 488/530 nm
(ROS), lex/em = 571/585 nm and lex/em = 495/515 nm. Cells
treated with H2O2 (4 mM) were used as positive control.

Measurement of mitochondrial O2
·− levels The generation of

mitochondrial O2
·− was detected using the MitoSOX Red mi-

tochondrial superoxide assay kit. The experiments were per-
formed according to the manufacturer instructions, with minor
modifications (Lazarin-Bidóia et al. 2013). Treated
promastigotes were resuspended in Krebs-Henseleit (KH)
buffer (15 mM NaHCO3, 5 mM KCl, 120 mM NaCl,
0.7 mM Na2HPO4, and 1.5 mM NaH2PO4, pH 7.3), and in-
cubated with MitoSOX reagent (5 μM) for 20 min in the dark
at 25 °C. Readings were performed at lex = 510/580 nm.
Antimycin A (10 μM) was used as a positive control.

Measurement of reduced thiol levels Considering that the an-
tioxidant defense of kinetoplastids mainly relies on
trypanothione, a thiol-based molecule, we quantified the levels
of reduced thiols using the 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB) as previously described (Lazarin-Bidóia et al. 2013).
Clomipramine-treated promastigotes (1 × 107 cells/ml) were
collected, resuspended in Tris-HCl buffer (100 mM, pH 2.5),
and sonicated. The supernatant was collected and incubated
with DTNB (1 mM) in PBS. Absorbance was read in a micro-
plate reader at 412 nm (BIO-TEK PowerWave XS spectropho-
tometer). H2O2 (4 mM) was used as a positive control.

Evaluation of lipid peroxidation and lipid droplets accumula-
tion In addition, we measured the accumulation of lipid drop-
lets and the lipid peroxidation using, respectively, the probes
Nile red and DPPP (1,3-bis (diphenylphosphino) propane
(Takahashi et al. 2001). Treated promastigotes were washed
in PBS buffer and incubated with DPPP (5 μM) or Nile red
(50 μM) in the dark at room temperature for 15 or 30 min,
respectively. Fluorometric readings were performed at lex/em =

355/460 nm for DPPP and l
ex/em

= 385/535 nm for Nile red. In
both assays, H2O2 (4 mM) was used as a positive control.

Analysis of cell membrane integrity The integrity of cell mem-
brane was assessed by propidium iodide (PI), is modified pro-
tocol as previously described (Miranda et al. 2017). After
treatment with clomipramine, the parasites were stained with
PI (0.2 μg/ml) for 5 min at room temperature while protected
from light. Samples were read at lex = 535 nm and lem =
617 nm. Digitonin (40 μM) was used as a positive control.

Detection of DNA fragmentation by the TUNEL assay To de-
termine DNA fragmentation, clomipramine-treated parasites were
fixedwith 4% paraformaldehyde, permeabilized with 0.2%Triton
X-100 for 10 min, and stained according to the manufacturer’s
instructions, with minor modifications (APO-BrdU TUNEL
Assay Kit with Alexa Fluor 488 Anti-BrdU). Fluorescence was
quantified in a spectrofluorometer at lex/em = 485/520 nm.
Camptothecin (10 μM) was used as a positive control.

Detection of phosphatidylserine exposure Phosphatidylserine
exposure was detected using the probe annexin V/FITC as
previously described (Miranda et al. 2017). After treatment,
promastigotes were washed and resuspended in binding buffer
(140 mM NaCl, 5 mM CaCl2, and 10 mM HEPES-Na,
pH 7.4) with annexin V/FITC for 15 min. Readings were
performed at lex/em = 494/518 nm. Camptothecin (10 μM)
was used as a positive control.

