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ARTICLE INFO ABSTRACT

Keywords: Leishmaniasis and Chagas disease, two of the most prevalent neglected tropical diseases, are a world health
Wi.thaferiflA.analoguES problem. The harsh reality of these infective diseases is the absence of effective and safe therapies. In this
L;lshman}asm framework, natural products play an important role in overcoming the current need to development new anti-
gh:ila;ﬁ:rzase parasitic agents. The present study reports the synthesis, antikinetoplastid screening, mechanism study of
Apoptosis-lilfz fourteen withaferin A derivatives (2-15). Nine of them (2-6, 8-10 and 12) showed a potent dose-dependent
Autophagy inhibitory effect on the proliferation of Leishmania amazonensis and L. donovani promastigotes and Trypano-

soma crugi epimastigotes with ICso values ranging from 0.19 to 24.01 uM. Outstandingly, the fully acetylated
derivative 10 (4,27-diacetylwithaferin A) was the most potent compound showing ICsq values of 0.36, 2.82 and
0.19 pM against L. amazonensis, L. donovani and T. cruzi, respectively. Furthermore, analogue 10 exhibited
approximately 18 and 36-fold greater antikinetoplastid activity, on L. amazonensis and T. cruzi, than the reference
drugs. The activity was accompanied by significantly lower cytotoxicity on the murine macrophage cell line.
Moreover, compounds 2, 3, 5-7, 9 and 10 showed more potent activity than the reference drug against the
intracellular amastigotes forms of L. amazonensis and T.cruzi, with a good selectivity index on a mammalian cell
line. In addition, withaferin A analogues 3, 5-7, 9 and 10 induce programmed cell death through a process of
apoptosis-like and autophagy. These results strengthen the anti-parasitic potential of withaferin A-related ste-
roids against neglected tropical diseases caused by Leishmania spp. and T. crugzi parasites.

1. Introduction growing worldwide, causing tremendous threat to human life and

health. Moreover, in recent decades it is becoming a burden, especially

Neglected tropical diseases (NTDs), also known as diseases of
poverty since they disproportionately affect poor and marginalized
populations, are prevalent in tropical and subtropical regions of Africa,
America, Asia, and Oceania. NTDs continue to affect more than 1 billion
people/year, and the incidence and mortality of this NTDs are rapidly

in the United States and Europe, due to global change, in particular
climate change [1]. Leishmaniasis and Chagas disease are two of the
most important NTDs according to the World Health Organization
(WHO) caused by several species of intracellular kinetoplastid parasites
and they can result in epidemic outbreaks [1,2].

Abbreviations: WA, withaferin A; DMSO, dimethyl sulfoxide; PI, propidium iodide; PCD, programmed cell death; ROS, reactive oxygen species; MCD,
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The leishmaniasis constitutes a group of human and animal diseases
caused by several Leishmania species, a protozoan parasite from the
Trypanosomatidae family. The transmission is prevalent in 98 countries
with most cases occurring in South and Central America, the Mediter-
ranean Basin and extending across the Middle East to Central Asia. There
are 350 million people at risk and 12 million cases of infection every
year [3]. On the other hand, Chagas disease, also known as American
Trypanosomiasis, is a zoonotic infection disease caused by the protozoan
parasite Trypanosoma cruzi. This disease is considered endemic illness in
all South and Central America, affecting between 6 and 7 million people
worldwide [4].

Treatment of leishmaniasis depends primarily on the characteristics
of the parasite and the host. In most cases, different therapeutic strate-
gies are applied depending on the species of Leishmania causing the
disease and the geographical region where the disease was acquired.
Nowadays, the reference drugs used against leishmaniasis are pentava-
lent antimonials, amphotericin B, pentamidine, paramomycin and mil-
tefosine. Miltefosine is the only orally administered treatment. In the
case of Chagas disease, treatment has been based on the use of two drugs
since 1960: benznidazole and nifurtimox, the latter being the least safe.
At this time, there is no approved vaccine against Chagas disease and
leishmaniasis, therefore current treatments for these parasitosis are
limited. Moreover, none of the current therapeutic options can be
considered ideal due to their high cost and side effects, including tera-
togenicity and acute toxicity, which often lead to non-adherence [2,
5-8]. These drawbacks of conventional chemical therapy and the
absence of a vaccine highlight the urgent need for the development of
new agents for antiparasitic chemotherapy of these two diseases. Nat-
ural products, as the richest source of active ingredients, are an indis-
pensable tool in the discovery and development of new drugs, especially
for the treatment of cancer and infectious diseases [9]. In this sense,
withanolides, natural ergostane-type steroid S-lactone, have attracted
much interest due to their structural diversity and broad range of bio-
logical activities [10]. Among the withanolides isolated to date, with-
aferin A (WA) has attracted the most interest due to its broad therapeutic
potential to treat multiple ailments and is a promising drug candidate for
cancer chemotherapy [11,12].

Apoptosis-like and autophagy are essential and complex biological
process in unicellular organisms such as kinetoplastids. Therefore,
altering one or both types of programmed cell death could affect the
progression of parasite growth, so altering these processes could be a
good therapeutic target for the discovery and development of new drugs
or anti-parasitic agents [13,14].

During our drug discovery program from Canary Islands biodiver-
sity, we focused our search in Withania aristata (Ait.) Pauq. (Solanaceae).
This endemic species, popularly known as "orobal", has long been used
in traditional medicine. In previous research on W. aristata, work was
done on the isolation of bioactive molecules, chemical modifications
made to them and the biological activities reported for all the with-
anolides mentioned [15-17]. Recently, we reported three known with-
anolides that were isolated by bioassay-guided fractionation against
Leishmania spp. and Trypanosoma cruzi, which were obtained from the
acetone extract of W. aristata leaves, and whose results revealed WA to
be a promising compound for further studies [18].

Therefore, motivated by previous work highlighting the role of WA
as an anti-parasitic agent [19,20], efforts have been made in this work to
expand the biological space of WA and its derivatives to increase their
clinical potential as anti-kinetoplastid agents. The present study reports
the evaluation of fourteen WA analogues against L. amazonensis,
L. donovani and T. cruzi strains, always using the lead compound and
reference drugs as comparators against both parasitic diseases. In
addition, the ability of six of the analogues to induce programmed cell
death in the treated parasites was investigated.
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2. Results and discussion
2.1. Chemistry

This study focused on structural optimization of the WA (1) anti-
parasitic profile and gaining insight into the structure-activity re-
lationships (SARs) of withanolide-type steroids as potential
antikinetoplastid agents. WA, the main withasteroid in Withania aristata
leaf extract [15], is primarily responsible for anti-leishmanial and
anti-trypanosomal activities [18], so its characteristic structure makes it
ideal as a starting material for optimising its anti-parasitic profile.

Chemical structure analysis of WA steroid-backbone suggests four
suitable positions for its optimisation through structure-activity rela-
tionship (SAR) studies: (i) the hydroxyl groups at C-4 and C-27 positions,
(ii) the a,p-unsaturated ketone group, (iii) the o,-unsaturated §-lactone,
and (iv) the 5f,6p epoxide moiety. Thus, based on the WA skeleton, the
series of analogues (2-15) were synthesised by standard reactions,
which were divided into three groups (Scheme 1). Therefore, the first
step in this work was to study the role of hydroxyl groups at C-4 and C-
27, compounds 2-13 were prepared by acylation of WA with alkyl or
aryl acid chlorides and alkyl anhydrides of different sizes, lipophilicity
and stereoelectronic properties. Secondly, modification on the enone-
system and §-lactone was carried out by epoxidation of double bound
of WA at C-2/C-3 and C-24/C-25 (analogues 14). Finally, the halohydrin
15 was obtained by epoxide ring opening, Supporting Information (S1).

Among the analogues, four out of twelve are reported for the first
time: derivatives 2, 3, 9 and 11. The structures of the new compounds
were elucidated by mass spectrometry and NMR analysis, Supporting
Information (§2-S9), whereas those of the previous reported analogues 4
[15], 5-8, 10, 12-14 [16], and 15 [21], were elucidated by comparison
of their spectral data with those reported in the literature.

