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ABSTRACT  The protozoan parasite Leishmania causes a variety of sicknesses 

with different clinical manifestations known as leishmaniasis. The chemo-

therapy currently in use is not adequate because of their side effects, re-

sistance occurrence, and recurrences. Investigations looking for new targets 

or new active molecules focus mainly on the disruption of parasite specific 

pathways. In this sense, ergosterol biosynthesis is one of the most attractive 

because it does not occur in mammals. Here, we report the synthesis of er-

gosterone coupled molecules and the characterization of their biological ac-

tivity on Leishmania mexicana promastigotes. Molecule synthesis involved 

three steps: ergosterone formation using Jones oxidation, synthesis of Girard 

reagents, and coupling reaction. All compounds were obtained in good yield 

and high purity. Results show that ergosterone-triazol molecules (Erg-GTr and 

Erg-GTr2) exhibit an antiproliferative effect in low micromolar range with a 

selectivity index ~10 when compared to human dermic fibroblasts. Addition 

of Erg-GTr or Erg-GTr2 to parasites led to a rapid [Ca
2+

]cyt increase and acido-

calcisomes alkalinization, indicating that Ca
2+

 was released from this orga-

nelle. Evaluation of cell death markers revealed some apoptosis-like indica-

tors, as phosphatidylserine exposure, DNA damage, and cytosolic vacuoliza-

tion and autophagy exacerbation. Furthermore, mitochondrion hyperpolari-

zation and superoxide production increase were detected already 6 hours 

after drug addition, denoting that oxidative stress is implicated in triggering 

the observed phenotype. Taken together our results indicate that ergoste-

rone-triazol coupled molecules induce a regulated cell death process in the 

parasite and may represent starting point molecules in the search of new 

chemotherapeutic agents to combat leishmaniasis. 
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INTRODUCTION 

Leishmaniasis is a group of diseases caused by different 
species of parasites belonging to the Trypanosomatidae 
family. Depending on the strain involved, it may lead to 
self-healing cutaneous lesions, mucocutaneous lesions or 
severe/fatal generalized visceral infection. The World 
Health Organization considers it as one of the most im-
portant tropical diseases in the world. Currently the overall 
prevalence of human infection is estimated to be at 12 
million cases and approximately 350 million people are at 
risk of contracting infection [1,2]. Specific treatments for 
this disease remain unsatisfactory due to the limited effi-
cacy of current drugs, and frequent deleterious side effects. 
Current treatments are very costly, long-lasting and have 
harmful effects. They are based on pentavalent antimoni-

als (Glucantime and Pentostam), although its use is empiric 
and the mechanism of action is not well understood. Oc-
currence of resistance against the two have led to other 
formulations, such as Amphotericin or Miltefosine, which 
also present some limitations like failure to treat some 
cases of visceral leishmaniasis or its teratogenicity and 
pharmacokinetics (slow elimination from the body, which 
may also induce resistance), respectively [3]. Under these 
circumstances, investigations that contribute to the devel-
opment of new, more efficient and selective drugs against 
the parasite are needed. 

The search for new molecules has been directed to 
parasite specific targets or pathways. In this sense, the 
ergosterol biosynthesis, which is restricted to fungi and 
trypanosomatids, has been an attractive focus of attention 

 

