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A B S T R A C T   

Current therapies of leishmaniasis and Chagas disease, two of the most widespread neglected tropical diseases, 
have limited efficacy and toxic side effects. In this regard, natural products play an important role in overcoming 
the current need for new antiparasitic agents. The present study reports the leishmanicidal and trypanocidal 
activities of twenty-four known silyl-ether derivatives of withaferin A. Eleven compounds from this series (4, 7, 
8, 10, 12, 15, 17, 18, 20, 22 and 25) showed a potent dose-dependent inhibitory effect on the proliferation of 
Leishmania amazonensis promastigotes and Trypanosoma cruzi epimastigotes respectively, even higher than the 
references drugs, miltefosine and benznidazole. Among them, the most promising compound, derivative 10, 
exhibited approximately 34-fold higher leishmanicidal activity and 49-fold higher trypanocidal activity 
compared to the reference drugs, as well as lower cytotoxicity. Moreover, compounds 4, 7, 10, 12 and 15 were 
more active than the reference drugs against the amastigote forms of L. amazonensis, presenting a high selectivity 
index. Assays performed to study the ATP levels, mitochondrial membrane potential, plasma membrane 
permeability, chromatin condensation, reactive oxygen species and autophagy indicated that these withaferin A- 
silyl analogs appear to induce events characteristic of apoptosis-like and also autophagy leading to programmed 
cell death. These findings support the therapeutic potential of withaferin A-related steroids as anti-Leishmania 
and Trypanosoma agents.   

1. Introduction 

Leishmaniasis and Chagas disease are neglected tropical diseases 
caused by the parasitic protozoa: Leishmania spp. and Trypanosoma cruzi, 
respectively. These diseases mostly affect populations in tropical and 

subtropical rural areas with precarious sanitary conditions. However, 
due to climate change and migratory movements, among other factors, 
the number of cases of both diseases has increased worldwide, even 
becoming endemic in some European countries, as is the case of leish-
maniasis [1–4]. 

Abbreviations: WA, withaferin A; DMSO, dimethyl sulfoxide; PI, propidium iodide; PCD, programmed cell death; ROS, reactive oxygen species; MCD, 
monodansylcadaverine. 
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There are more than 20 species of Leishmania spp. which are able to 
infect humans through the bite of female sandflies. This parasite has two 
life forms in its biological cycle: promastigotes, which are present in the 
intestine of the vector, and amastigotes, which is an intracellular form 
present inside the cells of the host. There are different pathologies of 
leishmaniasis in patients. Some infected persons may have a silent 
infection while others may manifest different types of clinical manifes-
tations. According to this, three types of leishmaniasis are described: 
cutaneous, mucocutaneous and visceral leishmaniasis. Cutaneous and 
mucocutaneous leishmaniasis are mild forms of the disease (character-
ized by skin lesions and damage in the mucous membranes of the nose, 
mouth and throat, respectively). Visceral leishmaniasis is the most lethal 
and dangerous of all, as it affects vital organs such as liver, spleen or 
bone marrow. It is estimated that this globally distributed disease causes 
approximately 700.000–1.2 million new cases of cutaneous leishmani-
asis per year. On the other hand, the number of new cases per year of 
visceral leishmaniasis is approximately less than 400.000 [5,6]. 

Chagas disease is caused by the parasite Trypanosoma cruzi and is also 
known as American trypanosomiasis because it occurs mainly in rural 
areas of South America, the place on the planet where the triatomine bug 
is found. Infection occurs through contact with triatomine’s feces. In 
addition, there are other forms of transmission, such as oral transmission 
(by ingesting food or drinks contaminated with the vector’s feces), 
congenital transmission, organ transplants, blood transfusions or labo-
ratory accidents. These other forms of transmission, together with 
population movements and emigration, have changed the geographical 
distribution of the disease, which in the recent decades has spread to 
countries all over the world. Therefore, many infected patients may 
remain in an asymptomatic phase of the disease throughout their lives. 
In other cases, 20–30% of them will end up with a chronic phase of the 
disease. In this phase, the parasites infect organs such as the heart and 
stomach, which can lead to sudden death from cardiac arrhythmia or 
heart failure. Currently, ca. 6–7 million people are infected worldwide, 
mainly in Latin America [3,7,8]. 

Available treatments present multiple limitations such as high 
toxicity, high cost, prolonged treatment and the development of resis-
tant strains [9]. In view of this situation and without the possibility of 
vaccination, the search for new active compounds with leishmanicidal 
and trypanocidal activity with low toxicity for patients is urgent. In this 
context, traditional knowledge about medicinal plants and their prop-
erties and therapeutic uses is a fundamental tool in the search for new 
active compounds from natural resources and the development of new 
drug sources. For instance, in a previous study by López-Arencibia et al. 
[10], compounds with promising leishmanicidal and trypanocidal ac-
tivity such as withaferin A, were isolated from the medicinal plant 
Withania aristata (Solanaceae). This plant is known for its antispasmodic 
and healing properties, and is also used to combat rheumatism, otitis, 
insomnia, urinary pathologies, constipation and rheumatism [11]. 
Withaferin A isolated from this plant is a natural steroidal lactone that, 
in addition to its promising antiparasitic activity, has demonstrated 
potent antitumor activity against ovarian cancer in previous studies [12, 
13]. Consequently, withaferin A can be considered a novel and potential 
anti-kinetoplastid agent. 

Despite current studies suggesting that WA is a promising leishma-
nicidal and trypanocidal agent, the development of an antiparasitic drug 
has not yet been carried out. The main challenge is to obtain compounds 
with anti-kinetoplastid activity and low toxicity. In addition, it is 
important to keep in mind that these drug candidates must also interact 
with the patient’s organism and therefore it is essential that they have a 
positive ADME profile (theoretical prediction of the pharmacokinetic 
properties of a compound: absorption, distribution, metabolism, excre-
tion and toxicity in the organism). Many drug candidates, despite being 
active and not toxic, have shown a negative ADME profile, which has 
been identified as a major cause of failure of candidate molecules in drug 
development [12]. As Franz et al. explain in detail, the incorporation of 
silicon and the synthesis of small organosilicon molecules offer multiple 

medicinal applications. Differences in the chemical properties of 
silicon-containing molecules have resulted in better and more inter-
esting medicinal applications compared to traditional carbon-based 
functional groups. These differences offer the possibility of specific in-
teractions between an organosilicon molecule and a biological macro-
molecule. The various steric and substitution patterns available for 
organosilicon compounds offer opportunities to design and control the 
stability, solubility and pharmacokinetic properties of these compounds. 
Moreover, the strategic incorporation of silyl group into the scaffolds of 
drug candidate molecules (such as WA) is a method to optimize bio-
logical activity and reduce toxicity with the aim of increasing the ther-
apeutic potential of a compound. In addition, the incorporation of silyl 
groups is a general strategy to increase size and lipophilicity for drug 
design. This may translate into an increased likelihood of obtaining a 
positive ADME profile of the drug candidate of interest [12,14]. 

