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Abstract

Treatment for visceral leishmaniasis (VL) is hampered mainly by drug toxicity, their high cost, and parasite resistance. Drug
development is a long and pricey process, and therefore, drug repositioning may be an alternative worth pursuing. Cardenolides
are used to treat cardiac diseases, especially those obtained from Digitalis species. In the present study, cardenolide digitoxigenin
(DIGI) obtained from a methanolic extract of Digitalis lanata leaves was tested for its antileishmanial activity against Leishmania
infantum species. Results showed that 50% Leishmania and murine macrophage inhibitory concentrations (ICsq and CCs,
respectively) were of 6.9 + 1.5 and 295.3 + 14.5 pg/mL, respectively. With amphotericin B (AmpB) deoxycholate, used as a
control drug, values of 0.13 +0.02 and 0.79 + 0.12 ug/mL, respectively, were observed. Selectivity index (SI) values were 0 42.8
and 6.1 for DIGI and AmpB, respectively. Preliminary studies suggested that the mechanism of action for DIGI is to cause
alterations in the mitochondrial membrane potential, to increase the levels of reactive oxygen species and induce accumulation of
lipid bodies in the parasites. DIGI was incorporated into Pluronic® F127-based polymeric micelles, and the formula (DIGI/Mic)
was used to treat L. infantum—infected mice. Miltefosine was used as a control drug. Results showed that animals treated with
either miltefosine, DIGI, or DIGI/Mic presented significant reductions in the parasite load in their spleens, livers, bone marrows,
and draining lymph nodes, as well as the development of a specific Th1-type response, when compared with the controls. Results
obtained 1 day after treatment were corroborated with data corresponding to 15 days after therapy. Importantly, treatment with
DIGI/Mic induced better parasitological and immunological responses when compared with miltefosine- and DIGI-treated mice.
In conclusion, DIGI/Mic has the potential to be used as a therapeutic agent to protect against L. infantum infection, and it is
therefore worth of consideration in future studies addressing VL treatment.
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Introduction

Leishmaniases are protozoal vector-borne diseases that affect
both humans and animals. There are approximately 380 mil-
lion people at risk of contracting infection and 2.0 million
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cases registered annually (WHO 2018). This disease complex
is caused by some species of the Leishmania genus, being the
tegumentary and visceral leishmaniases, the main clinical
forms of the disease (Grimaldi and Tesh 1993). Visceral leish-
maniasis (VL) is a worldwide-distributed infectious disease
that, when symptomatic, causes fever, hepatosplenomegaly,
and pancytopenia, among others (Burza et al. 2018). Its diag-
nosis is accomplished by molecular and/or conventional par-
asitological techniques, as well as by immunological assays.
However, accurate diagnosis depends on the current clinical
status and immune response of the infected hosts, with false-
negative and/or false-positive results being frequently
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encountered (Sakkas et al. 2016; Jamal et al. 2017; Van
Griensven and Diro 2019).

VL treatment has long relied on the use of pentavalent
antimonials. However, long periods of parenteral administra-
tion cause toxicity to the patients, who present with symptoms
such as cardiac arrhythmias, prolonged QT interval, ventricu-
lar premature beats, ventricular tachycardia, and fibrillation
(Sundar and Chakravarty 2015). In addition, parasite resis-
tance has been reported, limiting their effectiveness as clinical
antileishmanial drugs (Sundar and Singh 2018). Other thera-
peutic agents are also available and are currently being
employed to treat VL. Despite presenting high efficacy, tox-
icity and/or high costs are also limitations for their widespread
use within a clinical setting (Chakravarty and Sundar 2019).
Amphotericin B (AmpB) deoxycholate is one of these alter-
native drugs, which toxic effects include nephrotoxicity, hy-
pokalemia, and myocarditis (Mohamed-Ahmed et al. 2012).
AmpB-containing lipid formulations were developed with the
aim to reduce side effects. Besides their low toxicity, these
formulations have shown to induce high therapeutic re-
sponses, but their high cost is still a limiting factor (Sundar
et al. 2019). Miltefosine was originally used as an antitumor
agent, and its leishmanicidal potential was reported in the
1980s (Dorlo et al. 2012). It was the first drug used to treat
VL via oral administration. Miltefosine inhibits the biosynthe-
sis of the glycosyl phosphatidyl inositol receptor, a key mol-
ecule for Leishmania intracellular survival. Unfortunately,
miltefosine is teratogenic, and parasite resistance has been
also registered (Rijal et al. 2013; Srivastava et al. 2017).

In this context, there is currently an urgent need to identify
novel effective, non-toxic, low-cost antileishmanial agents.
Drug discovery is a long and expensive process, and leish-
maniasis is a neglected disease (Hughes et al. 2011). Thus,
drug repositioning may well represent an attractive alternative,
since compounds with known biological functions have been
proved to be effective against parasites (Andrade-Neto et al.
2018). Cardenolides are glycosides able to inhibit Na*/K™-
ATPases by obstructing the Na*/K* pump mechanism
(Mijatovic and Kiss 2013; Patel et al. 2019). These com-
pounds are clinically used to treat cardiac diseases, such as
congestive heart failure (Gheorghiade et al. 2009), and they
have been reported also to possess antitumor (Slingerland
et al. 2013), antimalarial (Chan et al. 2016), and antioxidant
(Xu et al. 2017) activities, among others (Eid et al. 2012;
Gurel et al. 2017). In the present study, a cardenolide derivate
called digitoxigenin (DIGI) was obtained from a methanolic
extract of Digitalis lanata leaves, and its antileishmanial ac-
tivity was evaluated against L. infantum species.