FIGURE 1: Structures of the compounds evaluated on Leishmania mexicana promastigotes. IUPAC names: Ergosterol: 10,13-dimethyl-17-
(1,4,5-trimethyl-hex-2-enyl)-2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol; Ergosterone (Erg): 5-hydroxy-
10,13-dimethyl-17-(1,4,5-trimethyl-hex-2-enyl)-1,4,5,9,10,11,12,13,14,15,16,17-dodecahydro-2H-cyclopenta[a]phenanthrene-3,6-dione; GT: 
hydrazinocarbonylmethyl-trimethyl-ammonium chloride; GP: 1-hydrazinocarbonyl-pyridinium chloride; GTr: [1,2,4]triazole-4-carboxylic acid 
hydrazide; Erg-GT: [5-hydroxy-10-methyl-3-oxo-17-(1,4,5-trimethyl-hex-2-enyl)-1,2,3,4,5,9,10,11,12,13,14,15,16,17-tetradecahydro-
cyclopenta[a]phenanthren-6-ylidene-hydrazinocarbonylmethyl]-trimethyl-ammonium chloride; Erg-GP: 1-[5-hydroxy-10-methyl-3-oxo-17-
(1,4,5-trimethyl-hex-2-enyl)-1,2,3,4,5,9,10,11,12,13,14,15,16,17-tetradecahydro-cyclopenta[a]phenanthren-6-ylidene-hydrazinocarbonyl]-
pyridinium chloride; Erg-GTr: [1,2,4]triazole-4-carboxylic acid [5-hydroxy-10,13-dimethyl-3-oxo-17-(1,4,5-trimethyl-hex-2-enyl)-
1,2,3,4,5,9,10,11,12,13,14,15,16,17-tetradecahydro-cyclopenta[a]phenanthren-6-ylidene]-hydrazide. The global yield of the synthesis was 
49%, 45%, and 49% for Erg-GTr, Erg-GT, and Erg-GP, respectively. 
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TABLE 1. Half-inhibitory concentration (IC50) of ergosterone coupled molecules on Leishmania mexicana promastigotes and human der-
mic fibroblasts. Concentrations are given in μM. 

Compound IC50 on L. mexicana promastigotes Selectivity index IC50 on fibroblasts 

Ergosterol 33.8 ± 4.7 0.8 27.0 ± 3.5 

Ergosterone 9.0 ± 0.7 3.1 28.3 ± 8.5 

GT >200 - nd 

GP >200 - nd 

GTr 158.3 - nd 

Erg-GT 10.4 ± 0.2 3.5 36.4 

Erg-GT2 6.5 ± 2.5 5.5 35.6 

Erg-GP 42.4 ± 2.8 1.0 44.5 

Erg-GP2 6.2 ± 1.3 3.8 23.7 

Erg-GTr 1.4 ± 0.4 9.8 13.7 ± 1.9 

Erg-GTr2 2.3 ± 0.5 7.7 17.6 ± 0.3 

nd: not determined. 

 

for chemotherapy. Ergosterol is an essential component of 
parasite membranes [4]. Its synthesis can be inhibited by 
azoles, which act on the 14-α-metyl-lanosterol-
demethylase enzyme diminishing the formation of the er-
gosterol precursor lanosterol [5]. Many studies have been 
focused on designing inhibitors of ergosterol biosynthesis. 
In an attempt to take advantage of the antileishmanial 
potency of triazol for the development of drug candidates 
with improved activity against leishmaniasis, we synthe-
tized ergosterone-triazol hybrid molecules and evaluated 
their effect on the survival and intracellular Ca2+ mobiliza-
tion of Leishmania (L) mexicana promastigotes. To obtain 
an understanding of the antileishmanial mechanism of 
action of ergosterone-triazol coupled molecules, cell death 
parameters were assayed. The findings offer further insight 
into the effects of triazol on Leishmania and point toward a 
new strategy for the development of antileishmanial drugs.       

 

RESULTS 

Compund synthesis 

Compunds evaluated in this work were synthetized starting 
from commercially available ergosterol (5,7,22-
Ergostatrien-3beta-ol). Ergosterol was oxidized using the 
Jones reactive, consisting of chromic anhydride and sulfuric 
acid [6]. The reaction product was purified by column 
chromatography on alumina using a mixture 9.7:0.3 di-
chloromethane/methanol. Following evaporation of the 
solvent a light yellow solid was obtained with a yield of 
54% (mp 266-268°C). Using spectroscopic techniques (NMR 
1H and 13C), the reaction product obtained was elucidated 
as 7,22-ergostadien-5α-ol-3,6-dione (ergosterone) (Erg). To 
couple triazol to ergosterone, the Girard reagent principle 
was used [7]. First, ethyl chloroacetate reacted with nitro-
gen containing compounds (triazol in our case) to obtain 
the respective quaternary salts and second, these salts 
reacted with hydrated hydrazine to produce the corre-
sponding Girard reagent (Girard-triazol) (GTr). The ob-
tained solid was recrystallized in methanol. The yield of 
this reaction was 67% (mp 84-86°C). Ergosterone coupled 
molecules were synthetized in a reaction with equimolar 
substrate amounts and using methanol, under reflux condi-