Determination of caspase 3/7-like activity To analyze the oc-
currence of apoptosis, caspase-like activity was determined
using the EnzChek Caspase-3 Assay Kit #1 Z-DEVD-AMC
Substrate. Clomipramine-treated promastigotes were washed
in PBS buffer, and stained according to the manufacturer’s
instructions. Readings were performed in a spectrofluorometer
at lex/em = 342/441 nm. Camptothecin (10 μM) was used as a
positive control. Similar groups were also pre-incubated with
the caspase inhibitor (Ac-DEVD-CHO) available on the kit.

Detection of autophagic vacuoles Autophagic vacuoles were
quantified using MDC. After treatment with clomipramine,
promastigotes and amastigotes were resuspended in PBS buffer,
and incubatedwithMDC (0.05mM) for 1 h.As a positive control
for autophagy, we used 7-day-old cultures of promastigotes. The
fluorescence was read at lex/em = 335/518 nm. For promastigotes,
in parallel, we pretreated a group with wortmannin (0.5 μM), a
potent inhibitor of PI3 kinase and consequently autophagic vacu-
ole formation (Blommaart et al. 1997).

Statistical analysis

All of the quantitative experiments were conducted in at least
three independent experiments that were performed in
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duplicate. The data are expressed as mean and standard error
of the mean. The data were analyzed using one-way or two-
way analysis of variance (ANOVA) when appropriate, follow-
ed by the Bonferroni post hoc test using Prism 5.0 software
(GraphPad, San Diego, CA, USA). Values of p ≤ 0.05 were
considered statistically significant.

Results

Clomipramine selectively inhibits the proliferation
of L. amazonensis

The antidepressant clomipramine was a selective inhibitor of
both extracellular and intracellular forms of the parasite.
Against promastigotes, clomipramine had an IC50 of 8.31 ±
3.29 μM and IC90 of 21.58 ± 3.44 μM. Clomipramine also
inhibited proliferation of the intracellular form of the parasite,
with an IC50 of 15.45 ± 4.92μMand IC90 of 31.38 ± 3.27μM.
The cytotoxicity testing of the drug revealed a good safety
profile, inhibiting 50% of macrophage cell growth at 181.22
± 8.04 μM. These results indicate that clomipramine is more
selective against the parasites than host cells (Selective
Indexes of 11.72 in amastigotes and 21.81 in promastigotes).

Nitric oxide production by macrophages is stimulated
by clomipramine

To investigate the effect of clomipramine directly on macro-
phages, we quantified NO production in these cells using the
probe DAF-FM diacetate. Clomipramine dose-dependently
augmented intracellular NO levels in macrophages, increasing
fluorescence by more than 50% after 30 μM treatment
(Fig. 1). The well-known macrophage activator LPS also sig-
nificantly increased NO production.

Clomipramine induces morphological
and ultrastructural alterations in L. amazonensis

After determining the inhibitory concentrations of clomipramine,
we performed SEM of promastigotes to determine the morpho-
logical alterations that are caused by clomipramine. Untreated
cells exhibited a normal elongated body with a prominent flagel-
lum and smooth and intact cell surface (Fig. 2a). Parasites that
were treated with clomipramine exhibited severe alterations of
cell shape (Fig. 2b), with a wrinkled cell surface, a smaller cell
body size, and distortions of the flagellum but with the mainte-
nance of cell membrane integrity. Interestingly, we also observed
the accumulation of vesicles on the surface of the flagellar pocket
(Fig. 2c) in treated promastigotes. Clomipramine also caused
ultrastructural alterations in L. amazonensis.We focused on large
parasitophorous vacuoles in infected macrophages. One notable
alteration that we observed in treated parasites was flagellar

pockets that were full of vesicles, possibly indicating intense
exocytic activity (Fig. 3b, d, f). Another prominent consequence
of clomipramine treatment was large multivesicular vacuoles
that were spread around the cytosol, filled with electron-dense
cargo, and full of membranous arrangements (Fig. 3c–f). An
increase in lipid inclusion bodies was also observed (Fig. 3c, e,
f). These alterations were already evident at the IC50 of clomip-
ramine but becamemore pronounced at the IC90. In amastigotes,
we also observedmitochondrial swelling (Fig. 3e), an increase in
endoplasmic reticulum profiles, and an increase in Golgi com-
plex vesiculation.