In order to achieve compounds with low toxicity and no side effects 
in patients, it is important to elucidate how the compounds induce cell 
death in parasites to avoid inflammatory processes. There is currently 
some controversy about the types of cell death in protozoa. These or-
ganisms possess different molecular components to eukaryotes, lacking 
some key proteins and genes for the development of programmed cell 
death processes, such as some caspases involved in apoptosis, among 
others. It is necessary to investigate these cell death mechanisms as there 
could be some proteins or genes analogous to those known in eukaryotic 
organisms, which could be specific to protozoa. Some authors such as 
Proto et al. [15] propose that cell death in protozoa can be caused by 
only two types of cell death: necrosis (usually associated with inflam-
matory processes) or incidental death. On the other hand, recent studies 
have shown that some compounds are responsible for initiating a 
cascade of events characteristic of apoptosis-like in unicellular organ-
isms such as kinetoplastids. For instance, Silva-Silva et al. reported that 
carajurin (the main constituent of Arrabidaea chica) caused ultrastruc-
tural changes, decreased mitochondrial membrane potential and 
increased ROS production in L. amazonensis. Thus, they demonstrated 
that this compound induced cell death by late apoptosis-like in the 
parasite [16]. Chiboub et al. isolated three compounds from the brown 
seaweed Dictyota spiralis and reported that the three isolated diterpenes 
inhibited L.amazonensis and T. cruzi by inducing an apoptosis-like cell 
death, as the parasites showed chromatin condensation, decrease of ATP 
levels and mitochondrial membrane potential, increase ROS production, 
among other physiological changes [17]. These observations represent 
the opening of a new line of research in the search for targets responsible 
for apoptosis-like in parasites, thus becoming possible therapeutic tar-
gets. In both parasites, some characteristic signs of programmed cell 
death have been observed, such as cell shrinkage, nuclear chromatin 
condensation, membrane blebbing, DNA fragmentation, loss of mito-
chondrial transmembrane potential and exposure of phosphatidylserine. 
In addition, the existence of a single mitochondria that is essential for 
the metabolism and energy production of kinetoplastids also makes it a 
therapeutic target to investigate [18,19]. Furthermore, it has been 
demonstrated that trypanosomatids under stress conditions, such as lack 
of nutrients or drug treatment, can develop an autophagic genotype with 
the appearance of myelin-like structures, autophagy vacuoles and the 
intervention of ATG homologs (key proteins in autophagy). Autophagy 
seems to be a survival strategy of parasites under difficult conditions, it 
plays a key role in the differentiation processes of trypanosomatids in 
their life cycle, the elimination of damaged structures and organelles 
and the maintenance of homeostasis, as well as the maintenance of the 
mitochondrial functionality. If homeostasis is lost and autophagy is 
exacerbated, autophagic cell death can be induced. Therefore, this type 
of death may also be a therapeutic target to evaluate and take into ac-
count in the development of new drugs against these parasites [20]. 

Encouraged by the previous work mentioned before that highlight 
WA as a potent leishmanicidal and trypanocidal agent, and by the 
expectation of bio-organosilicone in drug design, the present study used 
twenty-four known silicon ethers synthesized from WA to evaluate their 
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in vitro leishmanicidal and trypanocidal activity, as well as their cyto-
toxicity against murine macrophages. Three of the WA analogs exhibited 
potent antiparasitic activity and were therefore selected for further 
testing. Their activity against the intracellular amastigote form of 
Leishmania amazonensis was evaluated, as well as the evaluation of 
induced physiological changes in the parasites. 

2. Materials and methods 

2.1. Preparation of silyl ether derivatives from WA 

The twenty-four silyl ether derivatives from WA were synthesized by 
the Quimioplan laboratory at the Instituto Universitario de Bio-Orgánica 
Antonio González of the University of La Laguna, as described in the 
previous study by Perestelo et al. [12]. The obtained withanolides were 
then dissolved in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Ger-
many) reaching a concentration of 10 mg/ml. The silyl ether derivatives 
were stored at − 20ºC. 

2.2. Biological cultures 

For leishmanicidal and trypanocidal activity assays, L. amazonensis 
promastigotes (MHOM/BR/77/LTB0016) were grown in Schneider 
medium (Sigma-Aldrich, Madrid, Spain) supplemented with 10% fetal 
bovine serum (VWR, Biowest, Nuaillé, France) and in RPMI 1640 me-
dium (Gibco, Thermo Fisher, Madrid, Spain) with or without phenol red, 
incubated at 26ºC. Liver Infusion Tryptose (LIT) medium supplemented 
with 10% fetal bovine serum was used to culture epimastigotes of 
T. cruzi (Y strain) incubated at the same temperature. To maintain the 
murine macrophage cell line J774A.1 (ATCC TIB-67) Dulbecco’s 
Modified Eagle Medium (Gibco, Thermo Fisher, Madrid, Spain) sup-
plemented with 10% fetal bovine serum was used and they were incu-
bated at 37ºC in 5% CO2 atmosphere. 

2.3. Leishmanicidal and trypanocidal activity assay 

To calculate the Inhibitory Concentration 50 (IC50) of the with-
anolides in each of the parasites tested, a colorimetric assay based on 
alamarBlue® was performed as previously described by Núñez et al. 
[21]. For this assay, serial dilutions of the 24 compounds were prepared 
in sterile 96-well plates using RPMI without phenol red for 
L. amazonensis and LIT for T. cruzi. Miltefosine and benznidazole were 
used as reference drugs. Subsequently, parasites were added to a final 
concentration of 5 × 105 (L. amazonensis) or 2.5 × 105 (T. cruzi). Finally, 
10% of alamarBlue® was added to each well and incubated for 72 h at 
26ºC. Fluorescence was then read using the EnSpire® Multimode Plate 
Reader (Perkin Elmer, Madrid, Spain). A non-linear regression analysis 
with 95% confidence limits was employed to calculate IC50 values. 