tions and acetone as desiccant. Under these conditions Erg 
was linked to GTr in a very efficient reaction with a yield of 
91%. In order to study the biological activity of different 
ergosterone derivatives, two other commercially available 
Girard reagents, Girard-pyridine (GP) and Girard-
trimethylethylammonium (GT), were also coupled to er-
gosterone and analyzed. Again, reaction products were 
obtained in high yield, i.e. 91% and 84% for Erg-GP and Erg-
GT, respectively. Derivatives were also obtained as di-
substituted compounds (C3 and C6 Girard T, P or Tr deriva-
tives), by doubling the molar ratio of Girard reagents. The 
NMR analysis of all synthesized compounds showed that 
they were efficiently obtained with a purity of > 97%. All 
molecules described are shown in Figure 1. They were 
tested on L. mexicana promastigotes and human dermic 
fibroblasts. Results of their half-inhibitory concentration 
(IC50) are resumed in Table 1. All compounds were soluble 
in DMSO and stable for at least 6 months in solution. 
 
Biological effects of ergosterone coupled molecules on 

Leishmania mexicana promastigotes and human fibro-

blasts 

Parasites were treated with different concentrations of the 
synthesized compounds for 48 hours to determine their 
cytotoxic effect. A dose dependent growth inhibition was 
observed after this time. Oxidation of ergosterol to ergos-
terone increased growth inhibition capability on pro-
mastigotes, while Girard compounds lacking ergosterone 
(GP, GT, and GTr) did not show inhibition at concentrations 
even higher than 100 μM. Ergosterone coupled molecules 
exhibited higher cytotoxic effects than its component mol-
ecules alone itself (Table 1). Interestingly, mono- or di-
substituted coupled compounds containing triazol (Tr) 
were not only more cytotoxic but also more selective 
against the parasite. In fact, Erg-GTr and Erg-GTr2, dis-
played the smallest half-inhibitory concentration (IC50) val-
ues and were almost 10 times more effective on pro-
mastigotes than on human dermic fibroblasts.  
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Phosphatidylserine exposure after Erg-GTr and Erg-GTr2 

treatment 

The effect of Erg-GTr and Erg-GTr2 was further analyzed to 
determine the cell death mechanism. Asymmetry of the 
plasma membrane is loosed when cell death processes are 
activated. The Annexin V-AlexaFluor488/propidium iodide 
double staining was used to detect phosphatidylserine (PS) 
in the outer leaflet of the plasma membrane using flow 
cytometry after parasite treatment. Cells were incubated 
for 24 and 48 hours with Erg-GTr (1.4 μM) or Erg-GTr2 (2.3 

μM). As shown in figure 2A, after 24 hours incubation, Erg-
Tr and Erg-GTr2 caused a PS exposure in 40.2% or 43.1% of 
the cell population, respectively. At this time, the integrity  
of the plasma membrane was still intact, as evidenced by a 
low PI staining (5% or lower). After 48 hours, the percent-
age of Annexin V positive cells increased to reach more 
than 60% (Erg-GTr) or was maintained at around 40% in 
the case of Erg-GTr2 (Figure 2B). The number of PI positive 
cells increased to 31% and 13.3% after 48 hours incubation 
with Erg-GTr and Erg-GTr2, respectively. This phenomenon 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2: Phosphatidylserine exposure af-

ter Erg-GTr treatment. (A) Double staining 
propidium iodide (PI) and Annexin V-Alexa 
488 from parasites after 24 and 48 hours 
treatment; left column control cells, middle 
and right column experimental cells. The dot 
plots represent the results of a typical exper-
iment. (B) Total population in percentage ex-
posing phosphatidylserine after the indicated 
time. Bars show the mean +/- SD of at least 
three independent experiments. The per-
centages were determined using the WinMDI 
software. 
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has been reported as a criterium of the late stage of cell 
death processes [8].   
 