Clomipramine induces oxidative stress
in L. amazonensis

Treatment with 8 μM clomipramine induced several alterations
of redox metabolism in promastigotes, which was clearly
reflected by a significant increase in total ROS levels (Fig. 4a).
We assessed which ROS were more abundant during this state
of oxidative stress. The fluorescent values of H2O2 almost dou-
bled after treatment with 8 μM clomipramine (Fig. 4b).
Different responses were observed for mitochondrial superoxide
(Fig. 4c) and NO (Fig. 4d), in which no statistically significant
alterations were detected at the lower concentration of clomip-
ramine. Only the 22 μM concentration led to a significant re-
sponse. Pretreatment with the antioxidant NAC prevented oxi-
dative stress that was induced by clomipramine in most cases.

Related to redox metabolism, the levels of reduced thiols
were also affected by clomipramine treatment (Fig. 5a), indicat-
ing inhibition of the enzyme trypanothione reductase. When
intracellular amastigotes were treated, we observed a clear in-
crease in the amount of total ROS in the parasites (Fig. 6d), an
increase in H2O2 levels (Fig. 6c), and a dose-dependent increase

Fig. 1 Production of nitric oxide (NO) in macrophages (J774A.1) after
24 h treatment with clomipramine. Nitric oxide levels were measured in a
spectrofluorimeter using the fluorescent probe DAF-FM. The data are
expressed as the mean ± SEM of at least three independent experiments.
Lipopolysaccharide (LPS) was used as an activator of macrophages. *p ≤
0.05, compared with untreated control
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in DCF and Amplex Red fluorescence in isolated amastigotes
that were treated with clomipramine (15 and 30 μM).

Oxidative stress affects the cell membrane
of promastigotes

The intense oxidative stress that was caused by clomipramine
treatment compromised the cell membrane integrity of the
parasites. Although no significant effect was observed at the
IC50 of clomipramine, treatment with 22 μM increased lipid
peroxidation in promastigotes (Fig. 5b). Similarly, clomipra-
mine caused the accumulation of lipid bodies (Fig. 5c) and
alterations of cell membrane permeability (Fig. 5d) at the
higher concentration tested. These effects were at least partial-
ly inhibited when the parasites were pretreated with NAC.
Intracellular amastigotes presented a different profile.
Despite high ROS levels that were induced by clomipramine,
intracellular parasites did not suffer lipoperoxidation (data not
shown) or the loss of cell membrane integrity (Fig. 6e).
Intracellular amastigotes still presented an increase in the ac-
cumulation of lipid bodies at 30 μM clomipramine (Fig. 6f).

Clomipramine disrupts mitochondrial membrane
potential in L. amazonensis

The effect of clomipramine on mitochondrial physiology in
L. amazonensis varied in the two different forms of the parasite.
In promastigotes, the uncoupler CCCP inhibited ΔΨ by 35.3%
when compared with untreated controls. Clomipramine also
induced an inhibition in ΔΨ by 32.3 and 49.2% at 8 and
22 μM, respectively (Fig. 7a). Despite the alterations of mito-
chondrial physiology, cellular ATP levels were unaffected in

promastigotes, even at the higher concentration tested (Fig.
7b). Intriguingly, we observed an analogous effect on ΔΨ in
amastigotes (Fig. 6a) but also an additional reduction of intra-
cellular ATP levels at the IC50 and IC90 of clomipramine, sim-
ilar to the effects of the uncoupler CCCP (Fig. 6b).