Experimental results showed that DIGI was effective
against parasites, presenting a higher selectivity index (SI)
than AmpB, with corresponding high efficacy in the treatment
of infected murine macrophages. Preliminary studies showed
that DIGI induced alterations in the parasite mitochondrial
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membrane potential (AWm) and stimulated the production
of reactive oxygen species (ROS) and the accumulation of
lipid bodies in the parasites. Furthermore, studies in vivo
showed that DIGI administered either in a free format or in-
corporated into poloxamer 407-based polymeric micelle sys-
tem (DIGI/Mic) significantly reduced the parasite load in the
spleens, livers, bone marrows (BM), and draining lymph
nodes (dLNs) of L. infantum—infected mice, 1 and 15 days
post-treatment. Immunological data demonstrated that both
DIGI and DIGI/Mic stimulated also the development of an
antileishmanial Thl-type cellular and humoral immune re-
sponse 1 and 15 days after treatment, suggesting the potential
of this cardenolide derivate as an effective alternative thera-
peutic agent against VL.

Materials and methods

Ethics statement, experimental animals, and
chemicals

The study was approved by the Committee for the Ethical
Handling of Research Animals of Federal University of
Minas Gerais (UFMG; Belo Horizonte, Minas Gerais,
Brazil), with protocol number 085/2017. BALB/c mice (fe-
male, 8 weeks old) were purchased from the Institute of
Biological Sciences of UFMG, and they were kept under
pathogen-free conditions. Poloxamer 407 (Pluronic® F127),
miltefosine, and AmpB were acquired from Sigma-Aldrich
(catalog numbers 16758, 58066-85-6, and 1397-89-3, respec-
tively; St. Louis, USA).

Extraction and purification of DIGI

DIGI was obtained according to the method reported by Padua
et al. (2005), with few modifications. Briefly, a methanolic ex-
tract from Digitalis lanata leaves (kindly donated by Prof.
Wolfgang Kreis, University of Erlangen-Nuremberg,
Germany), which is an industrial refuse resulting from the ex-
traction of digoxin, was resuspended (17 g) in 200 mL acetone
and sonicated for 30 min at room temperature. The acetonic
extract obtained was filtrated through a sintered Biichner funnel
(no. 1-100- to 160-pm pore sizes), and the process was repeated
with the insoluble material using 100 mL acetone. The acetone
extract was filtered over 30 g of activated charcoal powder under
reduced pressure to remove chlorophyll and other pigments. The
active charcoal was washed with acetone (100 mL), and the
filtrate was evaporated to dryness to allow the dry extract to
enrich in cardenolides (10 g). The dry extract was dissolved in
400 mL methanol and stirred on an oil bath until the temperature
reached 55 °C. Then, 350 mL 1 M hydrochloric acid was added,
and the solution was stirred for 35 min at room temperature.
Next, it was partitioned with dichloromethane (3 x 200 mL),
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and the organic layer was neutralized by partition with 50 mL 3%
(w/v) NaHCO; aqueous solution. The organic layer was then
washed with water (3 x 100 mL) and dried over anhydrous
sodium sulfate, and dichloromethane was evaporated to dryness
to get the dried residue (7.0 g), which was dissolved in dichloro-
methane (100 mL) and filtered under reduced pressure over silica
gel (50.0 g; 0.04-0.063 mm) deposited in a sintered Buchner
funnel (no. 4-10- to 16-um pore sizes). The silica gel was se-
quentially washed using mixtures of dichloromethane (A) and
ethyl acetate (B): 100% A (100 mL), 95% A/5% B (950 mL),
90% A/10% B (750 mL), and 70% A/30% B (250 mL). Forty-
one fractions were collected (50 mL each); the solvent was re-
moved in a fume hood for 18 h at room temperature, and frac-
tions were submitted to thin-layer chromatography analysis over
silica gel (eluent: ethyl acetate; spray reagent: Kedde). Fractions
containing DIGI (fractions 25 to 34) were pooled and used to
purify the molecule (1.4 g; purity > 98%; Fig. 1).

Parasites

L. infantum (MHOM/BR/1970/BH46) parasites were grown
at a 24 °C in complete Schneider’s medium (Sigma-Aldrich,
USA), supplemented with 20% (v/v) heat-inactivated fetal
bovine serum (FBS; Sigma-Aldrich, USA) and 20 mM L-glu-
tamine pH 7.4 (Coelho et al. 2003).

Antileishmanial activity

Fifty percent of L. infantum inhibitory concentration (ICsg)
was evaluated by incubating parasite stationary promastigotes
(10° cells) with DIGI (0 to 50.0 pg/mL) or AmpB (0 to 10.0
pg/mL; Sigma-Aldrich, USA) in 96-well culture plates (Nunc,
Nunclon, Roskilde, Denmark) for 48 h at 24 °C. Cell viability
was assessed using the 3-(4.5-dimethylthiazol-2-yl)-2.5-
diphenyl tetrazolium bromide (Sigma-Aldrich, USA) method.
Optical density (OD) values were measured in a microplate
spectrophotometer (Molecular Devices, SpectraMax Plus, San

Fig. 1 Chemical structure of digitoxigenin molecule

Jose, CA, USA) at 570 nm. ICso values were calculated by
sigmoidal regression of dose-response curves in Microsoft
Excel software (version 10.0) (Tavares et al. 2018).