2.2. Biological evaluation

2.2.1. Anti-kinetoplastid activity

In an effort to identify more potent withanolides than withaferin A
(WA, 1), the in vitro inhibitory concentrations 50 (ICsg) of lead com-
pound 1 and its analogues 2-15 (Fig. 1) was determined against different
kinetoplast species. This value gives the concentration of the compound
that eliminates the 50 % of the population of parasites. Promastigotes of
Leishmania amazonensis and L. donovani, amastigotes of L. amazonensis
and epimastigotes of Trypanosoma cruzi were used in this study. In
addition, a mammalian cell line (murine macrophage J7741A.1) was
used to test the cytotoxicity of the compounds. The selectivity index (SI)
of the withanolides was calculated from the cytotoxic concentration 50
(CCsp) divided by the ICsg. In order to categorize the results, the com-
pounds were classified according to the safety criteria described by
Suffness [22], whose selectivity index value of two or more is considered
as good selectivity. Miltefosine and benznidazole were used as reference
drugs for anti-leishmanial and anti-trypanosomal activity, respectively
(Table 1).

The results of in vitro assays against L. amazonensis promastigotes
revealed that 9 analogues (compounds 2-6, 8-10 and 12) showed
potent anti-leishmanial activity. These compounds showed higher in-
hibition than that of the widely known reference drug (miltefosine, ICsq
6.48 pM) with ICso values ranging from 0.36 to 1.11 pM (Table 1).
Furthermore, these compounds showed similar activity to the lead
compound WA (1, ICsp 0.83 uM) (Table 1). All nine analogues showed a
good selectivity index (SI), except for compound 4, which had the
highest cytotoxic activity.

In especial, compound 10 was 18 and 2.3 times more potent than
miltefosine and WA (1), respectively.

Secondly, the anti-kinetoplastid activity on L. donovani promasti-
gotes showed that four steroids (compounds 3, 8, 10 and 12) exhibited
potent anti-leishmanial activity. These compounds reached similar ac-
tivity to miltefosine (ICsg 3.31 pM) with ICs values ranging from 2.01 to
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Fig. 1. Structure of withaferin A analogues (2-15).

3.18 uM (Table 1). In addition, seven analogues (compounds 2, 3, 5, 6,
8, 10 and 12) with ICsg values ranged from 2.01 to 6.82 pM, showed
higher anti-kinetoplastid activity than the parent compound (WA, 1,
ICs0 13.22 pM) (Table 1). Unfortunately, they exhibited low selectivity
index (SI<1.0), which is a clear indication of non-selective effects, and
therefore the analogues are toxic to L. donovani as well as to mammalian
cell lines, except for compounds 3 (SI=2.3) and 10 (SI=2.0).

In our previous work, twenty-four known silyl ether derivatives of
withaferin A showed potent activities against L. amazonensis promasti-
gotes, which was similar to those obtained in the present work. One of
them, 27-tert-butyldimethyl silyl ether WA (ICsy 0.19 pM, SI=65.3) was
34 times more active than miltefosine. Comparing this result with the
fully acetylated derivative 10 (4,27-diacetylwithaferin A, ICsy 0.36,
SI=15.6), which was 18 times more active than the reference drug, it
appears that WA analogue based on silyl ethers exhibit little better anti-
leishmanial activities. However, the silyl ether analogues of WA were
not active against L. donovani promastigotes, whereas the present
withasteroids showed promising anti-leishmanial activity against this
Leishmania specie [23]. Moreover, the current results are agreement
with earlier studies, which showed that several natural withanolides are
promising anti-leishmanial agents, such as two withanolides from Aur-
elia fasciculata, Aurelianolide A and B (ICsop 7.61 pM and 7.94 pM,

respectively) on L. amazonensis promastigotes [24], and withanolide J
from Withania coagulans on L. major promastigotes (ICso 5.70 pM) [25].
In both studies, the natural withanolides did not display better
anti-leishmanial activity than the present WA analogues.

As a final point, the antiparasitic activity against T. cruzi epi-
mastigotes revealed that nine withasteroids (compounds 2-6, 8-10 and
12) showed potent anti-trypanosomal activity with ICsq values ranging
from 0.19 to 1.84 uM (Table 1). These analogues showed higher inhi-
bition than the widely known reference drug (benznidazole, ICsg
6.95 pM). In addition, three compounds (3, 4 and 6) showed similar
activity to WA (1, ICso 1.02 pM) and three analogues (8-10) higher than
the lead compound (Table 1). All nine analogues showed a good selec-
tivity index (SI), except compounds 4 and 12, with values ranging from
3.0 to 30. Among them, once again analogue 10 showed the best bio-
logical profiles combining the experimental results of anti-kintoplastid
activity and selectivity index. Thus, compound 10 was 36.6 and 5.4
times more potent than benznidazole and WA (1), respectively. In our
previous work, the silyl ether analogues of WA presented an anti-
trypanosomal activity similar to that obtained by the present work
[23], where the 27-tert-butyldimethyl silyl ether WA analogue (ICsg
0.14 pM, SI=88.6) stood out for being 49 times more active than
benznidazole. This result of anti-trypanosomal activity was similar to
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Table 1

Anti-kinetoplastid activity of withanolides 1-15 against the promastigote stage
of Leismania spp, epimastigote stage of T. cruzi and cytotoxicity against
mammalian cells (ICso and CCsp expressed in uM).
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Table 2

Anti-leishmanial activity of withanolides 1-3, 5-7 and 10-11 against the
amastigote stage of L. amazonensis, and cytotoxicity against mammalian cells
(ICsp and CCsg expressed in uM).

Compds L. amazonensis L. donovani T. cruzi J774A.1
IC% SI¢ &N SI¢ IC% SI¢ ccly

1 0.83 + 14.4 13.22 0.9 1.02 + 11.7 11.92 +
0.07 +1.16 0.10 1.08

2 1.11 + 5.1 6.35 £ 0.9 1.84 + 3.0 5.59 +
0.13 0.86 0.06 0.28

3 0.84 + 5.5 2.01 £ 2.3 1.22 + 3.8 4.69 +
0.03 0.38 0.08 0.06

4 0.60 £ 1.4 24.01 0.0 0.73 £ 1.1 0.82 +
0.01 + 0.86 0.07 0.04

5 0.99 + 5.2 6.61 + 0.8 1.72 + 3.0 5.23 +
0.18 0.89 0.15 0.06

6 0.76 + 6.9 6.82 + 0.8 0.83 + 6.4 5.30 +
0.03 0.76 0.09 0.02

7 8.60 £ 2.8 > 50.00 16.30 1.5 24.03 +
0.11 + 3.52 2.82

8 0.58 + 3.1 3.18 £ 0.6 0.38 + 4.7 1.79 £
0.02 0.16 0.09 0.13

9 0.49 + 4.7 9.11 + 0.2 0.28 + 8.1 231 +
0.04 0.09 0.06 0.08

10 0.36 + 15.6 2.82 + 2.0 0.19 + 30.0 5.59 +
0.02 0.09 0.03 0.28

11 35.99 2.0 > 50.00 > 50.00 72.37 £
+ 2.40 1.30

12 0.64 £ 4.7 2.09 £ 1.4 1.78 + 1.7 3.00 +
0.05 0.17 0.29 0.42

15 8.33 + 4.7 > 50.00 12.18 3.2 39.39 +
0.31 + 0.59 2.89

m¢ 6.48 + 11.1 3.31 £ 21.8 72.18 +
0.10 0.11 1.25

B¢ 6.95 + 57.5 399.91 +

0.50 1.04

@ ICsp: concentrations able to inhibit 50 % of parasites after 72 h, expressed as
uM =+ standard deviation (SD). b CCs concentration able to inhibit 50 % of
murine macrophages after 24 h, expressed as uM =+ standard deviation (SD). °SI:
selectivity index (CCso/ICsq). ¢ M: Miltefosine was used as positive control
against L. amazonensis and L. donovani. ¢ B: Benznidazole was used as positive
control against T. cruzi. Anti-kinetoplastid activity and cytotoxicity assays were
performed as independent experiments in triplicates. Analogues 13 and 14 were
excluded due to their low antiparasitic activity (data not shown).

that obtained with the 4,27-diacetylwithaferin A (withasteroid 10) of
the present study, in which this compound was 36.6 times more active
than this reference drug.