Clomipramine-treated promastigotes exhibit
hallmarks of apoptosis

Themechanismof cell death that was induced in promastigotes by
clomipramine was assessed by fluorimetry. After 24 h treatment
with the antidepressant, promastigotes exhibited strong staining of
annexin V/FITC, an indicator of phosphatidylserine (PS) and re-
lated compounds exposure, with 80.2 and 101.7% increases in
total fluorescence at 8 and 22 μM, respectively (Fig. 7d). We also
evaluated caspase 3–7 activity as another marker of apoptosis,
whichwas unaffected at the lower concentration of clomipramine.
Only slight activation was observed at 22 μM (Fig. 7e).
Clomipramine dose-dependently induced DNA fragmentation,
with a 42.7% increase at the lower concentration and a 98.7%
increase at the higher concentration (Fig. 7c). Pretreatment with
NAC prevented phosphatidylserine exposure that was caused by
clomipramine but did not significantly affect DNA fragmentation.

Clomipramine induces autophagy in parasites

WeperformedMDC staining to determinewhether autophagy is
related to the mechanism of action of clomipramine.
Clomipramine-treated promastigotes exhibited 20.9 and 53.9%
increases in MDC fluorescence at the IC50 and IC90, indicating
autophagic vacuole accumulation. As expected, 7-day-old cul-
tures of promastigotes exhibited strong autophagy, with double

Fig. 2 Morphological analysis
(scanning electronmicroscopy) of
L. amazonensis promastigotes
that were treated with
clomipramine for 72 h. a Control
parasites had a normal elongated
body, with a smooth and intact
cell surface. b Promastigotes that
were treated with 8 μM
clomipramine had a wrinkled cell
surface, altered flagellum, and
smaller cell size. c, d Treatment
with 22 μM clomipramine caused
the same alterations as in b and
the additional accumulation of
vesicles in the flagellar pocket
region (detail in c). Scale bar =
2 μm
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the level of MDC fluorescence compared with untreated con-
trols (Fig. 8a). In intracellular amastigotes, we observed the
induction of autophagy, in which the IC50 of clomipramine in-
creased MDC fluorescence by 55.8%, and the IC90 increased
autophagic vacuole formation by 64.8% (Fig. 8b).

Discussion

The repurposing of drugs is often successfully applied for the
treatment of several diseases. Two of the main drugs that are
currently used for the treatment of leishmaniasis, miltefosine and
amphotericin B, were originally developed as antineoplasic and
antifungal agents, respectively (Padhy and Gupta 2011). In the

present study, we evaluated the antidepressant clomipramine as
a potential drug candidate for the treatment of leishmaniasis.
This research was motivated by previous data that showed that
clomipramine was a potent inhibitor of tripanosomatids
(Rivarola et al. 2005; Kaiser et al. 2015; Rodrigues et al.
2016). We observed the inhibitory activity of clomipramine at
micromolar concentrations against both the extracellular and
intracellular forms of L. amazonensis. The safety of clomipra-
mine was reflected by the good SIs against both forms of the
parasite when activity was compared with toxicity against mam-
malian kidney cells. Its safety is further assured by the fact that it
has long been used by general population.

The elimination of an intracellular parasite by an antimicro-
bial agent occurs mainly through two mechanisms: direct

Fig. 3 Ultrastructural analysis
(transmission electron
microscopy) of L. amazonensis
amastigotes, detail on J774A.1
macrophage vacuoles after 48 h
treatment with clomipramine. a
Control parasites exhibited a
normal ultrastructure with
preserved organelles. Parasites
that were treated with b, c 15 μM
and d–f 30 μM exhibited
alterations of the Golgi complex
with an enlarged cisternae,
disassembled endoplasmic
reticulum (white arrows), intense
vesicle traffic (black arrows), and
a flagellar pocket full of cargo.
Numerous lipid inclusions (+)
were also observed throughout
the cytoplasm with all treatments.
Autophagy-related structures,
such as double-membrane
autophagosomes, large
autolysosomes (#), and myelin
figures, were often observed.
Plasma membrane shedding
(black arrowhead) was seen in the
most affected cells. N, nucleus; K,
kinetoplast; F, flagellum; M,
mitochondrion; G, Golgi
complex; fp, flagellar pocket.
Scale bar = 0.5 μm
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killing of the parasite by the compound or stimulation of the
host cell to combat the microbial intruder. By analyzing aspects
of the host, we observed marked stimulation of NO production
in macrophages that were incubated with clomipramine.
Together with the antiproliferative activity of the compound,
such a response may contribute to the complete elimination of
L. amazonensis amastigotes, in which NO plays a major role in
intracellular parasite killing (Holzmuller et al. 2006).