Cytotoxicity assay

Cytotoxicity was evaluated ex vivo in murine macrophages
and human red blood cells, for which concentrations
inhibiting 50% of macrophages (CCso) and red blood cells
(RBCs) were determined. Briefly, murine cells (5 x 10°) or
a 5% human red blood cell suspension were incubated in the
presence of DIGI (0 to 100.0 png/mL) or AmpB (0 to 10.0 ng/
mL) in RPMI 1640 medium for 48 h (murine macrophages) or
1 h (red blood cells) at 37 °C in 5% CO,. Macrophage viabil-
ity was assessed by MTT method. The red blood cell suspen-
sion was centrifuged at 1000xg for 10 min at 4 °C, after which
percentage of cell lysis was evaluated spectrophotometrically
at 570 nm. The absence of (blank) or 100% hemolysis was
determined by replacing DIGI with an equal volume of
phosphate-buffered saline pH 7.4 (PBS) or distilled water,
respectively. CCso and RBCs values were calculated by sig-
moidal regression of dose-response curves in Microsoft Excel
software (version 10.0) (Sousa et al. 2019). SI was calculated
as the ratio between CCsq and ICsq values.

Treatment of infected macrophages

To evaluate the efficacy of DIGI for treating infected macro-
phages, murine cells (5 x 10%) were plated on round glass cov-
erslips in 24-well plates in RPMI 1640 medium supplemented
with 20% (v/v) FBS and 20 mM L-glutamine pH 7.4 and incu-
bated for 24 h at 37 °C in 5% CO,. Stationary promastigotes
were then added to the wells at a ratio of 10 parasites per
macrophage, and cultures were incubated further for 48 h at
37 °C in 5% CO,. Free parasites were removed by extensive
washing with RPMI 1640 medium, and infected macrophages
were treated with DIGI (0, 2.5, 5.0, and 10.0 pg/mL) or AmpB
(0,0.25,0.5, and 1.0 pg/mL) for 48 h at 24 °C in 5% CO,. After
fixation with 4% paraformaldehyde, cells were washed and
stained with Giemsa, and the infection percentage, the number
of amastigotes per infected macrophage, and the reduction in
the infection percentage were determined by counting 200 cells,
in triplicate, using an optical microscope (Tavares et al. 2018).

Evaluation of mitochondrial membrane potential and
integrity

Stationary promastigotes (107 cells) were cultured in the absence
or presence of DIGI (13.8 pg/mL, corresponding to 2x the ICs,
value) during 24 h at 25 °C. Parasites were washed with PBS and
incubated with MitoTracker Red CM-H2XROS (500 nM;
Invitrogen, USA) or propidium iodide (1.0 pg/mL; Sigma-
Aldrich) for 30 and 15 min, respectively, in the dark and at room
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temperature. After washing twice with PBS, samples were added
to a black 96-well plate, and fluorescence intensity was measured
using a fluorometer (FLx800, BioTek Instruments, Inc.,
Winooski, VT, USA), with excitation and emission wavelengths
of 540 and 600 nm, respectively. Carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazon (FCCP, 5.0 uM; Sigma-
Aldrich, USA) and pre-heated parasites at 65 °C for 10 min were
used as positive controls (Sousa et al. 2019).

Production of reactive oxygen species

Stationary promastigotes (107 cells) were cultured in the absence
or presence of DIGI (13.8 ng/mL, corresponding to 2x the ICs
value) for 24 h at 25 °C. Parasites were washed with PBS and
incubated with 20 uM cell-permeant 2',7'-
dichlorodihydrofluorescein diacetate (H,DCFDA; Sigma-
Aldrich, USA) for 30 min in the dark and at room temperature.
After washing twice with PBS, samples were added to a black
96-well plate, and fluorescence intensity was measured using a
fluorometer (FLx800, BioTek Instruments, Inc., Winooski, VT,
USA), with excitation and emission wavelengths of 485 and 528
nm, respectively. H,O,-treated parasites (4.0 mM; Sigma-
Aldrich, USA) were used as positive control (Sousa et al. 2019).

Infection, treatment, and toxicity assay

Mice (n = 12 per group) were infected subcutaneously with
107 L. infantum stationary-phase promastigotes and 60 days
post-infection; they were grouped and treated with one of the
following therapeutic regimens: 50 uL of PBS (saline group),
50 pL of empty micelles (10 mg/kg body weight) (B/Mic
group), 2 mg miltefosine/kg body weight (miltefosine group),
50 uL of free DIGI (5 mg/kg body weight) (DIGI group), or
50 puL of DIGI-containing micelles (5 mg/kg body weight)
(DIGI/Mic group). Except for miltefosine which was admin-
istered orally, all other regimens were administered subcuta-
neously, every 2 days for a total period of 10 days. Half of the
animals were euthanized 1 and 15 days post-therapy, when
biochemical, immunological, and parasitological analyses
were performed. To evaluate toxicity in vivo, sera samples
from the infected and then treated mice were collected 1 and
15 days post-treatment, with which the levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
and creatine kinase—muscle brain fraction (CK-MB) markers
were measured using commercial kits (Labtest Diagnostica®,
Belo Horizonte), according to the manufacturer’s instructions.

Cytokine and nitrite production
The spleens were collected from the infected and treated mice