These anti-trypanosomal data are agreement with previous report,
and confirm the withanolides as a promising scaffold. In this sense,
Aurelianolide A (IC5p 5.68 pM) and B (ICsp 5.72 pM) from Aureliana
fasciculata var. fasciculata [26], and Physagulin C (ICso, 14 pM) from
Physalis angulate [27] showed potent activity in T. cruzi epimastigotes. In
both studies, the withanolides have not shown a better antikinetoplastid
profile than the withanolides from the present structural modification of
WA (1).

Overall, looking at the literature data mentioned above, it appears
that for both Leishmania spp. and T. cruzi, the synthesis of WA analogues
has optimised and improved the anti-leishmanial and anti-trypanosomal
activity of WA. Based on the in vitro results on Leishmania spp promas-
tigotes, analogues 2, 3, 5-7, 10 and 11 were selected for further studies
on the intracellular amastigote stage of L. amazonensis (Table 2). Their
anti-leishmanial activity showed that all withanolides, except steroid
11, were more potent than miltefosine (ICso 3.12 pM) with ICso values
ranging from 0.36 to 1.77 uM. These compounds were between 1.8 and
8.7 times more potent than the reference drug. Moreover, all of them
were less active than the lead compound (WA, 1) and showed a good
selectivity index with values ranging from 3.9 to 14.4. According to the
literature, there are some previous research that studied the anti-
leishmanial activity of withanolides against the intracellular form of

Compds L. amazonensis J774A.1
18 SI¢ ccty

1 0.06 + 0.01 198.7 11.92 +1.08
2 0.95 + 0.04 5.9 5.59 + 0.28
3 1.21 +0.27 3.9 4.69 + 0.06
5 0.36 =+ 0.05 14.4 5.23 + 0.06
6 0.41 + 0.02 12.8 5.30 + 0.02
7 1.77 £ 0.05 13.6 24.03 + 2.82
10 0.50 =+ 0.03 11.2 5.59 + 0.28
11 11.20 + 2.00 6.4 72.37 +1.30
m¢ 3.12 +0.12 23.13 72.18 +1.25

@ ICs0: concentrations able to inhibit 50 % of parasites after 24 h, expressed as
uM + standard deviation (SD). b CCsp concentration able to inhibit 50 % of
murine macrophages, expressed as pM + standard deviation (SD). ¢ SI: electivity
index (CCs0/ICsp). 4 M: Miltefosine was used as the positive control against
L. amazonensis. Anti-kinetoplastid activity and cytotoxicity assays were per-
formed as independent experiments in triplicates.

Leishmania spp. In our previous search on silyl ether analogues of WA,
the synthetized analogues showed similar activity on L. amazonensis
amastigotes (ICsg values ranging from 0.12 to 0.80 pM) to that reported
in the present study for withasteroids (ICsg values ranging from 0.36 to
1.77 pM) [23]. In none of the cases, withanolides synthesised from WA
improved the activity presented by this natural molecule in
L. amazonensis amastigotes. On the other hand, natural withanolides
Aurelianolide A (ICsg 2.25 pM) and B (ICsg 6.43 pM) on L. amazonensis
amastigotes [24], showed activities lower than the withanolides re-
ported in the present study. Therefore, the synthesis of withanolides
from WA based on silicon ethers or esters did not improve the
anti-leishmanial activity against L. amazonensis amastigotes but does not
seem to exceed in any case the activity of WA (1).

On the other hand, based on the anti-trypanosomal activity results,
analogues 6, 9 and 10 were selected to determine their activity against
the amastigote stage of T. cruzi (Table 3). Their anti-trypanosomal ac-
tivity showed that all withanolides were more potent than benznidazole
(ICs0 2.67 pM), with ICsg values ranging from 0.70 to 1.08 pM. These
compounds were 2.47-3.8 times more potent than the reference drug.
Although all analogues were less selective than the reference drug, they
showed a good selectivity index with values ranging from 2.1 to 7.5. It is
noteworthy that these are the first results on the activity of withanolides
against the intracellular form of T. cruzi, because there are no reports in
the literature on the activity of withanolides or their synthetic analogues
on T. cruzi amastigotes.

2.2.2. Structure-activity relationship studies
The influence of the substitution pattern on the susceptibility of

Table 3

Anti-trypanosomal activity of withanolides 6, 9 and 10 against the amastigote
stage of T. cruzi, and cytotoxicity against mammalian cells (ICso and CCsg
expressed in uM).

Compds T. cruzi J774A.1

IC%o SI¢ CCLo
6 0.70 + 0.04 7.5 5.30 £ 0.02
9 1.08 £ 0.11 2.1 2.31 £ 0.08
10 1.03 £ 0.20 5.4 5.59 + 0.28
B¢ 2.67 +£0.39 149.8 399.91 + 1.04

% ICs: concentrations able to inhibit 50 % of parasites after 24 h, expressed as
uM =+ standard deviation (SD). b CCso concentration able to inhibit 50 % of
murine macrophages, expressed as uM =+ standard deviation (SD). € SI: electivity
index (CCs/ICso). ¢ B: Benznidazole was used as the positive control against
T. cruzi. Anti-kinetoplastid activity and cytotoxicity assays were performed as
independent experiments in triplicates.
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kinetoplastids to the WA analogues studied in this work (2-15) was
carried out taking into consideration the ICsq values against the lines
assayed, WA has been included to broaden the SAR analysis, and for
comparative purposes, revealing the followings trends of the structure-
activity relationship.

To explore the SAR, we started our effort to study the role of the ester
groups at C-4 and C-27 on the activity. Thus, comparison of the activity
of the three groups of ester analogues, the 4-ester (2, and 3), 27-ester (4-
9) and the 4,27-diester (10-13) withanolides with their congenere, WA
(Scheme 1, Table 1), showed that the esterification of hydroxyls did not
enhance the anti-kinetoplastid activity against L. amazonensis promas-
tigotes and T. cruzi epimastigotes with respect to the lead compound.
However, the acylation increased the potency on L. donovani promasti-
gotes. But, unfortunately this enhance in leishmanicidal potency was not
accomplished by the therapeutic ratio. These data suggesting such dif-
ferences in the potency and selectivity index depend a great extent on
the parasite strain tested.

Moreover, the physicochemical properties of the substitution pat-
terns from the acyl chain lead to a broad range of potency and selectivity
index in each of the four parasites strain, overall, these findings sug-
gested that acylation of hydroxyl groups at the C-4/C-27 positions fine
tune the antikinetoplastid profile of this type of steroids.

The influence of functional groups on the A, B and lactone rings was
evident in all strains assayed, comparing the antiparasitic activity of WA
with those of analogues 14 and 15, as simple modification of double
bond at C-2(3) and C-24(25) (14 vs 1) or epoxy group at C-5(6) (15vs 1)
produced a dramatic loss of antikinetoplastid activity.

These results showed that the «,f-unsaturated ketone on ring A, the
5p,6p-epoxide in ring B, and the side-chain with an o,p-unsaturated
S-lactone group, are relevant groups on the steroids skeleton that
interact with the receptor and appears to be the functional groups of the
molecule responsible for the anti-kinetoplastid activity and therefore
could be part of the structural features requirements or pharmacophore.
While the acylation of hydroxyl groups seem to modify the activity and
therefore these would form part of the auxophore, since the potency and
therapeutic index largely depending on the physiochemical properties of
the type of ester.

2.2.3. Study on the mechanism of action

Considering the in vitro antikinetoplastid activity on Leishmania spp.
promastigotes, L. amazonensis amastigotes, T. cruzi epimastigotes and
amastigotes and cytotoxicity on murine J7741A.1. macrophages, some
compounds were selected for further studies in order to elucidate the
mechanism of action of the compounds in the parasites and whether
they induce programmed cell death or other mechanism of death like
necrosis or autophagy. Compounds 5, 6, 7 and 10 were tested on pro-
mastigotes stage of L. amazonensis; compounds 3 and 10 on L. donovani
promastigotes; and compounds 6, 9 and 10 on epimastigotes of T. cruzi.