Trypanosomes are microorganisms with a peculiar ultrastruc-
ture and unique features that differentiate them from host cells.

Among these characteristics are single and ramified mitochon-
dria that are attractive cellular targets for drug development
(Menna-Barreto et al. 2009). To assess whether this organelle
may be a target of the activity of clomipramine against
L. amazonensis, we performed ultrastructural and biochemical
analyses of treated parasites. Both forms of the parasite had mi-
tochondria that were strongly affected by clomipramine, express-
ing intense mitochondrial membrane depolarization.
Interestingly, pretreatment with the antioxidant NAC did not af-
fect the response that was induced by the drug in promastigotes.

Fig. 4 Levels of reactive oxygen/
nitrogen species in promastigotes
of L. amazonensis that were
treated for 24 h with
clomipramine (8 and 22 μM). a
H2DCFDA as an indicator of total
ROS. b Amplex Red as an
indicator of H2O2 production. c
MitoSOX Red as an indicator of
mitochondrial O2

·−. d DAF-FM
as an indicator of intracellular NO
levels. Gray bars, treatment with
only clomipramine. Black bars,
parasites pre-incubated with
200 μM NAC for 3 h before the
addition of clomipramine.
Antimycin A (2 μM) and H2O2

(0.25 mM) were used as inducers
of oxidative stress. *p ≤ 0.05,
compared with untreated control;
αp ≤ 0.05, comparison between
pretreatment with NAC and no
pretreatment

Fig. 5 Levels of a reduced thiols,
b lipoperoxidation, c lipid droplet
accumulation, and d permeability
of the plasma membrane in
promastigotes of L. amazonensis
that were treated for 24 h with
clomipramine (8 and 22 μM).
Gray bars, treatment with only
clomipramine. Black bars,
parasites pre-incubated with
200 μM NAC for 3 h before the
addition of clomipramine. H2O2

(0.25mM)was used as an inducer
of oxidative stress. The detergent
digitonin (40 μM) was used as a
disruptor of the membrane. *p ≤
0.05, compared with untreated
control; αp ≤ 0.05, comparison
between pretreatment with NAC
and no pretreatment
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Our findings clearly showed mitochondrial depolarization as an
initial mechanism of action of clomipramine, rather than the

induction of pronounced oxidative stress. The TEM analysis
revealed mitochondrial swelling in treated parasites, and these

Fig. 6 Evaluation of the effects of clomipramine (15 and 30 μM) on the
physiology and metabolism of intracellular amastigotes of L. amazonensis.
a Mitochondrial membrane potential, b ATP levels, c H2O2 production, d
total ROS levels, e permeability of the plasmamembrane, and f lipid droplet
accumulation were measured in intracellular amastigotes that were isolated

from macrophages after 24 h treatment. H2O2 (4 mM) was used as an
inducer of oxidative stress. CCCP (100 μM) was used as a mitochondrial
uncoupler. KCN (500 μM) was used as a cytochrome c oxidase inhibitor.
Camptothecin (10 μM) was used as an inducer of apoptosis. *p ≤ 0.05,
compared with untreated control