1 and 15 days post-treatment and spleen cells (5 x 10° cells/
mL) were incubated in DMEM (medium) supplemented with
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20% (v/v) FBS and 20 mM L-glutamine at pH 7.4 or stimu-
lated with L. infantum soluble Leishmania antigen (SLA, 50
pg/mL) for 48 h at 37 °C in 5% CO,. IFN-y, IL-4, IL-10, IL-
12p70, and GM-CSF levels were measured in the culture su-
pernatant by capture ELISA technique, using commercial kits
(BD PharMingen®, San Diego, CA, USA) according to the
manufacturer’s instructions. Nitrite production was evaluated
in these same supernatants by Griess method. The IFN-y
source in miltefosine-, DIGI-, and DIGI/Mic-treated mice
was evaluated by addition of anti-CD4 (GK 1.5) or anti-
CD8 (53-6.7) monoclonal antibodies (5 png each;
PharMingen®, USA) to the stimulated cultures. Appropriate
isotype-matched controls (rat [gG2a (R35-95) and rat IgG2b
(95-1)) were used. In addition, IFN-y, TNF-«, and IL-10-
producing CD4* and CD8" T cell frequency were evaluated
in the saline-, B/Mic-, miltefosine-, DIGI-, and DIGI/Mic-
treated mice by flow cytometry using cells collected 15 days
post-treatment. Briefly, splenocytes (5 x 10° cells/mL) were
cultured in RPMI 1640 (medium) or stimulated with SLA (50
pg/mL) for 48 h at 37 °C in 5% CO,. IFN-y, TNF-«, and IL-
10-producing CD4* and CD8" T cell frequency were deter-
mined by their relative flow cytometry size (forward laser
scatter—FSC) and granularity (side laser scatter—SSC).
After selection of the R1 region of containing FSCLow and
SSCLow phenotype cells, IFN-y*, TNF-«, and IL-10%, T cell
frequency was calculated based on the analysis of density plot
distribution of CD4/FL1 or CD8/FL1 versus IFN-y/FL2*,
TNF-o/FL2", and IL-10/FL2* cells. Results were expressed
as indexes, which were calculated as the ratio between CD4*
and CD8" T cell percentages in the stimulated versus
unstimulated (control) cultures (Mendonga et al. 2018).

Humoral response

The levels of antiparasite I[gG1 and IgG2a isotype antibodies
in sera samples collected from infected and treated mice were
evaluated by ELISA assay, 1 and 15 days post-treatment.
L. infantum SLA was used as antigen (1.0 pug/well), and sera
samples were diluted 1:100 in PBS-T (PBS plus 0.05% (v/v)
Tween 20). Antimouse IgG1 and IgG2a horseradish-
peroxidase conjugated antibodies (Sigma-Aldrich, USA) were
used at a 1:10,000 dilution in PBS-T. Reactions were devel-
oped using H,0,, ortho-phenylenediamine, and citrate-
phosphate buffer at pH 5.0 for 30 min and in the dark and
stopped by addition of 2 N H,SO4. OD values were measured
in an ELISA microplate spectrophotometer (Molecular
Devices, SpectraMax Plus, Canada) at 492 nm.

Parasite load
Parasite load in the spleens, livers, BMs, and dLNs collected

from the infected and treated mice 1 and 15 days post-
treatment was evaluated by limiting dilution technique
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Table1 Invitro biological assays. L. infantum stationary promastigotes
(10° cells) were incubated with DIGI (0 to 50 pg/mL) or AmpB (0 to 1.0
pg/mL) for 48 h at 24 °C. Cell viability was analyzed by MTT method,
and 50% Leishmania inhibitory concentration (ICsy) was calculated by
sigmoidal regression of the corresponding dose-response curve. Murine
macrophages were incubated with DIGI (0 to 100 pg/mL) or AmpB (0 to
10.0 pg/mL), and 50% macrophage inhibitory concentration (CCsg) was
determined by sigmoidal regression of dose-response curves. The
selectivity index (SI) was calculated as the ratio between CCs and I1Csg
values; 50% inhibition of human red blood cells (RBCs) viability was
calculated by incubating a 5% red blood cell suspension with DIGI (0 to
100.0 pg/mL) or AmpB (0 to 10.0 ug/mL) for 1 h at 37 °C in 5% CO,.
Percentage of cell lysis was evaluated spectrophotometrically, and the
absences of (blank) and 100% hemolysis were determined by replacing
DIGI for an equal volume of PBS and distilled water, respectively.
Results were expressed as mean + standard deviation

Compound 1C50 (ug/mL) CCso (ng/mL) SI RBCso (ng/mL)

2953145 428 384.6+204
0.79 £0.12 6.1 11.7+£23

Digitoxigenin 6.9+ 1.5
Amphotericin B 0.13 +0.02

(Tavares et al. 2018). Briefly, organs were macerated in a
glass tissue grinder using sterile PBS, and tissue debris was
removed by centrifugation at 150xg. Cells were concentrated
by centrifugation at 2000xg, resuspended in 1 mL of complete
Schneider’s medium, and serially diluted 107" to 107'? in the
same medium. Each sample was plated in triplicate and cul-
tured at 24 °C for 7 days. Results were expressed as the neg-
ative log of the titer (the dilution corresponding to the last
positive well) adjusted per milligram of organ.

Splenic parasitism

The splenic parasite load was evaluated also by qPCR technique,
as described previously (Duarte et al. 2016; Antonia et al. 2018).
Briefly, spleen DNA was extracted and resuspended, and the

Table2  Treatment of infected macrophages. Murine macrophages (5 x
10° cells) were incubated in RPMI 1640 medium supplemented with 20%
(v/v) FBS and 20 mM L-glutamine at pH 7.4, for 24 h at 37 °C in 5% CO,.
L. infantum stationary promastigotes were used to infect macrophages (at
aratio of 10 parasites per macrophage) for 48 h at 37 °C in 5% CO,. Free
parasites were removed by extensive washing with medium and infected

parasite load was estimated by qPCR using the primers forward
(CCTATTTTACACCAACCCCCAGT) and reverse
(GGGTAGGGGCGTTCTGCGAAA). Mouse [3-actin gene
(forward: CAGAGCAAGAGAGGTATCC and reverse:
TCATTGTAGAAGGTGTGGTGC) was used as an endoge-
nous control. Reactions were processed in an ABI Prism 7500
Sequence Detection System (96-well plate; Applied Biosystems)
using 2x SYBR™ Select Master Mix (5 pL; Applied
Biosystems, USA) supplemented with each primer at a final
concentration of 2 mM (1 uL) and 4 uL. of DNA (25 ng/uL).
Samples were incubated at 95 °C for 10 min and submitted to 40
cycles of 15 s at 95 °C followed by 1 min at 60 °C. After each
cycle, fluorescence data were collected. A standard curve was
run in parallel, which was performed in duplicate and expressed
as the number of L. infantum organisms per total DNA.