First, Trypanosomatids are parasites with a single mitochondrion,
thus this organelle is one of the main targets for drug discovery and
development new therapeutic agents. To analysis the mitochondrial ATP
levels on the parasites, the promastigotes of Leishmania spp. and epi-
mastigotes of T. cruzi were incubated with the ICgq of the analogues (3,
5-7, 9 and10). The results are represented for L. amazonensis and
L. donovani (Fig. 2) and for T. cruzi (Fig. 3), as the percentage of inhi-
bition of ATP levels compared to the control, which represents the 100 %
of ATP. The levels analysis showed a significant decrease in values
against all three parasites tested, which was more than 50 % compared
to the untreated parasites. Moreover, this underlying mechanism high-
lighting the diacetyl derivative 10 against L. amazonensis promastigotes,
which caused a significant decrease of mitochondrial ATP levels, with
reduction value of 99 % in compared to the control.

Second, the mitochondrial membrane potential analysis on Leish-
mania spp promastigotes (Fig. 4), and T. cruzi epimastigotes (Fig. 5),
showed that selected withanolides (3, 5-7, 9 and 10) produce a signif-
icant decrease in mitochondrial membrane potential against parasites of
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L. amazonensis and L. donovani. In the case of L. amazonensis, there was a
more pronounced decrease in mitochondrial membrane potential, which
was reduced by approximately 96 % after incubation with all com-
pounds tested against this parasite. On the other hand, unexpected
opposite results were observed for T. cruzi, where the analogues (6, 9
and 10) caused a significant increase in mitochondrial membrane po-
tential compared to the control.

Third, to assess whether WA analogues (3, 5-7, 9 and10) induce
alterations in the permeability of the cytoplasmic membrane of the
parasites, they were incubated for 24 h with the ICgyy of the different
steroids and analyzed using SYTOX® Green dye as fluorescence. The
results on L. amazonensis (Fig. 6), L. donovani (Fig. 7) and T. cruzi
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ence for normal mitochondrial membrane potential conditions. The assays were
performed as independent experiments in triplicates. Analysis of variance was
determined by one-way ANOVA using GraphPad.PRISM® 9.0 software. Sig-
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Fig. 5. Percentage relative to the negative control of the fluorescence intensity
ratio at 590/530 nm in epimastigotes of T. cruzi incubated with ICgq of the
compounds. 100 uM CCP was used as a positive control. A negative control
consisting of untreated parasites was also added as a reference for normal
mitochondrial membrane potential conditions. The assays were performed as
independent experiments in triplicates. Analysis of variance was determined by
one-way ANOVA using GraphPad.PRISM® 9.0 software. Significance differ-
ences when comparing different percentages values are represented like NS
non-significant; *p < 0.1; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.

(Fig. 8), showed that only withanolide 10 against L. amazonensis induced
increased the plasmatic membrane permeability of the parasite, since a
clear green fluorescence could be observed. However, as can be seen
under transmitted light, the integrity and cellular shape of the parasite
was maintained, ruling out a process of cell death due to necrosis [14].
While the rest of the WA derivatives did not induce any change in the
permeability of the cytoplasmic membrane against the three parasites
tested.

Forth, chromatin condensation is one of the most characteristic

Biomedicine & Pharmacotherapy 164 (2023) 114879

Fig. 6. Analysis of plasma membrane permeability of L. amazonensis promas-
tigotes. Negative control of L. amazonensis promastigotes without any treatment
(A, B), positive control of L. amazonensis promastigotes incubated with Triton X-
100 at a concentration of 0.1 % for 30 min (C, D), promastigotes incubated with
ICqo of withanolide 10 (E, F), withanolide 5 (G, H), withanolide 6 (I, J) and
withanolide 7 (K, L) during 24 h. The 100X images were captured using an
EVOS® FL Cell Imaging System. Scale-bar: 20 um. The assays were performed
as independent experiments in triplicates.

signals of apoptotic cell death [28]. The analysis was made by Hoechst
33342 reagent, which binds to the condensed DNA of the parasite and
emits blue fluorescence, and propidium iodide binds to the DNA of dead
parasites and emits red fluorescence, thus evidencing an advanced
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process of death. The results against L. amazonensis (Fig. 9), L. donovani
(Fig. 10) and T. cruzi (Fig. 11) exhibited a clear chromatin condensation
in all the parasites incubated with these steroids (3, 5-7, 9 and 10), they
showed intense blue fluorescence inside the nucleus. Moreover, no red
fluorescence was observed, so it could be deduced that a process
compatible to early apoptosis is being induced in the parasites. With-
anolide 10 stands out, since a red fluorescence was observed as well in
L. amazonensis, indicating an advanced process of death, compatible to a
late apoptosis in this case.

Fifth, another well-known physiological change that induces pro-
grammed cell death on eukaryotic cells is the intracellular accumulation
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Fig. 7. Analysis of plasma membrane perme-
ability of L. donovani promastigotes. Negative
control of L. donovani promastigotes without
any treatment (A, B), positive control of
L. donovani promastigotes incubated with
Triton X-100 at a concentration of 0.1 % for
30 min (C, D), promastigotes incubated with
1Coy withanolide 10 (E, F) and withanolide 3
(G, H) during 24 h. The 100X images were
captured using an EVOS® FL Cell Imaging
System. Scale-bar: 20 ym. The assays were
performed as independent experiments in
triplicates.

of reactive oxygen species (ROS) [29]. The analysis was carried out by
CellROX® deep red reagent, and the accumulation of ROS is measured
by the fluorescence emission in the red spectral range inside the cells. All
parasites L. amagzonensis (Fig. 12), L. donovani (Fig. 13) and T. cruzi
(Fig. 14) showed an intense red fluorescence after being incubated with
the analogues, thus evidencing a clear accumulation of ROS inside
parasites, which causing a poor growth of parasites.

Finally, autophagy, another type of programmed cell death that can
occur in some parasites and has recently been investigated in kineto-
plasts like Leishmania is autophagy [30]. In this way, this programmed
cell death study was carried out using monodansylcadaverine dye,
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Fig. 8. Analysis of plasma membrane permeability of T. cruzi epimastigotes.
Negative control of T. cruzi epimastigotes without any treatment (A, B), positive
control of T. cruzi epimastigotes incubated with Triton X-100 at a concentration
of 0.1 % for 30 min (C, D), epimastigotes incubated with ICgy of withanolide 9
(C, D), withanolide 10 (E, F) and withanolide 6 (G, H) during 24 h. The 100X
images were captured using an EVOS® FL Cell Imaging System. Scale-bar:
20 pm. The assays were performed as independent experiments in triplicates.

which showed a characteristic autophagic vacuoles with an intense blue
fluorescence. The tested withanolides induced the formation of auto-
phagic vacuoles in all parasites on L. amazonensis (Fig. 15), L. donovani
(Fig. 16) and T. cruzi, (Fig. 17), except for withanolide 3 in L. donovani.
As shown, the small accumulations of blue fluorescence are evident and
correspond to the expected size of small autophagic vesicles (white ar-
rows in Figures).