2.4. Leishmanicidal activity against amastigotes stage of Leishmania 
amazonensis 

The activity assay against the intracellular form of L. amazonensis 
was also carried out using the alamarBlue® colorimetric assay as 
described by Bethencourt-Estrella et al. [22]. For this purpose, murine 
macrophages (at a concentration of 105 macrophages per well) were 
infected with the 7 days-old promastigote culture at 1:10 ratio 
(macrophage:promastigotes). They were incubated 24 h at 37ºC with 5% 
CO2 to achieve optimal infection conditions. Thereafter, the macro-
phages were washed with RPMI 1640 medium to remove the promas-
tigotes that did not infect the macrophages. Subsequently, these were 
treated with withanolides for 24 h. Macrophages were ruptured using 
0.05% SDS solution for 30 s and incubated at 26 ◦C for 96 h. Fluores-
cence was then read using the EnSpire® Multimode Plate Reader (Perkin 
Elmer, Madrid, Spain). A non-linear regression analysis with 95% con-
fidence limits was employed to calculate IC50 values. 

2.5. Cytotoxicity assay 

To calculate the CC50 of the withanolides, murine macrophages (105 

macrophages per well) are incubated with serial dilutions of the com-
pounds in RPMI 1640 without phenol red. 10% of alamarBlue® was 
added to each well and incubated at 37 ◦C in 5% CO2 atmosphere for 24 
h. Finally, fluorescence was measured using the EnSpire® Multimode 
Plate Reader (Perkin Elmer, Madrid, Spain) and CC50 calculated by non- 
linear regression with 95% confidence limits. 

2.6. Study of the mechanism of cell death in the parasites 

To determine the mechanisms of cell death induced by the with-
anolides on the parasites, different experiments were carried out. In all 
of them it is necessary to incubate the promastigotes of L. amazonensis or 
epimastigotes of T. cruzi with the IC90 of the withanolides at 26ºC for 24 
h. Subsequently, parasites were centrifuged for 10 min at 1500 rpm and 
the pellet was resuspended in RPMI 1640 without phenol red. 

2.6.1. Analysis of ATP levels 
To analyze changes in ATP levels on the parasites, CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega, WI, USA) was added to 
treated parasites in a white 96-well plate following the manufacturer’s 
instructions. The kit reagent produces cell lysis and emits a lumines-
cence signal which is proportional to the ATP levels produced in the 
parasites. Afterwards, the luminescence was read using an EnSpire® 
Multimode Plate Reader (PerkinElmer, Madrid, Spain) as previously 
described by López-Arencibia et al. [23]. A negative control was added 
to each experiment (parasites without any treatment) and sodium azide 
(SIGMA) 20 mM was used as positive control. 

2.6.2. Analysis of mitochondrial membrane potential 
In order to analyze variations in mitochondrial membrane potential, 

JC-1 Mitochondrial Membrane Potential Assay Kit® (Cayman Chemical, 
Ann Arbor, MI, USA) was added to parasites previously treated with 
withanolides in a black 96-well plate. The reagent of the kit is in dimer 
form emitting red fluorescence when the mitochondrial membrane po-
tential is under normal conditions, however, when the mitochondrial 
membrane potential is altered the reagent forms monomers that emit 
green fluorescence. To measure these fluorescence changes (ratio 595/ 
535 nm) an EnSpire® Multimode Plate Reader (PerkinElmer, Madrid, 
Spain) is used as previously described by Cartuche et al. [24]. Parasites 
without treatment were used as negative control and carbonyl cyanide 
3-chlorophenylhydrazone (CCCP) 100 µM, (98%, Thermo Scientific™) 
was added as positive control. 

2.6.3. Analysis of plasma membrane permeability 
SYTOX® Green nucleic acid stain fluorescent dye (ThermoFisher 

Scientific, MA, USA) was used to determine changes in cytoplasmic 
membrane permeability according to the manufacturer’s instructions. 
This green dye only penetrates cells with altered plasma membrane 
permeability and binds to DNA, multiplying its fluorescence up to 500- 
fold. EVOS® FL M5000 Cell Imaging System (ThermoFisher Scientific, 
MA, USA) was used to take pictures after 15 min of incubation [25]. 
Relative fluorescence intensities were included in a box & whiskers 
graph. These values were obtained using 40X images and the quantifi-
cation tools of the EVOS®FL M5000 Cell Imaging System following the 
manufacturer instructions. Analysis of variance was determined by 
one-way ANOVA using GraphPad.PRISM® 9.0 software. Significance 
differences when comparing different percentages values are repre-
sented like NS non-significant; *p < 0.1; * * p < 0.01; * ** p < 0.001 and 
* ** * p < 0.0001. 

2.6.4. Chromatin condensation determination 
Vybrant® Apoptosis Assay Kit n◦5, Hoechst 33342/Propidium Iodide 

(ThermoFisher Scientific, MA, USA) was used following the 
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manufacturer’s instructions to determine the chromatin condensation in 
the treated parasites. Hoechst 33342 dye binds to the condensed chro-
matin and emits intense blue fluorescence. Propidium iodide (PI) pen-
etrates the dead cells and binds to their DNA emitting red fluorescence. 
Therefore, up to three types of cell populations can be recognized: living 
cells (show soft blue fluorescence); cells undergoing programmed cell 
death (PCD) (strong blue fluorescence) and dead cells (high red fluo-
rescence). After incubating the parasites treated with Hoechst 33342 at 
5 μg/ml and PI at 1 μg/ml as previously described Díaz-Marrero et al. 
[26], pictures were taken using the EVOS® FL M5000 Cell Imaging 

System (ThermoFisher Scientific, MA, USA). Relative fluorescence in-
tensities were included in a box & whiskers graph. These values were 
obtained using 40X images and the quantification tools of the EVOS®FL 
M5000 Cell Imaging System following the manufacturer instructions. 
Analysis of variance was determined by one-way ANOVA using Graph-
Pad.PRISM® 9.0 software. Significance differences when comparing 
different percentages values are represented like NS non-significant; *p 
< 0.1; * * p < 0.01; * ** p < 0.001 and * ** * p < 0.0001. 

