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Abstract

We evaluated the leishmanicidal activity of commercially available Sa-cholest-7-en-3f3-o0l [Sa-chol], (4)-4-cholesten-3-one
[(4+)-4-chol] and the equimolar mixture of the two of them in promastigotes and amastigotes of two different strains of
Leishmania mexicana (LCL) and (DCL). The leishmanicidal effectiveness of these sterols was determined by promastigote
growth-kinetic experiments and promastigote viability using the propidium iodide staining procedure. The proliferation test
was performed using the CFSE (5-Carboxyfluorescein N-succinimidyl ester) staining of parasites at different time points.
To determine the leishmanicidal effectiveness of these sterols in amastigotes, we evaluated parasite killing inside of mac-
rophages at different time points. The trypan blue exclusion test was used to determine cytotoxicity of sterols in uninfected
macrophages. We included in all experiments a control group of parasites treated with 2% DMSO (Dimethyl Sulfoxide) and
another one treated with the reference drug sodium stibogluconate (Sb). Our results showed that the equimolar mixture at
2000 times lower concentration presented similar leishmanicidal activity as Sb. This mixture was similarly effective at 100
times lower concentration than individual sterols tested separately indicating the existence of a synergistic effect against LCL
and DCL parasites. The therapeutic index of the equimolar mixture was 10,000—16,000 times higher than the one recorded
by Sb and was not cytotoxic to macrophages. Therefore, the equimolar mixture of S5a-Chol and (+)-4-chol may represent a
potential alternative for the treatment of cutaneous leishmaniasis.
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Introduction

Parasites of the Leishmania genus transmit leishmaniasis
during hematophagy from female mosquitoes of the Lutzo-
myia genus in the Americas and Phlebotomus genus in the
rest of the world. The disease burden from leishmaniasis
is 2.35 million disability-adjusted life years lost (DALYs,
WHO 2021). Leishmaniasis is the second most prevalent
vector-borne parasitic disease globally in terms of morbid-
ity and mortality (Ning et al. 2020). Its distribution is the
tropical and subtropical areas of 102 countries or territories
of all continents except Oceania and Antarctica. Estimations
indicate that 10% of the world's population is at risk (PAHO
2020). This parasitism belongs to the group of neglected
diseases because it affects the poorest people with deficient
health services. Cutaneous leishmaniasis (CL) is the most
frequent clinical condition, yet not deadly. It frequently
causes disfigurement, mutilations, social marginalization,
loss of work capacity, and psychological trauma (Okwor
and Uzonna 2016; Isaac-Marquez et al. 2018). Control of
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leishmaniasis is focused on chemotherapy as there is no
effective vaccine. The intralesional and systemic applica-
tion of N-methylglucamine or sodium stibogluconate is the
first choice of treatment (WHO 2021). Second-line chemo-
therapy includes amphotericin B (Amphotericin B deoxy-
cholate and liposomal amphotericin B), paromomycin and
pentamidine. Additional treatment includes the use of oral
miltefosine (Ghorbani and Farhoudi 2017). Some of these
drugs are characterized by high toxicity and cost. There
is an increase of parasite's drug resistance and patient's
suffering during parenteral application of some of these
drugs. These inconveniences sometimes cause treatment
abandonment (Croft and Olliaro 2011; Ponte-Sucre et al.
2017). Thus, identifying less toxic compounds with more
significant leishmanicidal activity is mandatory (DNDi
2021; WHO 2021). Some phytochemicals and synthetic
sterols have previously reported have leishmanicidal activ-
ity. Other reports have demonstrated that clerosterol isolated
from Cassia fistula effectively kills extra- and intra-cellular
L. chagasi parasites in vitro (Sartonelli 2007). Silva et al.
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(2014) showed killing activity towards L. chagasi of a mix-
ture of B-sitosterol and stigmasterol isolated from Musa
paradisiaca fruit peel. Also, reports show that sterols iso-
lated from the fungus Trametes Versicolor kill intra- and
extra-cellular L. amazonensis (Leliebre-Lara et al. 2016).
Ghosh et al. (2016) and Bazin et al. (2006) synthesized oxys-
terols with leishmanicidal activity against L. donovani. In
a previous report, we demonstrated antileishmanial activ-
ity of (+)-4-cholesten-3-one [(+)-4-chol] isolated from
hexane extract of P. andrieuxii (Pan et al. 2012). We also
showed this extract heals ear’s L. mexicana infections in
mice (Lezama-Davila et al. 2014). In this work, we selected
[(+)-4-chol] and Sa-cholest-7-en-33-o0l [Sa-chol], which are
commercial chemical analogs. There are no literature reports
of the use of [Sa-chol] as leishmanicidal compound. In this
work, we also studied the individual bioactivity of Sa-chol
and (4)-4-chol and the possible synergistic activity of the
equimolar mixture against promastigotes and amastigotes of
two strains L. mexicana.