These advanced biological experiments to explore their mechanism
of action showed that withasteroids synthesized from WA induced
apoptosis-like death in promastigotes of L. amazonensis, L. donovani and
epimastigotes of T. cruzi, they are able to cause decreased cellular ATP
levels, alterations in mitochondrial membrane potential, chromatin
condensation and increased intracellular ROS levels, which are cellular
events compatible with apoptosis that have been previously reported in
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the literature [31,32]. There are different studies on the
apoptosis-inducing capacity of WA, as well as of natural withanolides or
synthetic WA analogues, in different cellular organisms. In this sense,
WA has been reported to be a molecule with potent antineoplastic ca-
pacity by the induction of apoptosis in cancer cells and in experimental
animal models with glioblastomas, dermatological diseases, and breast
cancer [17,33,34]. Furthermore, this type of programmed cell death has
also been observed in Leishmania spp. parasites through ROS formation,
mitochondrial alterations and chromatin condensation [11,18]. Previ-
ous work has reported that WA inhibits protein kinase C (important in
apoptosis signalling pathways) in L. donovani, causing depolarisation of
the mitochondrial membrane potential, generating ROS inside the par-
asites and inducing DNA fragmentation. Finally, these events induced
apoptosis-like cell death of the parasite [35,36]. Moreover, natural
withanolides isolated from Withania somnifera induced apoptotic-like
death in L. donovani promastigotes via production of ROS and disrup-
tion of mitochondrial membrane potential [37]. These cellular events
characteristics of an apoptosis-like mechanism have also been reported
with withanolides synthesised from WA [23], after incubating
L. amazonensis promasitoges and T. cruzi epimastigotes with silyl ether
analogues of WA, the cellular events compatible with apoptosis reported
in this work were also observed: decrease in ATP levels, alterations of
the mitochondrial membrane potential, chromatin condensation and
ROS formation. Therefore, all these studies reinforce the results ob-
tained in the present work and the promising capacity of withanolides,
not only natural but also synthetic WA analogues, as inducers of
apoptosis-like cell death in tripanosomatids. On the other hand, the
withasteroids of the present study induced the formation of autophagic
vacuoles in all the parasites tested, except for withanolide 3 in
L. donovani. It became evident that these withasteroids were able to
activate two types of programmed cell death in tripanosomatids:
apoptosis-like and autophagy. These results can be related to research
carried out in colorectal cancer cells, in which the WA could stimulate
activation of both apoptosis and autophagy process via modulating
B-catenin pathway in these cancer cells [38]. Moreover, the present re-
sults are agreement with previous work [23] carried out with WA-silyl
ether analogues, wherein, all selected withanolides induced
apoptosis-like death and autophagy vacuole formation in L. amazonensis
and T. cruzi. On the other hand, in a recent review which is focused on
drugs that initially induce autophagy and then turning into
apoptosis-like cell death of parasites, cryptolepine generated
MCD-positive autophagy vacuoles in L. donovani and subsequently
different apoptosis-like events, such as DNA fragmentation [39]. These
studies and the present results suggest as the main hypothesis would be
that at low doses of withasteroids 3, 5, 6, 7, 9, 10 autophagy is initially
activated as a survival mechanism in trypanosomatids, however, if these
unfavorable conditions for the parasites continue, the parasites may
activate an apoptotic type of cell death.

In summary, withasteroids represent a wide range of therapeutic
possibilities against Chagas disease and leishmaniasis, promising to
update and improve current lines of treatment.

3. Conclusion

Withaferin A (WA), a natural product of whitanolide-type steroid,
was identified as an effective anti-kinetoplastid agents in our previous
research. In this study, according to rational drug design strategy, a total
of 14 derivatives were designed, synthesized, and biological evaluation
after a preliminary structure-based optimization of WA. Antiparasitic
results against strain of Leishmania spp and T.cruzi showed that nine WA
derivatives exhibited potent activities, at the sub-micromolar level with
a good selectivity index, close to WA and better than that of reference
drugs, miltefosine and benznidazole. Oustanding analogue 10 (4,27-
diacetylwithaferin A), the most potent, showing an 18 and 36-fold
greater effectiveness antikinetoplastid activity than reference drugs.
Moreover, through SAR analysis, the o,f-unsaturated ketone, epoxide
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Fig. 10. Chromatin condensation determination of L. donovani promastigotes. Negative control of L. donovani promastigotes without any treatment (A, B, C),
promastigotes incubated with ICyo withanolide 10 (D, E, F) and withanolide 3 (G, H, I) during 24 h. The 100X images were captured using an EVOS® FL Cell Imaging
System. Scale-bar: 20 um. The assays were performed as independent experiments in triplicates.

moiety and type of ester on the withasteroids skeleton play crucial role
for the antiparasitic activity. Furthermore, the mechanism of action of
selected compounds revealed that all compounds induce programmed
cell death through a process of apoptosis-like by alterations in ATP
levels, mitochondrial membrane potential, condensation of the chro-
matin and increase in reactive oxygen species and autophagy. All these
findings showed that withanolide as a promising scaffold for synthesis of
novel antimicrobial agents and could serve as a guide to development
new agents and meaningful to kinetoplastid therapy in the future.

4. Material and methods
4.1. Chemistry

4.1.1. General methods

Optical rotations were measured on a Perkin Elmer 241 automatic
polarimeter, in CHCl;3 at 25 °C, the [a]p values are given in units of 10
deg cm? g1. 1D and 2D spectra were recorded on a Bruker Avance 400,
500 and 600 spectrometers; the chemical shifts are given in § (ppm),
coupling constants in Hz, and were referenced to the residual deuterated
solvent (CDCls: 6y 7.26, 6c 77.16) with TMS as internal reference. EIMS
and HREIMS were measured on a Micromass Autospec spectrometer,
and ESIMS and HRESIMS (positive mode) were measured on a LCT
Premier XE Micromass Autospec spectrometer. Silica gel 60 for column

10

chromatography (particle size 15-40 and 63-200 pm), Polygram Sil G/
UVys4 used for analytical and preparative TLC, and HPTLC-Platten
Nano-Sil 20 UVy54 were purchased from Macherey-Nagel. Reactions
were monitored by TLC; the spots were visualized by UV light and
heating silica gel plates sprayed with HyO-HSO4-AcOH (1:4:20). Unless
otherwise noted, solvents and reagents were obtained from commercial
suppliers and used without further purification. Anhydrous THF and
Cl,CH; were distilled from sodium/benzophenone and calcium hydride
ketyl under nitrogen, respectively. All solvents used were analytical
grade from Panreac, and the reagents were purchased from Sigma
Aldrich. Withaferin A (WA, 1), used as starting material, was isolated
from the leaves of Withania aristata as previously described.’.

4.1.2. Analogues synthesis

Among the analogues, three out of fifteen are described for the first
time: derivatives 2, 3, 9 and 11. The new compounds were synthesized
through the following protocol, Supporting Information (S1-S8),
whereas those of the previous reported analogues were prepared ac-
cording to our established protocol (EJMC-17).

4.1.3. General procedure for Acylation of 1

A solution of 1 (20-40 mg), dry triethylamine (0.1-0.2 mL) and an
excess of the corresponding carboxylic acid derivative in dry CH,Cly
(2 mL) was stirred under different sets of conditions, which are specified
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Fig. 12. Analysis of Reactive Oxygen Species in L. amazonensis promastigotes.
Negative control of L. amazonensis promastigotes without treatment (A, B),
positive control of L. amazonensis promastigotes incubated with H,O, at 600 pM
during 30 min (C, D), promastigotes incubated with ICgy of withanolide 10 (E,
F), withanolide 5 (G, H), withanolide 6 (I, J) and withanolide 7 (K, L) during
24 h. The 100X images were captured using an EVOS® FL Cell Imaging System.
Scale-bar: 20 um. The assays were performed as independent experiments in
triplicates.

13), 44.1 (CH-9), 48.0 (C-10), 51.9 (CH-17), 56.1 (CH-14), 57.5 (CH2-
27), 60.2 (CH-6), 61.2 (C-5), 72.7 (CH-4), 78.7 (CH-22), 125.7 (C-25),
133.4 (CH-2), 141.2 (CH-3), 152.7 (C-24), 167.0 (C-26), 201.4 (C-1),
0OCb-4 [36.2 (q), 36.6 (q), 155.6 (s)]; ESIMS m/z (%) 564 [M+Na]*

12

Biomedicine & Pharmacotherapy 164 (2023) 114879

(100); HRESIMS caled for C31H43NO;Na [M + Nalt 564.2937, obs
564.2930.