2.6.5. Analysis of reactive oxygen species 
To measure the accumulation of reactive oxygen species (ROS) inside 

the treated parasites, CellROX® Deep Red Reagent (ThermoFisher Sci-
entific, MA, USA) was used at a concentration of 5 μM during 30 min of 
incubation at 26 ◦C, following the manufacturer’s instructions. EVOS® 
FL M5000 Cell Imaging System (ThermoFisher Scientific, MA, USA) was 
used to take pictures of the parasites. Red fluorescence indicates the 
presence of reactive oxygen species [27]. Relative fluorescence in-
tensities were included in a box & whiskers graph. These values were 
obtained using 40X images and the quantification tools of the EVOS®FL 
M5000 Cell Imaging System following the manufacturer instructions. 
Analysis of variance was determined by one-way ANOVA using Graph-
Pad.PRISM® 9.0 software. Significance differences when comparing 
different percentages values are represented like NS non-significant; *p 
< 0.1; * * p < 0.01; * ** p < 0.001 and * ** * p < 0.0001. 

2.6.6. Autophagy assay 
Monodansylcadaverine (MCD) is an autofluorescent dye commonly 

used to determine the presence of autophagic vacuoles [28]. The MCD 
dye binds to the autophagic membrane vacuoles and emits blue fluo-
rescence. This is possible due to the combination of ion sequestration 
and the interactions with some specific lipids of the autophagic mem-
brane. After incubation of the parasites with the IC90 of selected with-
anolides and centrifugation, we added MCD dye in darkness conditions 
at a final concentration of 100 µM. One hour of incubation later, we 
centrifuged again and added RPMI without phenol red to reduce back-
ground. Pictures were taken using EVOS® FL M5000 Cell Imaging Sys-
tem (ThermoFisher Scientific, MA, USA). 

Scheme 1. Structure of Withaferin A-Silyl Ether Analogs.  

Table 1 
Activity expressed as IC50 and selectivity index of withanolides 1–25 against the 
promastigote stage of Leishmania amazonensis, epimastigote stage of T. cruzi and 
cytotoxicity against eukaryotic cells.  

Sample L. amazonensis T. cruzi J774A.1 

IC50
a SIb IC50

a SIb CC50
c 

1 0.83 ± 0.07  14.4 1.02 ± 0.10  11.7 11.92 ± 1.08 
2 0.55 ± 0.14  15.6    8.51 ± 1.33 
4 0.55 ± 0.12  17.4 2.39 ± 0.70  4.0 9.57 ± 0.64 
7 0.44 ± 0.03  21.3 5.87 ± 0.23  1.6 9.31 ± 0.89 
8 1.08 ± 0.14  10.8 2.94 ± 0.40  4.0 11.62 ± 1.73 
10 0.19 ± 0.01  65.3 0.14 ± 0.01  88.6 12.40 ± 1.88 
12 0.39 ± 0.09  72.6 1.93 ± 0.27  14.7 28.32 ± 2.14 
15 0.78 ± 0.07  16.8 5.08 ± 0.81  2.6 13.26 ± 0.48 
17 0.83 ± 0.10  14.6 3.30 ± 0.34  3.7 12.08 ± 2.69 
18 1.90 ± 0.08  6.8 3.74 ± 0.08  3.5 12.93 ± 0.85 
20 0.47 ± 0.07  15.7 1.41 ± 0.05  5.4 7.38 ± 1.84 
22 2.77 ± 0.01  4.2 4.54 ± 0.15  2.6 11.58 ± 0.36 
24 1.10 ± 0.11  3.6    4.00 ± 0.33 
25 0.75 ± 0.03  5.2 0.89 ± 0.02  4.4 3.91 ± 0.32 
Md 6.48 ± 0.10  11.1    72.18 ± 1.25 
Bd    6.95 ± 0.50  57.5 399.91 ± 1.04  

a IC50: concentrations able to inhibit 50% of parasites after 72 h, expressed as 
µM ± standard deviation (SD). 

b SI: selectivity index (CC50/IC50). 
c CC50 concentration able to inhibit 50% of murine macrophages after 24 h, 

expressed as µM ± standard deviation (SD). 
d M: miltefosine and B: benznidazole were used as the positive controls against 

L. amazonensis and T. cruzi, respectively. 
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2.7. Statistical analysis 

All assays are performed three times on different days. The IC50 and 
CC50 were calculated using Sigma Plot 12.0 statistical analysis software 
(Systat Software) by non-linear regression with 95% confidence limits. 
Results are expressed as the mean of the three replicates ± standard 
deviation. Plots of ATP and mitochondrial membrane potential results 
are made using GraphPad.PRISM® 9.0 software program (GraphPad 
Software, San Diego, CA, USA). Analysis of variance was determined by 
one-way ANOVA. Differences of p < 0.05 were considered statistically 
significant. 

3. Results and discussion 

The in vitro anti-kinetoplastid activity of lead compound 1, derivative 
14 (4-oxo-WA) and their silyl analogs 2-13 and 15-25 was evaluated on 
promastigotes and amastigotes stages of leishmania amazonensis and 
epimastigotes of Tripanosoma cruzi. Cytotoxicity was also determined in 
a normal eukaryotic cell line (Murine macrophages J7741A.1) to test 
selectivity (Scheme 1). Miltefosine and benznidazole were used as 
reference drugs for leishmanicidal and trypanocidal activity, respec-
tively (Table 1). 

In general, the studied withanolides showed promising leishmani-
cidal and trypanocidal activity, being in most cases even higher than the 
antiparasitic activity shown by the reference drugs (miltefosine and 
benznidazole). Compounds 3, 5 and 6 showed dissolution difficulties. 
Furthermore, they were not active against any of the parasites tested. 
Compounds 11, 13, 14, 16, 19, 21 and 23 showed high toxicity against 
murine macrophages (data not shown), therefore antiparasitic activity 
assays were not continued. Although some withanolides were slightly 
toxic in macrophages, the obtained results were interesting from the 
selectivity indices point of view. These indices showed that silicon ethers 
synthesized from WA are promising candidates as potential antiparasitic 
treatments against L. amazonensis and T. cruzi. The activity of the 
compounds was also evaluated against another strain of Leishmania: 

L. donovani. Although most of these withanolides showed high activity 
levels on this parasite (data not shown), the activity/cytotoxicity ratio 
did not show good selectivity, thus the antiparasitic activity of silicon 
ethers synthesized from WA against this Leishmania species was not 
further studied. 