Statistical analysis

Statistical analysis was performed using GraphPad Prism™
(version 6.0 for Windows). Results were analyzed using one-
way analysis of variance (ANOVA) followed by Bonferroni’s
post-test for comparison between the groups. Results were
expressed as mean + standard deviation. Two independent ex-
periments, presenting similar results, were performed.
Differences were considered significant when P < 0.05.

Results

Analysis of antileishmanial activity, cytotoxicity, and
treatment of infected macrophages

Antileishmanial activity (ICsq) and cytotoxicity (CCso) were
evaluated against L. infantum stationary promastigotes and

macrophages were treated with DIGI (0, 2.5, 5.0, and 10.0 pg/mL) or
AmpB (0, 0.25, 0.5, and 1.0 pg/mL) for 48 h at 37 °C in 5% CO,. The
percentage of infected macrophages, the infectiveness reduction, and the
number of amastigotes per infected macrophage were determined by
counting 200 cells in triplicate. Results were expressed as mean =+
standard deviation

Compound Concentration (pg/mL) Percentage of infected Infectiveness reduction (%) Number of amastigotes
macrophages after treatment per macrophage

Digitoxigenin 10.0 21.1+25 69.3 05+0.1

5.0 30.5+4.0 55.6 1.0+04

2.5 444 +38 354 23+0.6

0 68.7+4.0 ) 39+0.5
Amphotericin B 1.0 234+33 65.9 1.0+0.2

0.50 32.1+£3.8 533 1.4+03

0.25 445+52 35.2 25+09

0 68.7 £4.0 ) 39+05

@ Springer



326

Parasitol Res (2021) 120:321-335

Table 3 Infection percentage -
using pre-treated parasites Concentration

(pg/mL)

Compound

Infectiveness
reduction (%)

Infection percentage using
pre-treated parasites

Number of amastigotes
per macrophage

10.0
5.0
25
0
Amphotericn B 1.0
0.50
0.25
0

Digitoxigenin

95+14 86.5 02+0.1
167+ 1.6 76.2 0803
312435 55.6 1.8+04
703 +43 © 3904
25.4+3.0 63.9 12403
32451 53.9 18405
493+32 29.9 26403
703 £43 ©) 39404

murine macrophages, respectively. Results showed ICs, and
CCs values of 6.9 + 1.5 and 295.3 + 14.5 pg/mL for DIGI,
respectively, with a corresponding SI value of 42.8, and of
0.13 £0.02 and 0.79 £ 0.12 ug/mL for AmpB, respectively,
with a SI value of 6.1 (Table 1). The hemolytic activity in
human red blood cells showed RBCs, values of 384.6 +
20.4 and 11.7 £2.3 pg/mL for DIGI and AmpB, respectively.
Infection percentages of treated macrophages were of 21.1% +
2.5% for DIGI (10.0 ng/mL) and of 23.4% =+ 3.3% for AmpB
(1.0 pg/mL), with 0.5 += 0.1 and 1.0 + 0.2 amastigotes per
infected macrophage, respectively (Table 2). If left untreated,

100+
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Fig. 2 Evaluation of mitochondrial membrane potential. L. infantum
stationary promastigotes (107 cells) were cultured in the absence
(control) or presence of DIGI (33.80 ug/mL, corresponding to two
times the ICs, value) for 24 h at 25 °C. Cells were incubated for 30 min
in the dark with 500 nM MitoTracker Red CM-H2XROS. After washing
twice with PBS, treated promastigotes were transferred to a black 96-well
plate, and fluorescence intensity was measured using a fluorometer, with
excitation and emission wavelengths of 540 and 600 nm, respectively.
Promastigotes pre-heated with carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazon (FCCP, 5.0 pM) were used as
positive control. Bars indicate the mean plus standard deviation of the
groups. Double asterisks and triple asterisks indicate statistically
significant differences in relation to the non-treated control (P < 0.01
and P < 0.001, respectively)
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the infection percentage and number of amastigote per infect-
ed macrophage were of 68.7% + 4.0% and 3.9 + 0.5, respec-
tively. The inhibition of infection using pre-treated parasites
showed also that DIGI caused significant reduction in the
parasite infection degree after incubation with it (Table 3).

Evaluation of the mechanism of action in L. infantum
promastigotes

A proof of concept for the mechanism of action of DIGI was
evaluated in L. infantum stationary promastigotes. Results
showed that the molecule caused an alteration in the A¥m
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Fig. 3 Evaluation of mitochondrial membrane integrity. Stationary
promastigotes (107 cells) were cultured in the absence (control) or
presence of DIGI (13.8 pg/mL, corresponding to two times the 1Cs
value) for 24 h at 25 °C. Parasites were washed in PBS and incubated
with propidium iodide (1.0 pg/mL) for 15 min in the dark and at room
temperature. After washing twice with PBS, samples were added to a
black 96-well plate, and fluorescence intensity was measured using a
fluorometer (FLx800, BioTek Instruments, Inc., Winooski, VT, USA),
with excitation and emission wavelengths of 540 and 600 nm,
respectively. Pre-heated parasites for 10 min at 65 °C were used as
positive control. Bars indicate the mean plus standard deviation of the
groups. Double asterisks and triple asterisks indicate statistically
significant differences in relation to the non-treated control (P < 0.01
and P < 0.001, respectively)
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Fig. 4 Production of reactive oxygen species. L. infantum promastigotes
(107 cells) were cultured in the absence (control) or presence of DIGI
(13.8 pg/mL, corresponding to two times the ICs, value) for 24 h at 25
°C. Cells were incubated for 30 min in the dark with 20 uM cell-permeant
2'7'-dichlorodihydrofluorescein diacetate (H,DCFDA). Fluorescence
intensity was measured using a fluorometer, with excitation and
emission wavelengths of 485 and 528 nm, respectively. H,O,-treated
parasites (4.0 mM) were used as positive control. Bars indicate the
mean plus standard deviation of the groups. Double asterisks and triple
asterisks indicate statistically significant differences in relation to the non-
treated control (P < 0.01 and P < 0.001, respectively)