Parasite mitochondrion becomes hyperpolarized after 

ergosterone-triazol treatment 

In order to determine the energetic state of the mitochon-
drion after parasites treatment, the compound Mitotraker 

Red CMXROS was used. As described in the Materials and 
Methods section, parasites were treated for 6, 16, 24, and 
48 hours with each molecule at its IC50, then incubated 
with Mitotraker Red CMXROS (50 nM) for 30 minutes un-
der culture conditions, and finally analyzed by flow cytom-
etry. Figure 3A shows representative histograms obtained 
for control and treated cells. Histograms of treated para-

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3: Mitochondrial membrane potential 

after Erg-GTr treatment. (A) Histograms showing 
fluorescence intensity of parasites stained with 
Mitotraker Red CMXROS. Dashed line represents 
the histogram median of control cells. Right dis-
placement indicates hyperpolarization. Histo-
grams represent one of at least three experi-
ments that showed the same tendency. (B) 
Quantification of the fluorescence intensity me-
dian versus time. Changes in the fluorescence 
were calculated and represented in percentage, 
where the median values of control parasites 
means 100% fluorescence. Results show the 
mean +/- SD of three independent experiments. 
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sites displayed higher fluorescence intensities than those 
of control cells as evidenced by its right displacement. 
Analysis of the histogram fluorescence intensity revealed 
that after 16 hours treatment the histogram median in 
treated cells increased to 25%, reaching up to 51% after 48 
hours (Figure 3B). These results indicate that both Erg-GTr 
and Egr-GTr2 hyperpolarize the inner mitochondrial mem-
brane. Additionally, to rule out if Erg itself (the non-azole 
fraction of the conjugates) could be responsible for this 
hyperpolarization, parasites were treated with this com-
pound and ΔΨmit was monitored for up to 48 hours by flow 
cytometry. No differences were observed between control 
and Erg treated cells, indicating that hyperpolarization is a 
specific effect of both Erg-GTr hybrid molecules synthe-
tized in this work. 
 
Erg-GTr and Erg-GTr2 treatment induce cell cycle altera-

tions in promastigotes 

In order to analyze if Erg-GTr molecules influence the nor-
mal cell cycle distribution, the DNA content of treated cells 
was evaluated using propidium iodide. Results indicate a 

clear increase of cells in the G2/M phase after 48 hours, 
with the concomitant decrease of cells in the G1 phase 
(Figure 4A, Figure S1A). Differences were more obvious for 
parasites incubated with Erg-GTr, while those treated with 
Erg-GTr2 displayed a rather mild increase. In addition, his-
tograms of treated cells as compared to control cells also 
showed an occurrence of cells in the SubG1 peak after 24 
and 48 hours, which reveals DNA damage. DNA degrada-
tion reached almost 20% in treated cells, while control 
parasites displayed less than 1% (Figure 4B, Figure S1B). 

 

Ultrastructural alterations observed in promastigotes 

after Erg-GTr and Erg-GTr2 treatment 

To analyze if changes observed after parasite treatment 
with Erg-GTr or Erg-GTr2 can be associated with morpho-
logical alterations, cells were prepared for transmission 
electron microscopy as described in materials and methods 
section. As it can be seen in the figure 5A, treated parasites 
showed an evident increase of vacuolar structures contain-
ing cytoplasmic material (c, d, f, h) as compared with con-
trol parasites which  were  treated  with  the  solvent  (a, b).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

FIGURE 4: Analysis of the DNA content in L. mexicana pro-

mastigotes. Treated (1.4 μM Erg-GTr or 2.3 μM Erg-GTr2) or con-
trol cells (DMSO) were harvested at different time points and 
prepared for determination of DNA content. Acquisition was 
performed in arithmetic scale to obtain G1 and G2/M peaks and 
in logarithmic scale to earn the subG1 peak. (A) Percentage of 
cells in the different phases of the cell cycle after 24 and 48 
hours treatment. (B) SubG1 peak in percentage after 16, 24 and 
48 hours drug contact. Quantification was carried out using the 
WinMDI software. The bars represent the mean+/-S.D. of three 
individual cultures measured at each time point. 
 