Comparing these results with those found in the literature, the ob-
tained results support the important biological activity demonstrated by 
withanolides in previous studies. The recent review by Singh et al. [29] 
has collected data from other studies on several withanolides isolated 
from different plant genera such as Physalis and Withania (among 
others), as well as synthetic withanolides, which showed different bio-
logical activities. For instance, Lin et al. reported the anti-inflammatory 
activity of withanolides from Physalis minima [30] and Nicolas et al. 
isolated withanolides from Nicandra john-tyleriana with antibacterial 
activity [31]. In another study Xia et al. isolated withanolides from 
P. pubescens and reported their anticancer activity against eight human 

Table 2 
Previous results of trypanocidal and leishmanicidal activity from literature, in comparison with the current results obtained in the present study.  

Parasite Previous literature Current results 

Reference Compound IC₅₀ (µM) Compound IC₅₀ (µM) 

T. cruzi (epimastigotes) Nagafuji et al. [35] Physagulin C 14.00 Withanolide 10  0.14 
López-Arencibia et al. [10] Witharistatin 2.41 Withanolide 12  1.93 

L. amazonensis (promastigotes) López-Arencibia et al. [10] Witharistatin 2.82 Withanolide 7  0.44 
Lima et al. [37] Aurelianolide A 7.60 Withanolide 10  0.19 

Aurelianolide B 7.90 Withanolide 12 0.39 
L. major (promastigotes) Kuroyanagi et al. [33] Withanolide J 5.70 Not determined 

Choudhary et al. [34] 16,24-cyclo-13,14-secoergost-2-ene-18,26-dioic acid 1.64  

Table 3 
Leishmanicidal activity of withanolides 1, 4, 7, 10, 12, and 15 against the 
amastigote stage of Leishmania amazonensis and cytotoxicity against eukaryotic 
cells.  

Sample L. amazonensis 

IC50
a SIb 

WA (1) 0.06 ± 0.01  198.7 
4 0.30 ± 0.02  31.9 
7 0.12 ± 0.00  77.6 
10 0.31 ± 0.01  40.0 
12 0.47 ± 0.02  60.3 
15 0.80 ± 0.12  16.6 
Mc 3.12 ± 0.12  23.1  

a IC50: concentrations able to inhibit 50% of parasites after 24 h, expressed as 
µM ± standard deviation (SD). 

b SI: electivity index (CC50/IC50). 
c M: miltefosine was used as the positive control against L. amazonensis. 

Fig. 1. Percentage of ATP level relative to negative control. Sodium azide was 
used as a positive control at a concentration of 20 mM. Analysis of variance was 
determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. Sig-
nificance differences when comparing different percentages values are repre-
sented like ns = non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and 
**** p < 0.0001. 
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tumor cell lines [32]. Furthermore, the leishmanicidal activity of new 
withanolides from Withania coagulans against L. major was demonstrated 
by Kuroyanagi et al. [33]. 

In a previous work by López-Arencibia et al. [10], an acetone extract 
was obtained from the leaves of the plant Withania aristata. In addition, 
their leishmanicidal and trypanocidal activity was evaluated showing 
promising results, so bioguided fractionation was continued to isolate 
three pure compounds, or withanolides: WA, 4β,17α,27-trihydrox-
y-1-oxo-witha-2,5,24-trienolide and witharistatin. These compounds, 
especially WA, showed superior leishmanicidal and trypanocidal activ-
ity compared to the reference drugs miltefosine and benznidazole. In 
addition, the results obtained in the present study also confirmed the 
previously reported leishmanicidal and trypanocidal potential of 
withanolides. 

Taking into account these previous results from López-Arencibia 
et al. [10], in subsequent work by Perestelo et al. [12], 34 compounds 
were synthesized from WA by incorporating silicon into the molecular 
structures with the aim of improving their therapeutic potential. In this 
study, these compounds also were reported to present potent antitumor 
activity in human ovarian carcinoma cells (IC50 values from 1.5 to 
59 nM in A2780 cell lines). 

Anti-kinetoplastid activity on T. cruzi epimastigotes indicated that 
analogs 4, 8, 10, 12, 17, 18, 20, 22, and 25 were 1.5–49.6-fold more 
potent (IC50 ranging from 4.54 to 0.14 μM) than reference drug 

(benznidazole, IC50 6.95 μM) (Table 1). Moreover, these compounds had 
a selectivity index ranging from good to excellent for the Trypanosoma 
strain. Only compound 10 was more potent than the lead compound WA 
(1), with a high selectivity index (SI > 88). Previous studies have also 
demonstrated the trypanocidal activity of some withanolides that are 
different from those tested in this study (Table 2). The best compound 
from the references cited and the best compounds from this study are 
listed in the table. Nagafuji et al. [35] isolated 10 withanolides from 
P. angulata and tested their trypanocidal activity against T. cruzi epi-
mastigotes and trypomastigotes. These withanolides were found to be 
more active on trypomastigotes than on epimastigotes, demonstrating 
their high potential in Chagas chemotherapy. In this research, the 
withanolide with the best IC50 against the epimastigotes of this parasite 
presented an activity value of 14 µM, while the values obtained in the 
present study were lower than 5.87 µM. Even compound 10 showed an 
IC50 value of 0.14 µM. Therefore, it seems that synthesized silicon ethers 
from WA possess better trypanocidal activity than reported so far in the 
literature. 