in the order of 24.8%, when compared with the untreated
controls, while FCCP-treated promastigotes, used as positive
control, showed a value of 30.9% (Fig. 2). Treatment with
DIGI generated also structural alterations on the integrity of
Leishmania membrane in the order of 78.6%, in comparison
with an alteration of 165.3% caused by heat treatment of the
parasites (control) (Fig. 3). In addition, treatment with DIGI
resulted in parasite oxidative stress with an increase in ROS
levels of 87.5%, compared with an increase of 321.0% after
treatment with H,O, used as a control (Fig. 4).

Analysis of treatment toxicity

Organic toxicity of DIGI was evaluated by dosage of
hepatic and cardiac markers in sera samples collected
from the infected and treated mice, 1 and 15 days
post-treatment. Results showed that miltefosine-, DIGI-,
and DIGI/Mic-treated mice presented lower levels of
alanine aminotransferase (ALT) (Fig. S5a), aspartate
transaminase (AST) (Fig. 5b), and creatine kinase-
muscle brain fraction (CK-MB) (Fig. 5c¢) enzymes,
when compared with the controls. Notably, DIGI/Mic-
treated mice presented the lowest levels of both hepatic
and cardiac markers in comparison with the other treat-
ed groups.

Evaluation of the immune response generated after
treatment

The cellular response to treatment after infection was evaluat-
ed 1 and 15 days post-treatment on in vitro cultures of murine
spleen cells, with were stimulated with SLA L. infantum. One
day after therapy, miltefosine-, DIGI-, and DIGI/Mic-treated
mice produced significantly higher levels of IFN-y, IL-12,
and GM-CSF, associated with low IL-4 and IL-10 production.
On the other hand, spleen cells of the control groups (saline-
and B/Mic-receiving mice) produced significantly higher
levels of antileishmanial IL-4 and IL-10 (Fig. 6a). Analysis
of the source of IFN~y production in the treated animals using
anti-CD4 or anti-CD8 monoclonal antibodies showed that the
production of this cytokine declined significantly when both
monoclonal antibodies were added to the cultures (Fig. 6b).
Evaluation of the humoral response indicated also that
miltefosine-, DIGI-, and DIGI/Mic-treated mice produced sig-
nificantly higher levels of antiparasite [gG2a antibody in com-
parison with IgG1 (Fig. 6¢). Furthermore, evaluation of nitrite
secretion in the cell supernatant showed significantly higher
levels of this molecule in miltefosine-, DIGI-, or DIGI/Mic-
treated mice, when compared with the controls (Fig. 6d). All
data mentioned above corresponding to 1 day after therapy
were consistent with findings 15 days post-treatment, since
miltefosine-, DIGI-, and DIGI/Mic-treated mice continued to
produce significantly higher levels of [IFN-y, IL-12, and GM-
CSF, as well as low IL-4 and IL-10 levels (Fig. 7a). As ob-
served 1 day post-treatment, both T cell subtypes continued to
produce IFN-y after 15 days of therapy (Fig. 7b), with a main-
tained Thl-type humoral response corresponding to signifi-
cantly higher levels of antiparasite IgG2a isotype antibodies
in comparison with IgG1 levels (Fig. 7¢). Nitrite secretion was
likewise increased in the miltefosine-, DIGI-, and DIGI/Mic-
treated groups (Fig. 7d). Moreover, a flow cytometry analysis
revealed that miltefosine-, DIGI-, and DIGI/Mic-treated mice
presented higher IFN-y and TNF-x-producing CD4* and
CD8" T cell frequencies when compared with the control
groups, which instead showed a higher IL-10-producing T cell
frequency (Fig. 8).

Analysis of parasite load after treatment

The parasite load in the spleen, liver, BM, and dLNs of the
infected and treated mice was evaluated 1 and 15 days post-
therapy. Results showed that mice treated with miltefosine,
DIGI, and DIGI/Mic presented significant reductions in the
parasitism in these organs, when compared with the controls
(Fig. 9). One day post-therapy, miltefosine-, DIGI-, and
DIGI/Mic-treated mice showed parasite load reductions in
the order of 2.3, 2.7, and 3.7-log in their livers (Fig. 9a), of
3.0, 3.7, and 4.7-1og in their spleens (Fig. 9b), of 3.6, 5.0, and
6.0-log in their dLNs (Fig. 9¢) and of 1.6, 2.0, and 2.6-log in
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Fig. 5 Evaluation of organic
toxicity. Alanine
aminotransferase (ALT) (a),
aspartate aminotransferase (AST)
(b), and creatine kinase-muscle
brain fraction (CK-MB) (c¢)
enzymes were measured in sera
samples of infected and treated
mice, collected 1 and 15 days
post-treatment. Samples collected
from non-infected and non-
treated (naive) mice were used as
control. Bars represent the mean +
standard deviation of the groups.
Single asterisk indicates a
statistically significant difference
in relation to the saline and B/Mic
groups (P < 0.05). Double
asterisks indicate a statistically
significant difference in relation
to the miltefosine group (P <
0.05). Triple asterisks indicate a
statistically significant difference
in relation to the DIGI group (P <
0.05)
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Fig. 6 Immune response developed one day after treatment. The spleens
of the L. infantum—infected and then treated mice (n = 6 per group) were
collected 1 day after treatment. Spleen cells were cultured in vitro in
DMEM (medium) in the absence of stimulus or stimulated with SLA
(50.0 pg/mL) for 48 h at 37 °C in 5% CO,. I[FN-y, IL-4, IL-10, IL-
12p70, and GM-CSF levels were measured in the cell supernatant by
capture ELISA (a). The cultures were incubated also in the absence or
presence of anti-CD4 or anti-CD8 monoclonal antibodies (5 pg/mL each)
for 48 h at 37 °C in 5% CO,. IFN~y production was then evaluated in the
cell supernatant (b). Murine sera samples were collected. Antiparasite
IgG1 and IgG2a antibody levels were measured by indirect ELISA, and