 
 
 
 
 



K. Figarella et al. (2015)  Effect of ergosterone-triazol derivatives on L. mexicana 

 
 

OPEN ACCESS | www.microbialcell.com 20 Microbial Cell | January 2016 | Vol. 3 No. 1 

 

 
FIGURE 5: Transmission electron microscopy (TEM) of Epon-embedded cells. Parasites were treated with 1.4 μM Erg-GTr, 2.3 μM Erg-GTr2 
or DMSO (control cells), harvested after 48 hours and prepared for TEM. (A) The most obvious alterations in Erg-GTr-treated cells are as 
follows: increase of vacuolar structures containing cytoplasmic material (c, d, f, h), myelin-like structures (d, h), increase of lysosomes (d, e, 
g), and flagellar pocket containing some material (g). Note the usual appearance of mitochondria, nucleus and cytoplasmic content in con-
trol cells (a, b). Abbreviations used: lysosome (L); nucleus (N); flagellar pocket (FP); mitochondrion (M). Arrows and asterisk indicate au-
tophagosomes and myelin-like structures, respectively. (B) Mitochondrion zoom in to show cristae. More than 50% of the Erg-GTr treated 
parasites showed increase in cristae number and size. Bars represent 0.5 μm each. 
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Myelin-like structures (d, h), increase of lysosomes (d, e, g), 
and flagellar pocket containing some material (g) were also 
observed. Interestingly, the number and size of mitochon-
drion cristae was higher in Erg-GTr and Erg-GTr2 treated 
parasites (Figure 5B), which correlates with the hyperpolar-
ization measured by flow cytometry. 
 

Erg-GTr and Erg-GTr2 trigger intracellular reactive oxygen 

species level and Ca
2+

 release in promastigotes 

To evaluate the intracellular level of reactive oxygen spe-
cies (ROS) after Erg-GTr or Erg-GTr2 treatment, parasites 
were incubated with dihydroethidium, which become oxi-
dized in the presence of the superoxide anion to form the 
fluorescent DNA-intercalating agent ethidium, i.e. the 

 
FIGURE 6: Superoxide production after Erg-GTr or Erg-GTr2 treatment. Parasites were treated with 1.4 μM Erg-GTr or 2.3 μM Erg-GTr2 or 
DMSO (control cells), harvested after different time points and then prepared to measure intracellular superoxide using dyhidroethidium. 
(A) Superoxide production kinetics in control and treated parasites. Results represent mean +/- SD of three independent experiments. (B) 
Representative FACS histograms showing the superoxide-sensitive fluorescence of control and treated promastigotes after 24 hours incuba-
tion. The percentages were determined using the WinMDI software. 
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emitted fluorescence is proportional to the amount of ROS 
present. Figure 6A represents a ROS production kinetics 
analysis performed between 6 and 48 hours post-
treatment with both molecules. The ROS level in Erg-GTr 
mono- or di-substituted treated parasites was significantly 
higher as in control cells, reaching a maximum after 24 
hours, when more than half of the population showed in-
creased intracellular ROS level (Figure 6B). In fact, ROS 
levels increased already during the first 6 hours of treat-
ment when compared with control cells, which maintained 
a ROS level lower than 2% throughout the whole kinetic 
study.  

In order to evaluate the possible effect of Erg-GTr and 
Erg-GTr2 on the cytoplasmic Ca2+ concentration ([Ca2+]cyt) in 
L. mexicana promastigotes, parasites were loaded with 
fura 2-AM, a fluorimetric Ca2+ indicator which allows the 
measurement of intracellular changes in its concentration. 
Figure 7A represents the relative [Ca2+]cyt, indicated as 
normalized OD340/380 ratio. Addition of Erg-GTr (1.4 μM) or 
Erg-GTr2 (2.3 μM) induced a rapid increase of the [Ca2+]cyt, 
reaching a plateau after a few minutes. Interestingly, when 
extracellular Ca2+ was completely sequestered by EGTA 
addition, the same result was obtained, indicating that Ca2+ 
was release from intracellular parasite organelles and not 
from the extracellular medium.  

Leishmania can store Ca2+ in different compartments 
like the endoplasmic reticulum, the mitochondrion, and 
the acidocalcisomes [9]. The major Ca2+ reservoir is repre-
sented by this last organelle [10]. In order to analyze if the 
[Ca2+]cyt increase is due to its release from acidocalcisomes, 
parasites were charged with acridine orange and assayed 
fluorimetrically. Since acridine orange accumulates in acid-
ic compartments, it allows detection of alkalinization. Addi-
tion of Erg-GTr (1.4 μM) or Erg-GTr2 (2.4 μM) caused a rap-
id fluorescence increase, indicating organelle alkalinization 
(Figure 7B). In these experiments nigericin, a H+/K+ ex-
changer, was employed as a control, showing a further 
reduction of the acidity of these organelles, as expected.  