Fig. 7 Evaluation of mitochondrial metabolism and cell death parameters
in promastigotes of L. amazonensis that were treated for 24 h with
clomipramine (8 and 22 μM). a Mitochondrial membrane potential and b
ATP levels were measured as indicators of energetic metabolism. c DNA
fragmentation, d phosphatidylserine exposure, and e caspase 3–7 activity
were evaluated as hallmarks of apoptosis. Gray bars, treatment with only
clomipramine. Black bars, parasites pre-incubated with 200 μM NAC for

3 h before the addition of clomipramine. White dotted black bars, cells
incubated with the apoptosis inhibitor Ac-DEVD-CHO. H2O2 (0.25 mM)
was used as an inducer of oxidative stress. CCCP (100 μM) was used as a
mitochondrial uncoupler. KCN (200 μM) was used as a cytochrome c
oxidase inhibitor. Camptothecin (10 μM) was used as an inducer of
apoptosis. *p ≤ 0.05, compared with untreated control; αp ≤ 0.05,
comparison between pretreatment with NAC and no pretreatment
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alterations may be a physiological consequence of the ionic im-
balance that is created by depolarization (Safiulina et al. 2006). A
comparable effect was previously observed when T. brucei was
treated with clomipramine (Rodrigues et al. 2016).

The tricyclic antidepressant imipramine was found to be
more active than miltefosine in vivo against L. donovani
(Mukherjee et al., 2012). These authors found that imipramine
strongly reducedΔΨm in L. donovani, similar to our previous
observations in L. amazonensis, in both amastigotes and
promastigotes. Higgins and Pilkington (2010) investigated the
effects of tricyclic antidepressants on glioma cells and found
that clomipramine is a strong inhibitor of ΔΨm and conse-
quently a potent inducer of apoptosis, thus corroborating our
hypothesis that mitochondria are a cellular target of this drug.

After finding that clomipramine disrupted ΔΨm in
L. amazonensis and knowing that ΔΨm is coupled with the
mitochondrial synthesis of ATP (Okuno et al. 2011), we further
investigated the intracellular amounts of this energetic mole-
cule. Intracellular amastigotes exhibited changes in ATP levels
that were proportional to the disruption of ΔΨm. In contrast,
promastigotes exhibited severe disruption of ΔΨ, with no
changes in ATP levels. Such discrepancies may occur through
metabolic specificities of the two distinct forms of the parasite.

Trypanosomatids pass through different environments and
suffer numerous metabolic adaptations during their life cycle
(Bringaud et al. 2006). A proteomic study of L. donovani showed
that extracellular promastigotes utilize glucose as a main energy
source, whereas amastigotes utilize fatty acids and amino acids as
its main energymatrix (Rosenzweig et al. 2007). Considering the
metabolic differences between the forms of the parasite and our
observations of constant levels of ATP in clomipramine-treated
promastigotes even after ΔΨ disruption, substrate-level phos-
phorylation may be mainly responsible for maintaining ATP
levels in these extracellular parasites, similar to previous obser-
vations in procyclic T. brucei (Bringaud et al. 2006).

To obtain additional information about mitochondrial phys-
iology in clomipramine-treated L. amazonensis, we investigat-
ed redox metabolism. Both promastigotes and amastigotes ex-
hibited intense oxidative stress after clomipramine treatment,
with initially higher levels of total ROS and significant

increases in H2O2. Consistent with a previous study (Benson
et al. 1992), the present results suggest that clomipramine im-
pairs the antioxidant enzyme trypanothione reductase and thus
prevents ROS detoxification, clearly contributing to oxidative
stress. Mitochondrial O2

·− increased in promastigotes only at
the higher concentrations of clomipramine, suggesting that na-
scent superoxide in the electron transport chain is not the main
mechanism by which clomipramine acts initially.

The phenomena that occurred in the parasite when the low-
er dose (i.e., IC50) of clomipramine was used may reveal the
initial steps of its complex mechanism of action. Higher con-
centrations (i.e., the IC90) of clomipramine resulted in more
alterations, possibly because of the widespread cellular de-
mise that occurred through several secondary effects.