their BMs (Fig. 9a), respectively, when compared with the
saline group. Fifteen days post-treatment, reductions in these
groups were of 2.6, 3.6, and 4.6-log in their livers; of 3.3, 4.0,
and 5.3-log in their spleens; of 3.6, 5.0, and 6.0-log in their
dLNs; and of 1.7, 2.3, and 3.0-log in their BMs, respectively,
when compared with the saline group. Notably, treatment with
DIGI/Mic induced the most significant reductions in the or-
ganic parasitism, when compared with the other treated
groups. A qPCR technique showed also that the splenic para-
sitism was significantly reduced after treatment with
miltefosine, DIGI, or DIGI/Mic, and mice receiving
DIGI/Mic presented the lowest parasite load, when compared
with the other groups (Fig. 10).

Discussion

The aim of the present study was to evaluate potential
antileishmanial activity of digitoxigenin, a cardenolide deri-
vate, against stationary promastigotes and intracellular
amastigotes and on a murine model which was previously
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the corresponding 1gG2a/IgG1 ratios were calculated (c¢). The cell
supernatant used to quantify cytokines (a) was also employed to
evaluate nitrite production, and results are shown in panel (d). Bars
indicate the mean + standard deviation of the groups. (") indicate a
statistically significant difference in relation to the saline and B/Mic
groups (P < 0.05). Single asterisk indicates a statistically significant
difference in relation to the miltefosine group (P < 0.05). Triple
asterisks indicate a statistically significant difference in relation to the
DIGI group (P < 0.05). Number sign indicates a statistically significant
difference in relation to the miltefosine, DIGI, and DIGI/Mic groups (P <
0.05)

infected with L. infantum promastigotes. Initially, in vitro re-
sults showed that DIGI reduced by 69.3% the intracellular
parasite burden in treated macrophages and by 86.5% the
infection of these cells using pre-treated parasites. In compar-
ison, AmpB showed values of 65.9% and 63.9%, respectively.
In vivo, treatment with DIGI or DIGI/Mic significantly re-
duced the parasite load in the spleen, liver, BM, and dLNs
of infected mice, 1 and 15 days after treatment, both
outperforming miltefosine. These observations suggest a ther-
apeutic action of DIGI against L. infantum infection.
Cardenolides have been used for the treatment of conges-
tive heart failure and atrial arrhythmias (Scalese and Salvatore
2017; Whayne 2018). They act as inhibitors of the Na*/K*-
ATPase by suppressing the sodium pump (Patel et al. 2019).
In our study, preliminary data suggest that DIGI targets the
L. infantum mitochondria, causing alterations in both the par-
asite mitochondrial membrane potential and integrity, as well
as an increase in ROS production. Loss of mitochondrial
membrane potential gives rise to a release of protons from
the mitochondria into the cell cytosol, which has been report-
ed to contribute to the cytosol acidification and subsequent
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Fig. 7 Immunological profile generated 15 days after treatment. Spleens

of the L. infantum—infected and then treated mice (n = 6 per group) were
collected 15 days after treatment. Spleen cells were cultured in vitro in
DMEM (medium) and left untreated or stimulated with SLA (50.0 ng/
mL) for48 hat37°Cin 5% CO,. IFN-y, IL-4, IL-10, IL-12p70, and GM-
CSF levels were measured in the cell supernatant by capture ELISA (a).
The cultures were incubated also in the absence or presence of anti-CD4
or anti-CD8 monoclonal antibodies (5 pg/mL each) for 48 h at 37 °C in
5% CO,. IFN-y production was then evaluated in the cell supernatants
(b). Murine sera samples were also collected, and anti-parasite IgG1 and
IgG2a antibody levels were measured by indirect ELISA. The

parasite death (Su et al. 2019). Thus, experimental data on this
study suggest a similar mechanism of action for DIGI in
L. infantum. There are several studies reporting the effect of
cardenolides in heart diseases (Campbell and Mc Donald
2003; Biteker et al. 2017; Gurel et al. 2017), but evaluation
of these compounds to treat VL is lacking. Although
cardenolides have been reported as toxic compounds
(Hauptman et al. 2016; Arbabian et al. 2018), the low doses
of either DIGI on its free form or incorporated into a micellar
composition (DIGI/Mic) tested in our study did not induce
any significant toxicity when used to treat the infected hosts.
Conversely, infected animals receiving miltefosine did present
with toxicity.