The results of in vitro assays against the L. amazonensis promastigotes 
revealed that the activity of 13 analogs (compounds 2, 4, 7, 8, 10, 12, 
15, 17, 18, 20, 22, 24 and 25) was higher than that of the widely known 
reference drug (miltefosine), with IC50 values ranging from 2.77 to 
0.19 μM (Table 1). Moreover, six compounds of them (2, 4, 7, 10, 12, 
and 20) were more potent than the lead compound WA (1). After con-
firming that some of the analogs showed potent leishmanicidal activity, 
cytotoxicity was evaluated against a normal cell line to test their 
selectivity (Table 1). According to Suffness et al. [36] a selectivity index 
(SI) value superior to two indicates good selectivity. All 13 analogs 
showed good selectivity with SI values ranging from 3.6 to 72.6. 
Notably, dimethyl tert-butyl silyl ether analog 10 (IC50 0.19 μM) showed 
favorable trends for optimal leishmanicidal activity. This WA analog 
improved the profile 4.4-fold over lead compound 1. In addition, com-
pound 10 was approximately 34-fold more active than miltefosine and 
showed markedly lower cytotoxicity in the murine macrophage cell line 
(SI > 65). According to the literature (Table 2), there are numerous 
studies demonstrating the leishmanicidal activity of withanolides. All 
results reported in the literature are based on withanolides isolated from 
natural plants. No studies of antiparasitic activity on synthetic WA an-
alogs were found. Kuroyanagi et al. [33] isolated 11 withanolides from 
W. coagulans that showed good activity against L. major promastigotes, 
with IC50 values up to 5.7 µM. Lima et al. [37] successfully purified two 
withanolides (Aurelianolide A and B) from Aureliana fasciculata 
demonstrating potent leishmanicidal activity on L. amazonensis pro-
mastigotes (IC50 values of 7.6 and 7.9 µM, respectively). However, the 
literature consulted has not shown better results than those obtained in 
this study for withanolides synthesized from WA (Table 2). 

Based on the in vitro results obtained on L. amazonensis promastigotes 
and T.cruzi epimastigotes, analogs 4, 7, 10, 12 and 15 were selected for 
further studies on the intracellular amastigote stage of L. amazonensis 
(Table 3). Anti-kinetoplastid activity revealed that all silyl-withanolides 
were more potent against amastigotes than the miltefosine (IC50 
3.12 µM). These compounds showed promising IC50 values ranging from 
0.12 to 0.8 µM. Moreover, all four compounds showed a higher selec-
tivity index than miltefosine. In fact, analog 7 was 26-fold more potent 
than the reference drug (Table 3), with an SI of 77.6 versus 23.1 for 
miltefosine. However, all of them were less active against the amastigote 
form than the lead compound, WA. The promising results obtained in 
this study against the intracellular form of L. amazonensis are confirmed 
by comparison with results obtained in other studies in the literature. 
For instance, Lima et al. demonstrated the activity against L. amazonensis 
amastigotes of the withanolides Aurelianolide A and B with IC50 values 
much higher than those of the present study (IC50 of 2.3 and 6.4 µM, 
respectively) [37]. 

On the other hand, compounds 4, 10, 12 and 15 have also demon-
strated antitumor activity in human ovarian carcinoma cells [12], but 
their promising leishmanicidal and trypanocidal activity has not been 

Fig. 2. Percentage relative to negative control of ratio fluorescence intensity at 
590/530 nm. CCCP was used as a positive control at a concentration of 100 µM. 
Analysis of variance was determined by one-way ANOVA using GraphPad. 
PRISM® 9.0 software. Significance differences when comparing different per-
centages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; 
*** p < 0.001 and **** p < 0.0001. 
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reported so far in the literature. 
Considering their efficacy against L. amazonensis promastigotes, T. 

cruzi epimastigotes, L. amazonensis amastigotes, as well as their 
remarkable low cytotoxicity, compounds 7, 10 and 12 were selected for 
further studies to elucidate their mechanism of action. 

As a next step, it was necessary to evaluate the mechanism of action 
of these compounds at the cellular level in L. amazonensis and T. cruzi. In 
order to determine whether these compounds induce programmed cell 
death (PCD) in the parasites, different assays were carried out. 

3.1. ATP level analysis 

To determine the mitochondrial damage caused by these with-
anolides in the parasites, the first assay was to determine the changes 
induced in the mitochondrial ATP levels. For this purpose, parasites 
were incubated for 24 h with IC90 of the compounds and the Cell Titer- 
Glo® Luminescent Cell Viability Assay kit (Promega, WI, USA) was used 
according to the manufacturer’s instructions. The results are shown in 

Fig. 1. Analysis of variance was performed by one-way ANOVA. For 
T. cruzi, withanolides 10 and 12 significantly decreased mitochondrial 
ATP levels by about 50% compared to untreated cells. Similar effects 
occur with withanolides 7, 10, and 12 in the case of L. amazonensis. 
Withanolide 7 caused the greatest changes in mitochondrial ATP levels 
in this parasite, reaching levels close to 5% when compared to un-
treated, followed by withanolide 10 (20%) and withanolide 12 (50%). 

3.2. Analysis of mitochondrial membrane potential changes 

The effect of withanolides on the mitochondrial membrane potential 
of the parasites was studied using the fluorophore JC-1 according to the 
manufacturer’s recommendations. For this, parasites were incubated for 
24 h with IC90 of the compounds and after adding the reagent, the two 
fluorescences were measured. The analysis of variance of the data ob-
tained was determined by one-way ANOVA and the results are shown in 
Fig. 2. In the case of T. cruzi, withanolides 10 and 12 induce significant 
changes in the mitochondrial membrane potential with respect to the 

Fig. 3. L. amazonensis promastigotes incubated with IC90 withanolide 10 (C,D), withanolide 12 (E,F) and withanolide 7 (G,H) during 24 h. Negative control of the 
parasites without any treatment (A,B). The 100X images were captured using an EVOS® FL M5000 Cell Imaging System. Scale-bar: 20 µm. The box & whiskers graph 
includes the relative fluorescence intensities. These values were obtained using 40X images and the quantification tools of the EVOS®FL M5000 Cell Imaging System 
following the manufacturer instructions. Analysis of variance was determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. Significance differences 
when comparing different percentages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and **** p < 0.0001. 
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control, with compound 12 causing the greatest decrease in potential. 
However, in the case of L. amazonensis, withanolides 7, 10 and 12 did 
not produce significant changes in mitochondrial membrane potential 
with respect to the untreated control. 

3.3. Plasmatic membrane permeability assay and chromatin condensation 
analysis 

Several studies in the literature have shown that nuclear chromatin 
condensation, DNA fragmentation and increased membrane perme-
ability, among others, are some of the most characteristic signs of 
apoptosis in kinetoplastids [18,19]. 