Materials and methods
Parasites

We used L. mexicana (MNYC/BZ/62/M379) and L. mexi-
cana (MHOM/MX/01//Tab3), strains isolated of a patient
from Belize with localized cutaneous leishmaniasis (LCL)
and another patient from Tabasco, México with chronic
disseminated cutaneous leishmaniasis (DCL). They were
maintained by subcutaneous inoculation of amastigotes into
shaved rumps of Balb/c mice. Promastigotes were obtained
by culturing amastigotes recovered from the lesions in
RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 IU of penicillin and 100 pg streptomy-
cin (Sigma-Aldrich, Mexico) (Lezama-Davila et al. 2016;
Isaac-Marquez et al. 2018). The use of animals was car-
ried out according to Mexican Official Standard NOM-062-
Z00-1999 (SAGARPA 2001). In this work L. mexicana
(MNYC/BZ/62/M379) and L. mexicana (MHOM/MX/01/
Tab3) will be called L. mexicana LCL and L. mexicana DCL
respectively.

Sterols and reference drug

Sa-cholest-7-en-3f-ol, (+)-4-cholesten-3-one and the equi-
molar mixture of these sterols were studied. These sterols
are manufactured by Sigma-Aldrich (México) and in this
work they will be abbreviated as Sa-chol and (+)-4-chol
respectively. We selected sodium stibogluconate (Sb) as the
reference drug because it is used as first-line drug in the
treatment of leishmaniasis (de Menezes et al. 2015; Ghor-
bani and Farhoudi 2017).

Growth’s kinetics of promastigotes

One million LCL and DCL promastigotes/mL of supple-
mented media were added into individual wells of 24-well
plates (Corning Inc.). The parasites were treated with the
following concentrations of 0.1, 1, 10, 50, 100 and 200 uM
of Sa-chol or (+)-4-chol or their equimolar mixture and were
incubated at 28°C for 5 days. Reference drug (Sb) was used
at concentrations of 200, 300 and 400 uM. Control group
consisted of parasites treated with 2% dimethyl sulfoxide
(DMSO) from Sigma-Aldrich, Mexico in supplemented
media (this concentration of DMSO is not toxic to LCL or
DCL promastigotes). Parasites were counted at 12 h and then
every 24 h using the Neubauer chamber. These data were
used to record the kinetics of parasite growth and calculate
the average ICs of at least three different experiments. After
120 h of incubation, plate containing parasites was spun
down and parasites were fed with fresh media to determine
parasite survival in all different experimental and control
groups. Inhibitory concentration fifty (ICs,) was defined as
the concentration of sterols or Sb necessary to kill 50% of
promastigote population (Lezama-Davila et al. 2012). We
also observed promastigote mobility and its values were
assigned according to criteria reported by Isaac-Mérquez
et al. (2018).

Promastigotes’ killing by propidium iodide (PI)
staining

We added one million LCL and DCL promastigotes into
individual wells of 24 well plates (Corning Inc.) and treated
them with sterols or Sb and then they were incubated at
28 °C as described in the previous section. We recorded par-
asite viability at different time points using individual plates
for every incubation time tested. We also included a control
group containing 2% DMSO. After each incubation period,
parasites were stained with 10 pg/mL of PI for 30 min. This
compound only binds to DNA of dead but not alive parasites
(Foglieni et al. 2001; Isaac-Marquez et al. 2018). Stained and
unstained parasites were counted in a Newbawer chamber
under fluorescence microscopy at 535 nm and under light
microscopy respectively. Viable parasites were represented
by the difference between the total number of parasites and
the number of PI-stained promastigotes. The experiment was
carried out in triplicate.