As the Leishmania mitochondrion seems to be involved 
in [Ca2+]cyt regulation and can also accumulate Ca2+ [9], the 
effect of Erg-GTr and Erg-GTr2 was analyzed immediately 
after its addition to parasites preloaded with rhodamine 
123. Conversely to the results observed by flow cytometry 
after 8 hours of incubation with Erg-GTr or later, a slow 
fluorescence increase was detected when the hybrid mole-
cules were added to rhodamine 123 pre-loaded parasites, 
indicating depolarization of mitochondrial membrane po-
tential (Figure 7C). Therefore, it can be suggested that Erg-
GTr and Erg-GTr2 can also induce, at least in part, Ca2+ re-
lease from the mitochondrion.  

 

DISCUSSION  

Sterols are essential components of cell membranes. 
Mammalian cells are able to synthetize cholesterol; the 
main sterol found in their membranes. By contrast, fungi 
and protozoa produce a special class of them, ergosterol, 
which is vital for parasitic growth and viability, but is ab-

sent from mammalian cell membranes [5, 11]. Azoles are 
widely known anti-fungals and anti-trypanosomal agents, 
because this family of compounds affects the ergosterol, 
but not appreciably the cholesterol biosynthesis [5,12]. 
Consequently, new formulations based on ergosterol/azole 
chemotherapeutic agents for the treatment of human 
trypanosomiasis and leishmaniasis represent a plausible 
route for the discovery of new and well-suited drugs 
against these diseases.  

In this work, ergosterol was oxidized to ergosterone to 
allow the coupling of triazol rings on the C3 and/or C6 posi-
tions of this sterol using Girard reagent as a linkage mole-
cule.  

The ergosterone-coupled triazol compounds displayed 
an antiproliferative effect against Leishmania mexicana 
promastigotes in a low micromolar range, were the highest 
toxic compounds evaluated, and showed the highest selec-
tivity index (~10). In drug discovery for infectious diseases 
of the developing world, it has been established that a hit 
(chemical starting points) should have a selectivity index of 
at least 10 [13]. Therefore, Erg-GTr variants represent 
promising molecules, which could be further modified to 
improve their selectivity and action. 

For a better understanding of the Erg-GTr and Erg-GTr2 
effects on Leishmania, features of cell death mechanisms 
were evaluated. The Nomenclature Committee on Cell 
Death (NCCD) has proposed a new classification of cell 
death pathways based on biochemical and functional as-
pects. Accidental cell death (ACD) is produced by severe 
insults and is in effect immediate. By contrast, regulated 
cell death (RCD) is originated as an adaptive response that 
(unsuccessfully) attempt to restore cellular homeostasis 
and habitually happens in a relatively delayed mode [14, 
15]. In our study, ACD was discarded, since PI staining 
demonstrated that plasma membrane integrity of Leish-

mania promastigotes was maintained for 24 hours drug 
contact, and only appeared long after apparition of others 
cell death markers. Conversely, RCD features, as phospha-
tidylserine exposure and DNA damage, start to emerge 
early. It was demonstrated that Erg-GTr2 and Erg-GTr in-
duced a slight and moderate cell cycle arrest in the G2/M 
phase, respectively. Many compounds trigger cell cycle 
arrest in G2/M phase by causing DNA damage [16-18], and 
this phenomenon has also been reported in Trypanoso-

matidae [19, 20]. Since DNA degradation was observed 
prior to alteration of cell cycle progression, it may be hy-
pothesized that Leishmania blockage in G2/M phase 
caused by both molecules could be related to DNA damage.  

Ultra-structural changes in treated parasites were evi-
dent in TEM studies. The findings are consistent with a 
marked increase in autophagy. In previous studies, similar 
ultrastructural modifications were observed in Leishmania 

and T. cruzi treated with different drugs that affect the 
parasite’s sterol metabolism: BPQ-OH, ketoconazole and 
azasterol, i.e. inhibitors of squalene synthase, 14-α-
demethylase, and δ-24-sterol methyltransferase, respec-
tively [21, 22, 23]. Induction of  autophagy  by  Erg-GTr  and  
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FIGURE 7: Analysis of the effect of Erg-GTr and Erg-GTr2 on the cytoplasmic Ca