4.1.5. Preparation of derivatives 3, 6 and 12

To a solution of 1 (40 mg, 0.09 mmol), butyric anhydride (20 pl,
0.12 mmol) was added and stirred at O °C for 2 h. The residue was pu-
rified yielding compounds 3 (17.5 mg, 36 %), 6 (17.5 mg, 36 %) and 9
(5.6 mg, 10 %).

4-O-Butyrylwithaferin A (3). [a]%® = + 143.4 (¢ 2.5, CHCl3); 'H NMR
(600 MHz, CDCl3) 6 0.69 (3 H, s, Mel18), 0.89 (1 H, m, H9), 0.94 (1 H, m,
H14),0.98 (3 H, d,J= 6.5 Hz, Me21), 1.08 (1 H, m, H12), 1.09 (1 H, m,
H17),1.16 (2 H, m, H15), 1.29 (1 H, m, H7«), 1.40 (1 H, m, H16), 1.38
(3H, s, Mel9), 1.43 (1 H, m, H11), 1.47 (1 H, m, H8), 1.65 (2 H, m,
H15), 1.68 (1 H, m, H16), 1.71 (1 H, m, H11), 1.96 (1 H, m, H12), 2.02
(1 H, m, H20), 2.00 (1 H, m, H23a), 2.02 (3 H, s, Me28), 2.17 (1 H, m,
H7p), 2.48 (1 H, m, H23p), 2.87 (1 H, t, J = 7.0 Hz, OH-27), 3.21 (1 H,
brs, H6), 4.33 (1 H, dd, J = 12.2, 7.0 Hz, H27), 4.38 (1 H, dd, J = 12.2,
7.0 Hz, H27), 4.41 (1 H, dt, J = 3.2, 13.6 Hz, H22), 4.67 (1 H, d, J =
6.1 Hz, H4),6.23 (1 H,d, J=9.8 Hz, H2),7.03 (1 H, dd, J = 6.1,9.8 Hz,
H3), OBut [0.91 (3 H, t,J = 7.3 Hz), 1.61 (2 H, sext, J = 7.3 Hz), 2.28
(2H, t,J = 7.3 Hz)]; 13C NMR (150 MHz, CDCl3) § 11.7 (CH3-18), 13.5
(CH3-21), 15.8 (CH3-19), 20.1 (CH3-28), 21.5 (CH3-11), 24.4 (CH,-15),
27.4 (CH»-16), 29.7 (CH-8), 30.0 (CH,-23), 31.3 (CH»-7), 38.9 (CH-20),
39.3 (CHy-12), 42.7 (C-13), 44.3 (CH-9), 48.2 (C-10), 52.1 (CH-17), 56.2
(CH-14), 57.6 (CH»-27), 60.4 (CH-6), 61.2 (C-5), 72.0 (CH-4), 78.8 (CH-
22), 125.9 (C-25), 133.9 (CH-2), 140.1 (CH-3), 152.9 (C-24), 167.1 (C-
26), 201.3 (C-1), OBut [13.6 (q), 18.5 (1), 36.1 (1), 167.1 (s)]; ESIMS m/2
(%) 541 [M + H]" (100); HRESIMS caled for C3oHss07 [M + H]T
541.3165, obs 541.3164.

4.1.6. Preparation of derivatives 9

To a solution of 1 (20 mg, 0.05 mmol), 4-nitrobenzoyl chloride
(9.5 mg, 0.12 mmol) was added and stirred at room temperature for 2 h.
The residue was purified yielding compounds 9 (6.1 mg, 20 %).

27-0-(4-Nitrobenzoyl)-withaferin A (9). [0(]2])5 =+ 69.4 (c 0.63,
CHCls); 'H NMR (500 MHz, CDCl3) 6 0.71 (3 H, s, Me18), 0.97 (1 H, m,
H14),1.02 (3 H, d, J = 6.6 Hz, Me21), 1.04 (1 H, m, H9), 1.12 (1 H, m,
H17),1.15 (1 H, m, H12), 1.19 (1 H, m, H15), 1.29 (1 H, m, H7q), 1.41
(1 H, m, H16), 1.41 (3 H, s, Mel9), 1.48 (1 H, m, H11), 1.55 (1 H, m,
HS8), 1.65 (2 H, m, H15), 1.71 (1 H, m, H16), 1.87 (1 H, m, H11), 1.98
(1 H, m, H12), 2.05 (1 H, m, H20), 2.10 (1 H, m, H23w), 2.15 (3 H, s,
Me28), 2.17 (1 H, m, H7p), 2.59 (1 H, m, H23p), 3.23 (1 H, br s, H6),
3.76 (1 H,d,J=5.8 Hz, H4), 4.43 (1 H, dt, J = 13.4, 3.3 Hz, H22), 5.17,
5.20 (2 H, dag, J = 12.0 Hz, H27), 6.20 (1 H, d, J = 10.0 Hz, H2), 6.93
(1 H, dd, J=5.8,10.0 Hz, H3), p-NO,Bz [8.19 (2 H, d, J = 9.0 Hz), 8.26
(2H,d,J=9.0Hz)]; 13¢ NMR (125 MHz, CDCl3) § 11.8 (CH3-18), 13.5
(CH3-21), 17.6 (CH3-19), 20.9 (CH3-28), 22.4 (CH2-11), 24.4 (CH,-15),
27.5 (CHz-16), 29.9 (CH-8), 30.4 (CH,-23), 31.3 (CH2-7), 39.0 (CH-20),
39.5 (CH»-12), 42.8 (C-13), 44.3 (CH-9), 47.8 (C-10), 52.1 (CH-17), 56.2
(CH-14), 59.5 (CH»-27), 62.8 (CH-6), 64.0 (C-5), 70.0 (CH-4), 77.4 (CH-
22), 121.7 (C-25), 132.4 (CH-2), 142.0 (CH-3), 157.8 (C-24), 165.3 (C-
26), 202.5 (C-1), p-NOyBz [123.6 (2 x CH=), 131.0 (2 x CH=), 135.5
(C=), 150.7 (C=), 164.7 (-CO0-)1; ESIMS m/z (%) 620 [M + H] " (100);
HRESIMS caled for C35H4oNOg [M + H]™ 620.2860, obs 620.2863.

4.1.7. Preparation of derivatives 11

To a solution of 1 (20 mg, 0.05 mmol), bromoacetyl bromide (20 pl,
0.25 mmol) was added and stirred at room temperature for 4.5 h. The
residue was purified yielding compounds 11 (8.9 mg, 31 %).

4,27-Di-O-(bromoacetyl)-withaferin A (11). [05]1235 =+ 110.5 (c 0.60,
CHCly); H NMR (400 MHz, CDCl3) 6§ 0.73 (3 H, s, Me18), 0.90 (1 H, m,
H9), 0.94 (1 H, m, H14), 1.02 (3 H, d, J = 6.5 Hz, Me21), 1.09 (1 H, m,
H12),1.10 (1 H, m, H17), 1.18 (1 H, m, H15), 1.32 (1 H, m, H7a), 1.40
(1 H, m, H16), 1.43 (3H, s, Mel19), 1.51 (1 H, m, H8), 1.52 (1 H, m,
H11),1.68 (2 H, m, H15), 1.70 (1 H, m, H11), 1.71 (1 H, m, H16), 1.97
(1 H, m, H12), 2.03 (1 H, m, H20), 2.06 (1 H, m, H23a), 2.12 (3 H, s,



D. San Nicolas-Hernandez et al.

Me28), 2.20 (1 H, m, H7p), 2.54 (1 H, m, H23p), 3.26 (1 H, br s, H6),
4.42 (1 H,d,J=13.2 Hz, H22),4.77 (1 H, d, J = 6.7 Hz, H4), 4.99, 5.04
(2 H, dag, J = 12.1 Hz, H27), 6.32 (1 H, d, J = 9.9 Hz, H2), 7.04 (1 H,
dd, J = 6.7, 9.9 Hz, H3), OBrAc [3.86 (4 H, s)]; 3C NMR (100 MHz,
CDCl3) 6 11.6 (CHs5-18), 13.3 (CH3-21), 15.8 (CH3-19), 20.7 (CH3-28),
21.4 (CHy-11), 24.2 (CH»-15), 27.3 (CH,-16), 29.5 (CH-8), 30.2 (CHy-
23), 31.0 (CH-7), 38.7 (CH-20), 39.2 (CH»-12), 42.6 (C-13), 44.1 (CH-
9), 48.0 (C-10), 51.9 (CH-17), 56.0 (CH-14), 59.7 (CH,-27), 60.5 (CH-6),
60.8 (C-5), 73.8 (CH-4), 78.2 (CH-22), 121.3 (C-25), 134.6 (CH-2),
138.4 (CH-3), 157.8 (C-24), 165.0 (C-26), 200.8 (C-1), OBrOAc-4 [25.2
(CHy), 166.4 (-COO-)], OBrOAc-27 [25.8 (CHy), 167.5 (-CO0-)]; ESIMS