Inhibition of promastigote proliferation

Logarithmic phase of growth of LCL and DCL promastig-
otes were used and cultured in complete culture media. Para-
sites were then stained with 1 mL of 10 uM CFSE solution
(5-Carboxyfluorescein N-succinimidyl ester, Sigma-Aldrich,
México) for 10 min at 28°C. When the stained parasites
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divide, only half of the offspring remain with the fluorescent
tag and, consequently, with each cell division the number of
fluorescent parasites decreases by half.

At the end of this incubation period fluorescein dye was
inactivated with 1 mL of culture media without FBS. Para-
sites were then washed twice with culture media and finally
resuspended in 1 mL of complete culture media. One million
stained parasites/mL of culture media were placed into indi-
vidual wells of 24 well plates (Corning Inc.). Parasites were
treated with 1, 10, 50 and 100 pM of individual or mixed
sterols (Sa-chol and (+)-4-chol) over a period of 120 h at 28
OC. We also included Sb at different concentrations such as
200 y 300 uM and control group was only treated with 2%
DMSO. We counted parasite number at 12 h and every 24 h
in triplicate using a Neubauer chamber to record growth-
kinetics of LCL and DCL promastigotes. Likewise, fluores-
cent parasites were counted under the fluorescence micro-
scope at a wavelength of 480 nm and results correspond to
average number of fluorescent parasites per field counted in
three different fields. The experiment was carried out in trip-
licate (Messaritakis et al. 2010; Isaac-Marquez et al. 2018).

Leishmanicidal effectiveness of sterols
against amastigotes inside of macrophages

In this test we used the J774A.1 macrophage cell line derived
from Balb/c mice (CLMM). A glass coverslip was placed on
the bottom of each well from a 24-well plate (Corning Inc.).
Macrophages (3 X 103/mL) were then incubated for 2 h in a
CO, incubator (95% air plus 5% CO,). Immediately after 6 X
10% promastigotes in 1 mL of culture media were added and
overnight incubated at 37°C in a CO, incubator. After this
incubation period, non-internalized parasites were removed
by washing with PBS solution. Infected macrophages were
treated with 0.1, 1, 10 and 50 uM of individual or mixed
Sa-chol and (+)-4-chol. Macrophages were also treated
with 200 and 300 uM of Sb, control groups included treat-
ment with 2% of DMSO. All different groups were incu-
bated at 37°C in a CO, incubator for a period of 120 h. All
experiments were performed in triplicate. At the end of each
incubation period, macrophages adhered to coverslips were
fixed with methanol and stained with Giemsa. Leishmani-
cidal effectiveness was determined by counting the number
of parasites per 100 CLMM. These data were also used to
report the concentration of sterols or Sb required to kill 50%
of the amastigote population (ICs,. Lezama-Davila et al.
2014; Isaac-Méarquez and Lezama-Davila 2020).

Cytotoxicity of sterols in uninfected macrophages
In this section we used the trypan blue exclusion test to

assess the viability of macrophages not infected with para-
sites. Macrophages at a density of 3 X 10> CLMM/mL were
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adhered on circular coverslips placed on the bottom of indi-
vidual wells from 24-well plates (Corning Inc.). Phagocytes
were treated with 1, 10, 50, 75 and 100 uM of Sa-chol or
(+)-4-chol or of their equimolar mixture for 72 h at 37°C
in a CO, incubator. Reference drug at concentrations of
100—400 uM and controls treated with 2% DMSO were also
included. The experiment was carried out in triplicate. Via-
ble and non-viable macrophages were counted to calculate
macrophage cytotoxicity (CCs), which is the concentration
of sterols or Sb required to destroy 50% of macrophages. The
therapeutic index resulted from the division of CCs, by I1Cs
of amastigotes (Isaac-Méarquez et al. 2018).

Statistical analysis

Statistical testing was performed using Mann Whitney U test
that was used to compared independent group of data that
did not follow a normal distribution. ICs, and CCs, values
were calculated with LdP Line® software.