As a consequence of extensive oxidative stress in the para-
sites, promastigotes exhibited high levels of lipoperoxidation
already at 8 μM clomipramine, with membrane perme-
abilization and lipid body accumulation at the higher dose.
The partial inhibition of these effects by the antioxidant NAC
demonstrates the causal relationship between oxidative stress
and alterations of cell membrane permeability in promastigotes.
Intriguingly, the same effect was not observed in intracellular
amastigotes. Although they presented high amounts of ROS
even at the lower dose of clomipramine, they did not suffer
lipoperoxidation or the loss of cell membrane integrity. This
resilience of amastigotes to multiple stresses may reflect their
slower growth and stringent metabolic response that were evo-
lutionarily acquired as an adaptation to the harsh conditions of
parasitophorous vacuoles (McConville et al. 2015).

Multiple alterations were observed at the mitochondrial
level, including swelling, ROS generation, and membrane de-
polarization. This organelle is one of the sites of the initiation
of apoptosis (Menna-Barreto and de Castro 2014). We inves-
tigated the occurrence of programmed cell death in
clomipramine-treated promastigotes. Apoptosis, which may
be the subtype of programmed cell death that is better de-
scribed in higher eukaryotes, is characterized by cell shrink-
age, chromatin condensation, chromosomal DNA fragmenta-
tion, a decrease in ΔΨm, phosphatidylserine exposure, and
caspase activation (Smirlis et al. 2010; Galluzzi et al. 2015).

Fig. 8 Detection of autophagy in
a promastigotes and b isolated
intracellular amastigotes of
L. amazonensis that were treated
for 24 h with clomipramine (8 and
22 μM). Monodansylcadaverine
(MDC) is a marker that
accumulates in autophagic
vacuoles. Seven-day-old
promastigotes were analyzed as a
positive control for the occurrence
of autophagy. *p ≤ 0.05,
compared with untreated control
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Our results strongly support the occurrence of apoptosis-like
programmed cell death.

A similar occurrence of programmed cell death was observed
in protozoan parasites (Menna-Barreto et al. 2009; Desoti et al.
2015; Rodrigues et al. 2016). Although the parasites presented
morphological features of apoptotic cell death, they lacked crucial
molecular events, such as caspase activation, which is necessary
for apoptosis in higher eukaryotes (Menna-Barreto and de Castro
2014). Despite the presence of orthologues of caspases (i.e.,
metacaspases) in pathogenic trypanosomatids, their involvement
in cell death is doubtful (Proto et al. 2012). This might explain the
minimal increase in caspase 3–7-like activity that we observed in
clomipramine-treated promastigotes, whereas our observations of
a reduction of cell size, membrane shrinkage, DNA fragmenta-
tion, and phosphatidylserine exposure clearly indicate the occur-
rence of apoptosis even at the lower dose of clomipramine.

Trypanosomatids might exhibit a rather primitive type of
apoptosis that does not primarily depend on caspases but rather
relies on ROS formation (Duszenko et al. 2006). Our findings
corroborate this possibility. Antioxidant pretreatment prevented
PS exposure in clomipramine-treated promastigotes.

Regarding the PS exposure, even though our results shown
strong annexin V staining after clomipramine treatment in
promastigotes, it is important to consider that this marker
can also bind at a lesser extent to other membrane phospho-
lipids, including phosphatidylglycerol and phosphatidyl ino-
sitol-4,5 bisphosphate (Yeung et al. 2009). Even the existence
of PS in leishmania parasites is still a matter of debate, though
some authors reported the lack of PS in L. donovani mem-
branes (Weingärtner et al. 2012), others reported the presence
of PS and its relationship to apoptosis in Leishmania sp.
(Shadab et al., 2017; Wanderley et al., 2013; Imbert et al.,
2012), similarly to what we observed.