13

Biomedicine & Pharmacotherapy 164 (2023) 114879

Fig. 13. Analysis of Reactive Oxygen Species in
L. donovani promastigotes. Negative control of
L. donovani promastigotes incubated without
treatment (A, B), positive control of L. donovani
promastigotes incubated with HyO5 at 600 pM
during 30 min (C, D), promastigotes incubated
with ICyg of withanolide 10 (E, F) and with-
anolide 3 (G, H) during 24 h. The 100X images
were captured using an EVOS® FL Cell Imaging
System. Scale-bar: 20 um. These assays were
performed as independent experiments in
triplicates.

20 um

e ESEEE—— |

m/z (%) 733 [M + Nal™ (100); HRESIMS calcd for C35H400gBraNa [M +
Na]™ 733.0988, obs 733.0988.

4.2. Biological cultures

To carry out the anti-leishmanial and anti-trypanosomal activity
assays, promastigotes of L. amazonensis (MHOM/BR/77/LTB0016) and
L. donovani (MHOM/IN/90/GE1F8R) were grown in Schneider’s me-
dium (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) incubated at 26 °C.
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Fig. 14. Analysis of Reactive Oxygen Species in T. cruzi epimastigotes. Nega-
tive control of T. cruzi epimastigotes without treatment (A, B), positive control
of T. cruzi epimastigotes incubated with HyO5 at 600 pM during 30 min (C, D),
epimastigotes incubated with ICqq of withanolide 9 (E, F), withanolide 10 (G,
H) and withanolide 6 (I, J) during 24 h. The 100X images were captured using
an EVOS® FL Cell Imaging System. Scale-bar: 20 um. These assays were per-
formed as independent experiments in triplicates.

Epimastigotes of T. cruzi (Y strain) were incubated at the same tem-
perature using Liver Infusion Tryptose (LIT) medium supplemented with
10 % fetal bovine serum. Dulbecco’s Modified Eagle Medium (Gibco,
Thermo Fisher, Madrid, Spain) supplemented with 10 % fetal bovine
serumwas used to maintain the murine macrophage cell line J774A.1
(ATCC TIB-67). These cells were incubated at 37 °C in 5 % CO4 atmo-
sphere. Gentamicin (Sigma-Aldrich Gentamicin solution) was added to
all culture mediums up to a concentration of 10 ug/mL to avoid bacterial
contamination.

4.3. Anti-leishmanial and anti-trypanosomal activity assay

Serial dilutions of the withasteroids were prepared in sterile 96-well
plates. As initial activity screening concentrations, a withasteroids
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Fig. 15. Analysis of the presence of autophagic vacuoles in L. amazonensis
promastigotes. Negative control of L. amazonensis promastigotes without any
treatment (A, B), promastigotes incubated with ICgy of withanolide 10 (C, D),
withanolide 5 (E, F), withanolide 6 (G, H) and withanolide 7 (I, J) during 24 h.
White arrows indicate the presence of autophagic vacuoles. The 100X images
were captured using an EVOS® FL Cell Imaging System. Scale-bar: 20 um. The
assays were performed as independent experiments in triplicates.

concentration of 100 ug/mL was used. Subsequently, as the antiparasitic
activity was tested, it was necessary to decrease the initial starting
concentrations of the most active analogues (starting at concentrations
of 25, 12.5 and 1 pg/mL). RPMI without phenol red was used for
Leishmania species and LIT for T. cruzi. L. amazonensis and L. donovani
promastigotes were then added to a final concentration of 5 x 10° and
T. cruzi epimastigotes were added to a final concentration of 2.5 x 10°.
Finally, 10 % alamarBlue® was added to each well and incubated for
72 h at 26 °C. The anti-leishmanial and anti-trypanosomal activity as-
says were based on the alamarBlue® colorimetric assay, as previously
described by Ntnez [40]. In order to calculate the Inhibitory Concen-
tration 50 (ICsg) of the withasteroids in each of the parasites tested,
fluorescence was read using the EnSpire® Multimode Plate Reader
(Perkin Elmer, Madrid, Spain) and a non-linear regression analysis with
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Fig. 16. Analysis of the presence of autophagic vacuoles in L. donovani promastigotes. Negative control of L. donovani promastigotes without any treatment (A, B),
promastigotes incubated with ICyg of withanolide 10 (C, D) and withanolide 3 (E, F) during 24 h. White arrows indicate the presence of autophagic vacuoles. The
100X images were captured using an EVOS® FL Cell Imaging System. Scale-bar: 20 um. These assays were performed as independent experiments in triplicates.

95 % confidence limits was used [41].

4.4. Anti-leishmanial activity against amastigotes stage of Leishmania
amazonensis

To calculate the ICs against L. amazonensis amastigotes, the ala-
marBlue® colourimetric assay was also used as previously described by
Bethencourt-Estrella et al. [42]. A concentration of 10° murine macro-
phages per well was infected with a 7-day promastigote culture. The
infection ratio was 1:10 (macrophages: promastigotes). Subsequently,
the infected macrophages were incubated at 37 °C with 5 % CO2 for
24 h. After this incubation time the macrophages were washed with
RPMI 1640 medium and treated with withasteroids for 24 h. ICgy of
L. amazonensis promastigotes were used as the starting concentration for
serial dilutions. The cytotoxicity in murine macrophages was always
taken into account. A 0.05 % SDS solution was then used for 30 s to
rupture the macrophages and were incubated at 26 °C for 96 h. Finally,
after the addition of the 10 % of alamarBlue®, fluorescence was read
using the EnSpire® multimode plate reader (Perkin Elmer, Madrid,
Spain). A non-linear regression analysis with 95 % confidence limits was
used to calculate the ICsq values.
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4.5. Anti-trypanosomal activity against amastigotes stage of
Trypanosoma cruzi

With the target of determining the ICs against T. cruzi amastigotes,
the alamarBlue® colourimetric assay was also used as previously
described. A concentration of 10° murine macrophages per well was
infected with a 3-day epimastigote culture. In this case, the infection
ratio was 1:5 (macrophages: epimastigotes). Afterward the infected
macrophages were incubated at 37 °C with 5 % CO; for 72 h. After the
incubation the macrophages were washed with DMEM and treated with
withasteroids for 24 h. ICyg of T. cruzi epimastigotes were used as the
starting concentration for serial dilutions. The cytotoxicity in murine
macrophages was always taken into account. For the rupture of the
macrophages and liberation of amastigotes, a 0.05 % SDS solution was
used for 40 s and then incubated at 26 °C for 72 h using LIT. Finally,
after the addition of the 10 % of alamarBlue®, fluorescence was read
using the EnSpire® multimode plate reader (Perkin Elmer, Madrid,
Spain) [43]. A non-linear regression analysis with 95 % confidence
limits was used to calculate the ICsq values.
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4.6. Cytotoxicity assay

10% murine macrophages per well were incubated with serial di-
lutions of the withasteroids in RPMI 1640 without phenol red. As initial
activity screening concentrations, a withasteroids concentration of
400 pg/mL was used. Then 10 % alamarBlue® was added and incubated
at 37 °Cin a 5 % CO; atmosphere for 24 h. Fluorescence was measured
using the EnSpire® Multimode Plate Reader (Perkin Elmer, Madrid,
Spain). Finally, non-linear regression with 95 % confidence limits was
used to calculate the CCsy.
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Fig. 17. Analysis of the presence of autophagic
vacuoles in T. cruzi epimastigotes. Negative
control of T. cruzi epimastigotes without any
treatment (A, B), epimastigotes incubated with
1Cy of withanolide 9 (C, D), withanolide 10 (E,
F) and withanolide 6 (G, H) during 24 h. White
arrows indicate the presence of autophagic
vacuoles. The 100X images were captured using
an EVOS® FL Cell Imaging System. Scalebar:
20 um. The assays were performed as indepen-
dent experiments in triplicates.