Results
Growth’s kinetics of promastigotes

In Fig. 1 we show the chemical structure of individual
sterols studied in this work. It can be observed in Figs. 2,
3 that from 24 h and onwards (not at 12 h of incubation)
the equimolar mixture of Sa-chol and (+)-4-chol showed a
significantly higher (p <0.05) leishmanicidal activity. This
activity was compared to individual sterols or Sb tested in
both LCL and DCL L. mexicana promastigotes. After 5 days
of incubation, the number of LCL and DCL promastigotes
was dramatically reduced by using individual sterols or their
mixture ((Figs. 2A, 3A). Sterol mixture at 1 uM proved to be
the most efficient leishmanicidal concentration. The reduc-
tion of the parasite population at low concentrations of ster-
ols and high concentrations of the reference drug is time
dependent (Figs. 2A, 3A). It is important to state that Sb at

Fig. 1 Chemical structure of sterols studied. A: Sa-cholest-7-en-3p-ol
[Sa-chol]; B: (+)-4-cholesten-3-one [(+)-4-chol]
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Fig.2 Effect of the equimolar mixture of Sa-chol and (+)-4-chol on
promastigotes of L. mexicana (LCL). A Growth kinetics; B Promas-
tigotes stained with propidium iodide (PI). Total number of parasites
were counted under light microscopy, while Pl-stained ones were
counted under fluorescence microscopy at a wavelength of 535 nm.
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cal analysis was performed using the Mann Whitney U test
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Fig. 3 Effect of the equimolar mixture of 5a-chol and (+)-4-chol on
promastigotes of L. mexicana (DCL). A Growth kinetics; B Promas-
tigotes stained with propidium iodide (PI). Total number of parasites
were counted under light microscopy, while Pl-stained ones were
counted under fluorescence microscopy at a wavelength of 535 nm.
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concentrations below 200 pM and sterols used individually
at concentration of 0.1 uM do not have significant (p > 0.05)
activity at any incubation time. However, the mixture of two
sterols presented significant effect (p <0.01) even at 0.1 pM
from 24 h of incubation onwards. After 120 h of incubation
all parasite groups tested were spun down and fed with fresh
media and only control group of parasites re-enter into a
logarithmic phase of growth. All experimental groups of
parasites presented gross morphological alterations suggest-
ing that this represented dead parasites that did not grow
after re-feeding with fresh media. Regarding mobility of
promastigotes after 5 days of incubation, 75% surviving
LCL and DCL promastigotes treated with individual sterols
remained mobile and 100% of those treated with the mixture
of sterols lost mobility. Whereas with 200 uM of Sb only
25% of the promastigotes were immobile at this incubation
time. In the control group, all parasites showed rapid move-
ments. Table 1 presents the ICy, values obtained with sterols
or Sb at 24-h interval over a period of 120 h. The leishmani-
cidal effect observed with the equimolar mixture of sterols
was considerably greater compared to the reference drug.
At 72 h, ICy, with the equimolar mixture was 1160 and 510
times lower than the one recorded with Sb for LCL and DCL
promastigotes, respectively. This effectiveness increased at
120 h, the ICs, of sterol mixture was 1680 (LCL promastig-
otes) and 1600 (DCL promastigotes) times lower than ICs,
of Sb. Also, at this time-period the equimolar mixture was
more effective than the sterols used separately.

Promastigote killing recorded by propidium iodide
(PI) staining

In Figs. 2 and 3we show kinetic experiments of parasite
growth (Figs. 2A, 3A) and parasite killing (Figs. 2B, 3B).
The killing capacity of sterols for L. mexicana promastig-
otes was evaluated by PI binding to DNA of dead parasites.
The sterol mixture at 1 uM proved to be the most efficient

Table 1 ICs of sterols in L. mexicana promastigotes

killing preparation from 72 h of incubation and onwards,
at this time points we found no viable parasites. Even at
0.1 uM of sterol mixture the proportion of viable parasites
was closer to that shown by Sb used at a 2000 higher molar
concentration (Figs. 2B, 3B). Moreover, at 1 uM concentra-
tion, the mixture of sterols showed more efficient killing
compared to individual ones. At this concentration, mixed
sterols killed all parasites at 72 h of incubation while indi-
vidual sterols presented considerable parasite number even
at 120 h (Figs. 2B, 3B). This is a clear indication of syner-
gism between these compounds to kill parasites. We also
observed that only the sterol mixture was effective to kill
parasites with as little as 0.1 uM.