Together with mitochondrial injury, clomipramine-treated
parasites exhibited disturbances of the endomembrane system,
with alterations of the Golgi complex and a flagellar pocket
that was full of vesicles, as detected by TEM. The relationship
between apoptosis and the secretory pathway is not entirely

clear, but some evidence suggests that the endoplasmic retic-
ulum and Golgi complex can act as sensors of cellular stress
and are involved in the so-called unfolded protein response
(Walter and Ron 2011). During the unfolded protein response,
these organelles might first trigger recovery mechanisms
through widespread trafficking between cell compartments.
In the case of extensive damage, they might participate in
the initiation of apoptosis. As the cell is dismantled during
apoptosis, the endoplasmic reticulum vesiculates, and the
Golgi complex disassembles, resulting in the loss of their cis-
terna arrangement and turning them into vesicles and tubular
clusters (Maag et al. 2003; Hicks and Machamer 2005).

The ultrastructural analysis of clomipramine-treated intracellu-
lar amastigotes also revealed the appearance of peculiar compart-
ments, characterized by multivesicular vacuoles that were
surrounded by a single membrane and filled with electron-dense
cargo. According to themost recent guidelines formonitoring and
interpreting autophagy (Klionsky et al. 2016), such observations
are close to the definition of autolysomes, recognized as
autophagy-related structural products of the fusion of double-
membrane autophagosomeswith lysosomes. Interestingly, similar
structures were observed in clomipramine-treated T. brucei
(Rodrigues et al. 2016). Together with the unfolded protein re-
sponse, autophagy might be understood as a set of adaptive re-
sponses that are initially aimed at recovering an injured cell.
Because of extensive damage and compromised cell function,
autophagy may contribute to cell death (Galluzzi et al. 2015).

Additional ultrastructural findings showed that clomipra-
mine caused intense exocytic activity in L. amazonensis, which
was clearly demonstrated by the numerous vesicles inside the
flagellar pocket in treated parasites. The trypanosomal flagellar
pocket is the region where major exocytosis and endocytosis
occur in the parasite (Field and Carrington 2009). The accumu-
lation of vesicles may indicate the intense exocytosis of abnor-
mal macromolecules, as remnants of autophagy or misfolded
proteins and lipids (Lorente et al. 2004).

The present study showed that the antidepressant clomipra-
mine has potential as a repurposed drug for the treatment of

Fig. 9 Suggested mechanism of action of clomipramine in L. amazonensis.
The drug acts first by inhibiting trypanothione reductase (TR) and impairing
the mitochondrial membrane potential (ΔΨ). Parasites are taken to intense

accumulation of reactive oxygen species (ROS), and consequently display
autophagy and augmented exocytosis. Parasites end up dying by apoptosis-
like programmed cell death, exhibiting several hallmarks
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L. amazonensis infection. The demonstrated safety of the drug,
its activity against both forms of the parasite, and the activation of
macrophages support further studies of novel therapeutics for
cutaneous leishmaniasis. Aware about the complexity and exten-
sive cross talk between the cell death mechanisms in
trypanosomatids, we tried to connect our results in order to shed
some light on the mechanism of action of clomipramine. Our
results support the suggestion that the antidepressant acts through
a mitochondrial pathway in L. amazonensis (Fig. 9). By
inhibiting trypanothione reductase activity and directly interfer-
ing with ΔΨm, clomipramine caused severe oxidative stress in
the parasite. Autophagy and remodeling of the endomembrane
system may reflect adaptive responses that unsuccessfully re-
stored cellular homeostasis in the parasite, culminating in the
appearance of programmed cell death hallmarks, characteristical-
ly apoptosis-like. Interestingly, differences between the two
forms of the parasite were observed. Promastigotes were gener-
ally more susceptible to clomipramine-induced oxidative stress.
Amastigotes, although resilient to most of the effects of ROS
accumulation, exhibited mitochondrial depolarization and the
consequent decline of ATP levels, with greater dependence on
mitochondrial energetic metabolism.
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