Antileishmanial drug inductors of immunological response
are a key for effective parasite control, since they have a direct
action on the Leishmania organisms at the same time they
stimulate the development of a specific cellular and humoral
response, thus allowing infection control (Kedzierski and
Evans 2014; Dayakar et al. 2019). VL control usually depends
on the magnitude of the Thl-type cellular response, which
leads to the production of cytokines, such as IFN-y, and
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corresponding [gG2a/IgGl ratios were calculated and are displayed in
panel (c¢). The same cell supernatants used to quantify cytokines (a)
were also employed to evaluate nitrite production (d). Bars indicate the
mean =+ standard deviation of the groups. Single asterisk indicates a
statistically significant difference in relation to the saline and B/Mic
groups (P < 0.05). Double asterisks indicate a statistically significant
difference in relation to the miltefosine group (P < 0.05). Triple
asterisks indicate a statistically significant difference in relation to the
DIGI group (P < 0.05). Number sign indicates a statistically significant
difference in relation to the miltefosine, DIGI, and DIGI/Mic groups (P <
0.05)

subsequent activation of infected macrophages (Kaye et al.
2004). In this context, our results showed that treatment with
DIGI or DIGI/Mic induced a significant increase in the levels
of Thl-type cytokines, such as IFN-y, IL-12, TNF-«, and
GM-CSF, 1 and 15 days post-treatment. On the other hand,
cytokines like IL-4 and IL-10 are associated with progression
of VL (Singh et al. 2012; Adem et al. 2016). In our study,
treatment with DIGI or DIGI/Mic significantly reduced the
levels of IL-4 and IL-10, both 1 and 15 days after therapy,
suggesting induction of a DIGI-specific Thl-type immune
response profile following treatment.

Antileishmanial candidates have been incorporated into de-
livery systems to improve their therapeutic efficacy and re-
duce the toxicity of the corresponding pure compounds
(Bruni et al. 2017; Wagner et al. 2019). In previous studies,
we showed that micellar compositions using Poloxamer 407
(Pluronic® F127-based polymeric micelles proved effective
in mammalian models against Leishmania infection (Duarte
et al. 2016; Oliveira-de-Siqueira et al. 2017; Mendonga et al.
2019). In a similar fashion, we also developed a clioquinol
(ICHQ)-containing Pluronic® F127 polymeric micelle system
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Fig. 8 Evaluation of intracytoplasmic cytokine-producing T cell
frequency. L. infantum—infected mice were treated and euthanized 15
days post-therapy, when their spleen cells were collected and left
untreated (medium) or stimulated with L. infantum SLA. IFN-y, TNF-
o, and IL-10-producing T cell frequencies were evaluated in the CD4*
and CD8"* T cell subpopulations. Results were expressed as indexes,
which were calculated as the ratio between CD4" and CD8* T cell

(ICHQ/Mic) and tested it against L. infantum infection in
BALB/c mice (Tavares et al. 2020). In agreement with the
data presented in this report, findings on our previous study
demonstrated that treatment with miltefosine, ICHQ, or
ICHQ/Mic all induced a polarized Th1-type immune response
in mice, with significant reductions in the parasite load in
distinct organs. Importantly, data proved ICHQ/Mic to be
the most effective in inducing immunological and
parasitological protection in mice. In a similar fashion,
Singh et al. (2017) developed an AmpB-containing micellar
formulation based on Pluronic F127 micelles coated with chi-
tosan. The authors showed higher antileishmanial activity
in vitro of this composition in comparison with free AmpB,
as well as lower cytotoxicity and hemolytic activity in mam-
malian cells. In addition, this micellar composition reduced
the parasite load in L. donovani—infected Syrian hamsters,
apart from stimulating the development of a Th1-type immune
response in the treated animals. In this context, our current
report is in complete agreement with our previous studies
and with others described in the literature, with DIGI showing

percentages in the SLA-stimulated versus unstimulated (control)
cultures. Bars indicate the mean plus standard deviation of the groups.
Single asterisk indicates a statistically significant difference in relation to
the saline and B/Mic groups (P < 0.05). Double asterisks indicate a
statistically significant difference in relation to the miltefosine group (P
< 0.05). Triple asterisks indicate a statistically significant difference in
relation to the DIGI group (P < 0.05)

higher therapeutic efficacy when associated to polymeric
micelles.

Polymeric micelles as delivery systems present charac-
teristics that make them suitable for administration via sub-
cutaneous route. These polymers can create a semi-rigid gel
when in contact with the local tissue where they were ad-
ministered, turning them into a reservoir system which
maintains the active agent within the extracellular space
(Tavares et al. 2020). In the course of hours, the gel matrix
dilutes and the drug are gradually released into the blood-
stream, enabling its systemic action to be exerted in a con-
trolled manner (Mendonca et al. 2019). These properties
could allow reduced doses of the formulations to be admin-
istered at longer time intervals, thus reducing toxicity to the
mammalian hosts, even with those drugs considered
cardiotoxic, such as cardenolide derivatives. Therefore, fu-
ture studies will need to be performed for a more compre-
hensive evaluation of DIGI as a VL-treating drug before its
clinical application in other mammalian hosts, such as
humans.
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Fig. 10 Splenic parasite load evaluation by quantitative PCR (qPCR).
L. infantum—infected BALB/c mice (n = 12 per group) were treated 15
days post-treatment, animals (n = 6 per group) were euthanized, and their
spleen collected and the parasite load were estimated by qPCR technique.
Results were expressed as the number of parasites per total DNA. Bars
indicate the mean =+ standard deviation of the groups. Single asterisk
indicates a statistically significant difference in relation to the saline and
B/Mic groups (P < 0.05). Double asterisks indicate a statistically
significant difference in relation to the miltefosine group (P < 0.05).
Triple asterisks indicate a statistically significant difference in relation
to the DIGI group (P < 0.05)
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could determine in a more precise manner the therapeutic ef-
ficacy of this cardenolide derivate for treating VL. We are
aware that this is a limitation of the work, and thus, additional
experiments would be certainly required to fully characterize
DIGI as anantileishmanial agent. Nevertheless, data present-
ed here describe for the first time the antileishmanial activity
of DIGI both in vitro and in vivo, with promising results sug-
gesting that DIGI/Mic is worth considering in further evalua-
tions for VL treatment.
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