Inhibition of promastigotes proliferation

In these set of experiments, we used the CFSE parasite stain-
ing assay to determine the effect of sterols on the reproduc-
tive capacity of LCL and DCL promastigotes. In our kinetics
of parasite growth’s experiment we observed that control
group presented a progressive increase in the number of
unstained LCL and DCL promastigotes showing parasites
dividing actively (Figs. 4A, B). Therefore, the control group
of promastigotes presented significant (p < 0.01) reduction
of fluorescent parasites. We also showed that the equimo-
lar mixture of sterols deeply affected parasite proliferation
(Figs. 4A, B), that correlated positively well with parasite
killing (Figs. 2B, 3B). After 24 h of incubation the group of
parasites treated with 1 uM of the equimolar mixture pre-
sented more than 90% of fluorescent LCL and DCL para-
sites/fluorescent microscopic field. This shows that cell divi-
sion of parasites in this group was considerably reduced. At
a concentration of 1 pM the sterol mixture showed more
inhibition of proliferation as compared to individual ones.
(4+)-4 chol presented less inhibition of proliferation than
Sa-chol or the mixture of them. Fluorescent LCL and DCL
parasites treated with (+)-4 chol for 120 h represented 45%

Parasites Compounds Time (h)
L. mexicana LCL Sb 24 48 72 96 120
356.85+2.87 283.33+5.95 198.25+12.16  176.66+15.04  138.08+17.92

5a-chol 27.23+3.55% 18.76 +2.60° 3.12+0.53 0.76 +0.26 0.32+0.128
(+)-4-chol 118.15+20.99%  11.01+3.24% 4.1940.75% 2.77+0.18° 2.19+0.228
5a-chol and (4)-4-chol 1.75+0.41% 0.83+0.043% 0.17£0.026° 0.03 +0.006" 0.082+0.021°

L. mexicana DCL ~ Sb 362.74+33.92 247.63+30.95  127.53+6.4 93.605 +4.04 64.915+3.68
5a-chol 74.18 +53.18" 23.83+12.58" 6.79+0.701° 3.71+2.07° 2.42+1.80°
(+)-4-chol 50.27 +34.448 12.42 +1.74% 4.98 +0.749% 3.840.059° 2.52+0.479%
5a-chol and (+)-4-chol ~ 1.67+0.19* 0.90+0.12° 0.25+0.005% 0.14+0.016° 0.04 +0.008*

ICs, is the concentration of sterols or Sb (uM) to achieve 50% killing of 1X10° promastigotes/mL

§ Significantly different (p<0.001) as compared to Sb
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Fig.4 CFSE assay: effect in proliferative activity of L. mexicana
(LCL) A and (DCL) B promastigotes. Fluorescent parasites were
counted under the fluorescent microscope at a wavelength of 480 nm,
while total number of parasites were counted under light microscopy.

and 59% respectively of the total population per microscopic
field tested. This clearly indicates that at this time point of
incubation about half population of parasites treated with
this sterol retained its reproductive capacity. However, at
0.1 uM concentration of individual or mixed sterols there
were not inhibition of proliferation at any time point. Eighty
percent of LCL or DCL parasites treated with Sb at concen-
trations as high as 200 and 300 uM remain fluorescently
labeled. However, at lower concentrations such as 100 uM
it does not inhibit the proliferation of parasites.

Leishmanicidal effectiveness of individual or mixed
sterols against amastigotes inside of macrophages

In this section we showed that equimolar mixture of sterols
presented greater leishmanicidal effect on LCL and DCL
amastigotes internalized by J774A.1 macrophages (CLMM)
(Fig. 5). At all different incubation periods, control group
registered the highest parasite counts both for LCL and DCL
amastigotes/100 CLMM respectively. In contrast both 0.1
and 1 uM of sterol mixture reduced the amastigote popula-
tion more than three times as compared to the control group.
Considerably higher doses of Sb (200 uM) presented a leish-
manicidal effect equivalent to that displayed by equimolar
mixture. Additionally, at 120 h Sb was highly toxic towards
murine macrophages showing 100% of macrophage’s
destruction. We also showed that a 100-fold higher concen-
tration (10 uM) of individual sterols was required to obtain
a similar effect with the sterol mixture. At 96 h of incu-
bation, the ICs; of the equimolar mixture was 14,000 and