To determine whether WA-derived compounds cause an increase in 
membrane permeability, L. amazonensis promastigotes and T. cruzi epi-
mastigotes were incubated with IC90 of the withanolides for 24 h. Sub-
sequently, SYTOX® Green, which emits green fluorescence inside cells 
with increased plasma membrane permeability, was added to the assay. 
The results obtained in L. amazonensis (Fig. 3) and T. cruzi (Fig. 5) show 
that the withanolides tested seem to induce slight variations in the 
plasma membrane permeability of all parasites, since it is possible to 
observe a slight green fluorescence. Remarkably, as can be seen in the 
transmitted light images, the cell integrity and shape of the parasites is 
maintained, which would also rule out a necrotic process [20]. 
Furthermore, the box-and-whisker plot in L. amazonensis (Fig. 3) con-
firms that all withanolides showed significantly higher green fluores-
cence compared to the control. In addition, the intensity of fluorescence 
produced by the compounds was also significantly different among 
them, so that the compounds seem to affect the permeability of the 
parasite plasma membrane differently. 

As for the box-and-whisker plot on T. cruzi (Fig. 4), the results also 
confirm that all withanolides showed significantly higher green fluo-
rescence compared to the control. However, the intensity of the fluo-
rescence produced by the tested compounds was not significantly 
different among them, so it seems that they cause similar alterations in 
the permeability of the parasite’s plasma membrane. 

Following the manufacturer’s instructions, parasites were also 
exposed to the Vybrant® Apoptosis Assay Kit n◦5, Hoechst 33342/Pro-
pidium Iodide. With this assay it is possible to detect nuclear chromatin 
condensation by the emission of strong blue fluorescence. In addition, 
cells showing red fluorescence would indicate that they are in an 
advanced process of death. 

According to the obtained results for L. amazonensis (Fig. 5) and 
T. cruzi (Fig. 6), it was clear that chromatin condensation was occurring 
in both parasites incubated with the withanolides, as they showed 
intense blue fluorescence localized in the nucleus. In addition, parasitic 
cells that were visibly more damaged also showed red fluorescence, 
indicating a more advanced process of death. This could also be 
confirmed by the results obtained from box-and-whisker plots repre-
senting the relative fluorescence intensities of Hoechst 33342 for 
L. amazonensis (Fig. 5) and T. cruzi (Fig. 6). These graphs confirm that all 
withanolides showed significantly higher blue fluorescence compared to 
the untreated control for both parasites. The fluorescence intensity 
produced by the tested compounds was also significantly different be-
tween them, so the compounds seem to affect chromatin condensation 
differently. 

As for the propidium iodide assay in L. amazonensis, although red 
fluorescence was observed in some parasites in the 100X images, after 
quantification of this fluorescence with the 40X images, different results 

Fig. 4. T. cruzi epimastigotes incubated with IC90 of withanolide 10 (C,D) and withanolide 12 (E,F) during 24 h. Negative control of the parasite without any 
treatment (A,B). The 100X images were captured using an EVOS® FL M5000 Cell Imaging System. Scale-bar: 20 µm. The box & whiskers graph includes the relative 
fluorescence intensities. These values were obtained using 40X images and the quantification tools of the EVOS®FL M5000 Cell Imaging System following the 
manufacturer instructions. Analysis of variance was determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. Significance differences when comparing 
different percentages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and **** p < 0.0001. 
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Fig. 5. L. amazonensis promastigotes incubated with IC90 withanolide 10 (D,E,F), withanolide 12 (G,H,I) and withanolide 7 (J,K,L) during 24 h. Negative control of 
the parasites without any treatment (A,B,C). The 100X images were captured using an EVOS® FL M5000 Cell Imaging System. Scale-bar: 20 µm. The box & whiskers 
graph includes the relative fluorescence intensities. These values were obtained using 40X images and the quantification tools of the EVOS®FL M5000 Cell Imaging 
System following the manufacturer instructions. Analysis of variance was determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. Significance 
differences when comparing different percentages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and **** p < 0.0001. 
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Fig. 6. T. cruzi epimastigotes incubated with IC90 of withanolide 10 (D,E,F) and withanolide 12 (G,H,I) during 24 h. Negative control of the parasite without any 
treatment (A,B,C). The 100X images were captured using EVOS® FL M5000 Cell Imaging System. Scale-bar: 20 µm. The box & whiskers graph includes the relative 
fluorescence intensities. These values were obtained using 40X images and the quantification tools of the EVOS®FL M5000 Cell Imaging System following the 
manufacturer instructions. Analysis of variance was determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. Significance differences when comparing 
different percentages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and **** p < 0.0001. 

S.N.-H. Desirée et al.                                                                                                                                                                                                                           



Biomedicine & Pharmacotherapy 157 (2023) 114012

11

were observed in the graph (Fig. 5). It was confirmed that the com-
pounds showed no significant difference in red fluorescence compared 
to the control. Therefore, withanolides induce chromatin condensation 
in L. amazonensis without evidence of an advanced cell death process. 

Regarding the box-and-whisker plot of T. cruzi (Fig. 6) for the pro-
pidium iodide assay, some differences are observed between the 100X 
images and the results of the plot. This is because only a few parasites are 

observed in the 100X images, however quantification of fluorescence 
using the 40X images, where there are a larger number of parasites, 
allowed us to obtain more representative results. In relation to this, the 
graph showed that withanolide 10 did not show significant differences 
in red fluorescence with respect to the control Hence, this compound 
seems to be inducing the early stages of cell death in the parasite. 
However, withanolide 12 showed a significantly higher red fluorescence 

Fig. 7. L. amazonensis promastigotes incubated with IC90 of withanolide 10 (E,F), withanolide 12 (G,H) and withanolide 7 (I,J) during 24 h. Negative control of the 
parasite without treatment (A,B) and the positive control with H2O2 at 600 μM (C,D). The 100X images were captured using an EVOS® FL M5000 Cell Imaging 
System. Scale-bar: 20 µm. The box & whiskers graph includes the relative fluorescence intensities. These values were obtained using 40X images and the quanti-
fication tools of the EVOS®FL M5000 Cell Imaging System following the manufacturer instructions. Analysis of variance was determined by one-way ANOVA using 
GraphPad.PRISM® 9.0 software. Significance differences when comparing different percentages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; 
*** p < 0.001 and **** p < 0.0001. 
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than the control, indicating that this compound induces cell death more 
rapidly in T. cruzi, so the parasites are in a more advanced stage of death. 