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

To determine whether withasteroids induced programmed cell death
in parasites, different experiments were carried out. To perform these
experiments, Leishmania spp. promastigotes or T. cruzi epimastigotes
were incubated with ICyg of the tested compounds at 26 °C for 24 h.
Before starting each assay, parasites were centrifuged at 1500 rpm for
10 min and the pellet was resuspended in RPMI 1640 without phenol
red.
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4.7.1. Analysis of ATP levels

The CellTiter-Glo® luminescent cell viability assay (Promega, WI,
USA) was used according to the manufacturer’s instructions to deter-
mine changes in ATP levels in the parasites. The reagent in the kit is able
to produce cell lysis within the treated parasites and emits a lumines-
cence signal proportional to ATP levels. Sodium azide (NaN3) (SIGMA)
at a concentration of 20 mM was incubated with the parasites for 4.5 h
as a positive control. In addition, a negative control consisting of un-
treated parasites was added to each experiment. After incubation of the
parasites with the ICqq active principles and subsequent centrifugation,
the pellet was resuspended in 25 pl of culture medium and transferred to
a white 96-well plate. 25 pl of CellTiter-Glo kit reagent was then added,
the plate was manually shaken for 2 min and allowed to stand for 10 min
at room temperature in the dark. Subsequently, as described by Lopez-
Arencibia et al. luminescence was read using an EnSpire® Multimode
Plate Reader (PerkinElmer, Madrid, Spain) [44]. This experiment was
repeated three times and the luminescence data obtained were plotted
and analysed using GraphPad.PRISM® 9.0 software. These results were
expressed as percentages of ATP levels relative to the negative control.
Finally, an analysis of variance by one-way ANOVA was performed using
the software mentioned above.

4.7.2. Analysis of mitochondrial membrane potential

Following the manufacturer’s instructions, the JC-1 Membrane Po-
tential Assay Kit® (Cayman Chemical, Ann Arbor, MI, USA) was used to
study alterations of the mitochondrial membrane potential as previously
described Cartuche et al. [45]. When the mitochondrial membrane po-
tential is under normal conditions the reagent in the kit is in dimer form
that emit red fluorescence, however, when this potential is altered the
reagent forms monomers that emit green fluorescence. Carbonyl cyanide
3-chlorophenylhydrazone (CCCP) 100 uM, (98 %, Thermo Scientific™)
was incubated with the parasites for 3 h as a positive control. In addi-
tion, a negative control consisting of untreated parasites was added to
each experiment. After incubation of the parasites with the ICgy com-
pounds and subsequent centrifugation, the pellet was resuspended in
50 pl of JC-1 buffer and transferred to a black 96-well plate. 5 pl of JC-1
reagent was then added and incubated in the dark for 30 min at 26 °C.
An EnSpire® Multimode Plate Reader (PerkinElmer, Madrid, Spain) was
used to measure these fluorescence changes (ratio 595/535 nm). This
experiment was repeated three times and the fluorescence ratios ob-
tained were plotted and analysed using GraphPad.PRISM® 9.0 software.
These results were expressed as percentages of the ratio of fluorescence
intensity at 590/530 nm relative to the negative control. Analysis of
variance by one-way ANOVA was also performed using the software
mentioned above.

4.7.3. Analysis of plasma membrane permeability

To determine changes in cytoplasmic membrane permeability, the
fluorescent dye SYTOX® Green nucleic acid stain (ThermoFisher Sci-
entific, MA, USA) was used according to the manufacturer’s instructions.
Triton X-100 (SIGMA) was incubated with the parasites at a concen-
tration of 0.1 % for 30 min as a positive control. In addition, a negative
control consisting of untreated parasites was added to each experiment.
The dye from the kit penetrates cells with altered plasma membrane
permeability and binds to DNA. Once the dye bonds to the DNA, it can
multiply its fluorescence up to 500-fold. After incubation of the parasites
with ICyg of the compounds and subsequent centrifugation, the pellet
was resuspended in 50 pl of culture medium. The treated parasites were
then incubated with this fluorophore at a concentration of 1 uM at 26 oC
for 15 min in the absence of light. After incubation, the EVOS® FL Cell
Imaging System (ThermoFisher Scientific, MA, USA) was used to take
images [46].

4.7.4. Chromatin condensation determination
In aim to determine chromatin condensation in treated parasites, the
Vybrant® apoptosis assay kit n°5, Hoechst 33342/Propidium Iodide
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(ThermoFisher Scientific, MA, USA) was used according to the manu-
facturer’s instructions. The Hoechst 33342 dye binds only to the
condensed chromatin and emits an intense blue fluorescence. On the
other hand, propidium iodide (PI) is able to penetrate dead cells, binds
to their DNA and emits red fluorescence. In this way, it is possible to
recognise three types of cell populations: with a soft blue fluorescence
we would detect living cells, cells undergoing programmed cell death
will fluoresce strong blue, and finally, dead cells will fluoresce high red.
After incubation with the ICyp compounds and centrifugation, pellet was
resuspended in 50 pl of culture medium. The treated parasites were
incubated with Hoechst 33342 at a concentration of 5 ug/mL and PI at
1 pg/mL for 15 min in the dark at 26 oC as previously described Diaz
Marrero et al. Finally, EVOS® FL Cell Imaging System (ThermoFisher
Scientific, MA, USA) was then used to take pictures [47].

4.7.5. Analysis of reactive oxygen species

Another characteristic event of an apoptosis-like process is the
accumulation of reactive oxygen species (ROS). After the parasites were
incubated with the ICqg of the compounds and then centrifuged, pellet
was resuspended in 50 pl of culture medium. CellROX® Deep Red re-
agent (ThermoFisher Scientific, MA, USA) was added at a concentration
of 5 pM for 30 min incubation at 26 °C, following the manufacturer’s
instructions to determine the intracellular accumulation of ROS. With
this reagent, ROS emit red fluorescence. Subsequently, images were
taken using the EVOS® FL Cell Imaging System (ThermoFisher Scien-
tific, MA, USA) [48]-H,0, was incubated with the parasites at a con-
centration of 600 uM for 30 min as a positive control. In addition, a
negative control consisting of untreated parasites was added to each
experiment.

4.7.6. Autophagy assay

Monodansilcadaverine (MCD), an autofluorescent dye that binds to
autophagic membrane vacuoles and emits blue fluorescence, was used
to reveal the presence of autophagic vacuoles [49]. This is possible due
to a combination of ion sequestration and interactions with some spe-
cific lipids of the autophagic membrane.

After incubation of the parasites with the ICyy of the selected com-
pounds and subsequent centrifugation, pellet was resuspended in 50 ul
of culture medium. The MCD dye was added under dark conditions at a
final concentration of 100 pM. After one hour of incubation, the para-
sites were centrifuged, and fresh medium (RPMI without phenol red)
was added to reduce background. Finally, images were taken with the
EVOS® FL Cell Imaging System (ThermoFisher Scientific, MA, USA).

4.8. Statistical analysis

All assays were conducted in triplicate on different days. The sta-
tistical analysis software Sigma Plot 12.0 (Systat Software) was used to
calculate IC59p and CCsp values by non-linear regression with 95 %
confidence limits. These results are expressed as the mean of the three
replicates =+ standard deviation. GraphPad.PRISM® 9.0 software pro-
gram (GraphPad Software, San Diego, CA, USA) was used to represent
the ATP and mitochondrial membrane potential results. Analysis of
variance was determined by one-way ANOVA. Differences of p < 0.05
were considered statistically significant.
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