Fluorescent promastigotes/field (%)

80

60
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—@— Sb300puM
—[}— Sb200uM
—A— (+}-4-chol 1pM

20 —¢— Sechol 1M
—X— 5o-chol and (+)-4-chol 1uM

40

0 12 24 48 72 9% 120
Time (h)

Data represents a percentage of CFSE-stained parasites. Data repre-
sent a replica of three independent experiments, *p <0.01 Statistical
analysis was performed using Mann Whitney U test

26,000 times lower than the ICs, of the Sb for LCL and DCL
amastigotes respectively. At 120 h of incubation the IC, of
the equimolar mixture was 1290 and 660 times lower than
Sa-chol and 1500 and 530 times lower than ICy, of
(+)-4-chol for LCL and DCL amastigotes respectively. As
can be seen in Table 2, the effectiveness of the equimolar
mixture of sterols increased significantly over the time.

Cytotoxicity of individual or mixed sterols
in uninfected macrophages

Table 3 shows the cytotoxicity values of uninfected mac-
rophages (CCs,). The CCs value of sterol mixture was about
3 times greater than that shown by Sa-chol or (+)-4-chol
or Sb. Finally, the therapeutic index of the sterol mixture
was 10,000 and 16,000 times greater than that registered
by Sb and 150 and 250 times higher than that exhibited by
the sterols used individually for LCL and DCL amastigotes
respectively.

Discussion

Leishmaniasis has become a severe problem for tourism and
industrial development in several countries and represents
a significant public health problem, mainly in rural or peri-
urban areas. There is an urgent need to develop new thera-
peutic formulations that kill parasites more efficiently and
represent less toxicity to humans. There also needs to be an
affordable and more straightforward method to administer

@ Springer
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Fig.5 Effectiveness of the equimolar mixture of Sa-chol and
(4+)-4-chol in amastigotes of L. mexicana (LCL) A and (DCL)
B internalized by murine macrophages J774A.1, Sb effect was
recorded up to 96 h only since at 120 h it was cytotoxic and destroyed

Table 2 ICj of sterols in L. mexicana amastigotes
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'% 200
1]
E 150
©
s
o 100
P4
50
0
0 12 24 48 72 96 120

Time (h)

all murine macrophages. Data is a replica of three independent
experiments, *p <0.01 Statistical analysis was performed using Mann
Whitney U test

Parasites Compounds Time (h)
L. mexicana LCL Sb 24 48 72 96 120
402.28 +17.46 27131+18.43  198.65+1825  70.59+7.71 -
5a-chol 58.11+7.01% 5.51+1.29% 3.70+0.9% 0.881+0.164°  0.259+0.101
(+)-4-chol 11144414348 4.12+1.228 3.13+1.27° 0.259+0.049%  0.307+0.147
5a-chol and (4)-4-chol ~ 9.69+2.97% 0.379+0.095%  0.057+0.021%  0.005+0.003%  0.0002 +0.0004
L. mexicanaDCL  Sb 596.92+14.94 4584942193  208.5+18.25 107.2+18.62 -
5a-chol 53.37+8.06° 8.07+0.763° 3.96+2.13% 1.67+0.625% 0.198 +0.085
(+)-4-chol 190.74+22.08%  6.6+1.66° 1.33+047° 0.691+0.1378  0.161+0.075
5a-chol and (+)-4-chol  13.65+2.77 0.252+0.102%  0.038+0.021%  0.004+0.001°  0.0003 +0.0001

ICs, is the concentration of sterols or Sb (uM) to achieve 50% killing of 6X10® amastigotes/mL inside of 3X10° J774A.1 macrophages/mL
Sb at 120 h of incubation was cytotoxic and destroyed 100% of macrophages

$Significantly different (p<0.001) as compared to Sb

to patients affected by this medical condition. Therefore, it
is imperative to identify new compounds with leishmani-
cidal potential. Our work represents the first report of leish-
manicidal activity of an equimolar mixture of Sa-chol and
(+)-4-chol tested in vitro. Our results showed a time-
dependent synergistic effect when combining 5a-chol with
(4)-4-chol. The equimolar mixture registered higher leish-
manicidal activity against LCL and DCL promastigotes and
amastigotes of L. mexicana than sterols tested individually