3.4. Analysis of reactive oxygen species 

As illustrated in Figs. 7 and 8, L. amazonensis promastigotes and 
T. cruzi epimastigotes incubated with IC90 of the selected withanolides 
for 24 h showed intense red fluorescence. This is because the parasites 
have been exposed to the CellROX® Deep Red Reagent assay, which is 
indicating that an accumulation of reactive oxygen species (ROS) is 
occurring inside the parasites. This accumulation of ROS is a well-known 
signal that occurs before programmed cell death develops [18]. The 
presence of ROS in the parasites was also confirmed by the relative 
fluorescence intensities depicted in the graphs in Figs. 7 and 8. These 
graphs confirm that all withanolides showed significantly higher red 
fluorescence compared to the negative control for both parasites. The 
intensity of the fluorescence produced by the tested compounds was also 
significantly different between them, so the compounds seem to affect 
the accumulation of reactive oxygen species differently. The intensity of 

red fluorescence was not significantly different between withanolides 7 
and 10 in the case of L. amazonensis. Therefore, these two compounds 
seem to induce a similar levels of ROS accumulation in the treated cells. 

3.5. Monodansyl cadaverine 

The formation of autophagic vacuoles, in parasites incubated with 
IC90 of the selected withanolides for 24 h, was assessed by the Mono-
dansyl cadaverine (MCD) assay. With this fluorophore, parasites with 
autophagic vacuoles will show an intense blue fluorescence in their 
cytoplasm corresponding to the abovementioned vacuoles. The results 
obtained for L. amazonensis (Fig. 9) and T. cruzi (Fig. 10) showed that the 
selected withanolides induce the formation of autophagic vacuoles in 
both parasites (indicated with arrows in the figures), as a strong blue 
fluorescence in the form of vesicles can be observed in both treated 
promastigotes of L. amazonensis and epimastigotes of T. cruzi. 

Overall, these results demonstrated that silicon ethers synthesized 
from WA are promising molecules in the development of new leishma-
nicidal and trypanocidal drugs. In fact, previous studies had already 

Fig. 8. T. cruzi epimastigotes incubated with IC90 of withanolide 10 (E,F) and withanolide 12 (G,H) during 24 h. Negative control of the parasite without treatment 
(A,B) and the positive control with H2O2 at 600 μM (C,D). The 100X images were captured using an EVOS® FL M500 Cell Imaging System. Scale-bar: 20 µm. The box 
& whiskers graph includes the relative fluorescence intensities. These values were obtained using 40X images and the quantification tools of the EVOS®FL M5000 
Cell Imaging System following the manufacturer instructions. Analysis of variance was determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. 
Significance differences when comparing different percentages values are represented like NS non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and 
**** p < 0.0001. 
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Fig. 9. L. amazonensis promastigotes incubated with IC90 of withanolide 10 (E,F), withanolide 12 (G,H) and withanolide 7 (I,J) during 24 h. Negative control of the 
parasite without any treatment (A,B) and the positive control with IC90 of miltefosine (C,D). Autophagic vacuoles with blue fluorescence are indicated with an arrow. 
The 100X images were captured using an EVOS® FL Cell Imaging System. Scale-bar: 20 µm. 
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demonstrated the high potential of withaferin A analogs to induce cell 
death by apoptosis in cancer cells. Moreover, this PCD had been evi-
denced by detection of DNA fragmentation, chromatin condensation and 
exposure of phosphatidylserine residues in cancer cells [38,39]. In 
addition, recent studies have shown that WA causes apoptosis-like cell 
death in Leishmania donovani by inhibiting protein kinase C (an impor-
tant element in the apoptosis signaling pathways). Inhibition of this 
important enzyme causes depolarization of the mitochondrial 

membrane potential, generates reactive oxygen species (ROS) inside the 
parasites and DNA fragmentation occurs [40,41]. The results of the 
present study are in agreement with these previous studies, as a decrease 
in ATP levels, chromatin condensation and the presence of reactive 
oxygen species were detected in promastigotes and epimastigotes of 
L. amazonensis and T. cruzi treated with the selected withanolides 
(withanolides 7, 10 and 12). Moreover, in the case of T. cruzi epi-
mastigotes there is a significant alteration of the mitochondrial 

Fig. 10. T. cruzi epimastigotes incubated with IC90 of withanolide 10 (E,F) and withanolide 12 (G,H) during 24 h. Negative control of the parasite without any 
treatment (A,B) and the positive control with IC90 of benznidazole (C,D). Autophagic vacuoles with blue fluorescence are indicated with an arrow. The 100X images 
were captured using an EVOS® FL Cell Imaging System. Scale-bar: 20 µm. 
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membrane potential. Furthermore, these compounds generated auto-
phagic vacuoles in both parasites, which may also be an indication that 
autophagic processes are taking place. These results are consistent with 
previous research linking apoptosis and autophagy. These studies show 
that different drugs induce early autophagy that later evolves into 
similar cell death by apoptosis. In a recent review by Das P. et al. [42], 
different examples are reported, such as the case of cryptolepine, which 
generates autophagic vacuoles in L. donovani (positive for MCD) and 
from them different events characteristic of apoptosis such as DNA 
fragmentation occur. According to these results, it has been proposed 
that at low doses of some drugs autophagy can be initially activated as a 
survival mechanism in trypanosomatids, but if these conditions of 
cellular stress persist, the parasites would activate their cell death 
pathway by apoptosis-like. Based on all this evidence, withanolides 7, 
10 and 12 could induce early autophagy, which could evolve into 
apoptosis-like in both parasites, making them important candidates for 
future drugs against leishmaniasis and Chagas disease. 

4. Conclusions 

WA-derived silicon ethers showed promising activity against pro-
mastigotes and amastigotes of L. amazonensis, as well as against epi-
mastigotes of T. cruzi. However, L. donovani promastigotes appear to be 
resistant to these withanolides. Among the 24 synthetic withanolides 
tested, three of them corresponding to withanolides 7, 10 and 12 (27- 
Dimethyl WA, 27-Terbutyldimethyl WA and 4,27-Dimethylphenyl WA) 
stood out for their good leishmanicidal and trypanocidal activity, being 
almost twice as selective as the reference drugs miltefosine and benz-
nidazole. Furthermore, the results obtained show that these three 
withanolides induce some changes in the parasites such as alteration of 
ATP levels, mitochondrial membrane potential, chromatin condensa-
tion, formation of reactive oxygen species and autophagic vacuoles in 
both L. amazonensis promastigotes and T. cruzi epimastigotes. These 
results demonstrate that the tested withanolides induce a programmed 
cell death event in the parasites and therefore, could be considered as 
promising candidates as future drugs against leishmaniasis and Chagas 
disease. 
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