@ Springer

or the reference drug. The synergistic effect was more effec-
tive in amastigotes compared to promastigotes. This consid-
eration is essential since amastigotes constitute the parasite
form found in patients with chronic infections. On the other
hand, the high therapeutic index of the equimolar mixture
of sterols suggests that it may be safe for its use in in vivo
studies. Some reports showed that some phytochemical ster-
ols such as clerosterol effectively kill L. chagasi (Sartonelli
et al. 2007). Our previous work (Pan et al. 2012) showed
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Table 3 Sterols toxicity to non-infected macrophages and therapeutic
index

Compounds CCy L. mexicana

LCL DCL

TI® TIO
Sb 218.16+24.61  1.098 1.04
5a-chol 271.08+4523 73.26 68.45*
(+)-4-chol 197.82+33.73  63.2* 148.73*
5a-chol and (+)-4-chol ~ 656.25+56.78 11,513.15* 17,269.73

CCs: J774A.1 macrophages cytotoxicity

oTherapeutic index =CCjs, of J774A.1 macrophages/ICs, of amastig-
otes after 72 h of culture

*Significantly different (p <0.05) as compared to Sb

killing activity of cholesta-4,20,24-trien-3-one, 24-meth-
ylcholesta-4,24 (28)-dien-3-one, 6,7-dihydroneridienone,
and neridienone against L. mexicana. However, the ICy in
these reports is considerably higher than the mixture tested
in this work. Also, there are reports of a higher ICs, of 7a,
B-aminocholesterol, and 7B-aminomethylcholesterol and the
mixture of B-sitosterol and stigmasterol. These compounds
were tested against L. donovani (Bazin et al. 2006) and L.
chagasi (Silva et al. 2014).

Ergosterol and its derivatives are the main components of
the Leishmania plasma membrane. Cholesterol in the para-
site membrane needs to be acquired exogenously. These ster-
ols are essential for the permeability and fluidity of Leishma-
nia plasma membrane and can influence its interactions with
potential drugs (Torres-Santos et al. 2009; Yao and Wilson
2016). They also serve as precursors and regulators of the
life cycle and the parasite development in the host (Bansal
et al. 2020). For example, amphotericin B disrupts the
osmotic integrity of the cell membrane by interacting pri-
marily with ergosterol (Purkait et al. 2012). In this work, we
demonstrated that Sa-chol and (4)-4-chol inhibit the multi-
plication of L. mexicana, and when mixed, this action poten-
tiates. As for the mechanism of action of these two sterols,
we can speculate that they can replace endogenous sterols of
parasite cell’s membrane, causing membrane disruption and
parasite death. Another field to explore is the mitochondrial
damage related to apoptosis or programmed cell death of
parasites, possibly through metacaspase activation. It is also
possible that different types of steroid receptors in the mac-
rophage membrane could be activated more effectively by
the mixture tested in this work. This fact would lead to more
efficient parasite killing through different biochemical path-
ways. These contentions are only speculative, and additional
studies are required to focus on the cellular and biochemical
mechanism of action of sterols studied in this work. Finally,
the possible use of phytochemical sterols such as mycos-
terols or synthetic sterols for pharmacological treatment of

human leishmaniasis presents severe limitations. In the case
of phytosterols, large land areas are required to grow plants
in sufficient quantities. Costly infrastructure will also be
needed to produce enough mycosterols containing biomass
to extract the active compound in significant quantities. This
situation implies investing a considerable amount of finan-
cial capital for a neglected disease. Pharmaceutical com-
panies do not consider this investment a sound investment.
In the case of industrial chemical synthesis, the cost of this
process will depend on the complexity of the sterol structure
and would be costly. One possibility to abate this cost will be
identifying affordable and commercially available chemical
compounds with leishmanicidal potential. This case happens
with the equimolar mixture Sa-chol and (+)-4-chol. Our
in vitro studies showed that the equimolar mixture at low
concentrations turned out to be an excellent leishmanicidal
agent. It merits serious consideration as a future promise for
treating cutaneous leishmaniasis. However, in vivo studies
in animals are required to complete the pre-clinical phase of
drug development prior to a clinical trial in humans.
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