2+
 concentration. Stationary phase parasites were loaded 

with Fura-2AM, acridine orange, or rhodamine 123 to analyze, immediately after addition of Erg-GTr (1.4 μM) or Erg-GTr2 (2.3 μM), the 
changes in the cytoplasmic Ca2+ concentration, acidocalcisome alkalinization, and mitochondrion membrane potential, respectively. (A) 
Relative Ca2+ concentration given as normalized OD340/380 ratio in the presence or absence of extracellular Ca2+. Arrows indicate addition of 
Erg-GTr or Erg-GTr2. (B) Effect of ergosterone-triazol hybrid molecules on the alkalinization of acidocalcisomes. The excitation wavelength 
was 488 nm, and the emission wavelength was 530 nm. Nigericin (2 μM) was used as control to complete organelle alkalinization. (C) Rela-
tive rhodamine 123 fluorescence before and after addition of Erg-GTr or Erg-GTr2. FCCP (1 μM) was employed as control for total mito-
chondrion depolarization. Fluorescence was also register at 488 nm excitation and 530 nm emission. All graphics are representative charts 
of one of at least three experiments that showed essentially the same results. 
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Erg-GTr2 indicates a cell remodelling response to the dele-
terious effects on membrane structure and function. These 
compounds may exert their action, at least partially, by 
alteration of the membrane lipid composition, as it has 
been described for other azoles [5]. Additionally, it can be 
speculated that the presence of Erg in their structures, 
which could be incorporated into membranes, may con-
tribute to this effect.  

Leishmania has only one prominent mitochondrion, 
which occupies approximately 12% of the protozoan body 
[9]. This organelle constitutes an important target for ster-
ol biosynthesis inhibitors, especially azoles and azasteroles, 
because ergosterol is an important component of the para-
site’s mitochondrial membranes [5]. Interestingly, Erg-GTr 
and Erg-GTr2 affected the parasite’s mitochondrion in-
creasing mitochondrial cristae number and inducing orga-
nelle hyperpolarization. Mitochondrion hyperpolarization 
as a result of cellular injury had been occasionally de-
scribed in the literature compared with many more publi-

cations documenting mitochondrial depolarization after 
cellular insults [24]. Interestingly, hyperpolarization was 
preceded by a slight reduction of mitochondrial membrane 
potential immediately after Erg-GTr and Erg-GTr2 addition 
as evidenced by the rhodamine 123 assay. To us, the most 
plausible interpretation of the data is that the hyperpolari-
zation is a compensatory response to the slight but con-
stant effect of Erg-GTr and Erg-GTr2 on the Ψmit. To the best 
of our knowledge, the effect caused by Erg-triazol coupled 
molecules on parasite mitochondrion is a new characteris-
tic of azole derivative activity, as azoles action reported 
does not maintain the mitochondrion integrity and func-
tionality [12, 21, 25]. Probably, the different effect found is 
due to, at least in part, some differential interference with 
the ergosterol synthesis. Additionally, it can also be ex-
pected that Erg-triazol hybrid molecules show a different 
mechanism of action, based on the novel structure. 

ROS molecules have been well-documented to play an 
important role in signal cascades in numerous physiological 

FIGURE 8. Model of the 

events sequence induced in 

L. mexicana promastigotes 

after addition of Erg-GTr or 

Erg-GTr2. When pro-
mastigotes are treated with 
ergosterone-triazol coupled 
molecules, a rapid increase in 
the cytoplasmic Ca2+ level, 
which mainly comes from 
acidocalcisomes, is induced. 
This divalent cation should 
activate signal cascades that 
trigger some of the pheno-
types observed as PS expo-
sure, ↑ΔΨmit, and autophagy 
exacerbation. Intracellular 
ROS increase is also one of 
the earliest events found after 
Erg-GTr or Erg-GTr2 addition. 
Hyperpolarized mitochondri-
on may originate large 
amounts of ROS. This effector 
can induce DNA damage, 
among others, which may 
conduce to cell cycle arrest. 
Finally, autophagy could also 
be directly induced by the 
effect of ergosterone-triazol 
coupled molecules on cell 
membranes, which has been 
widely reported in the litera-
ture to be caused by azoles. 
Abbreviations used: acidocal-
cisomes (A); autophagy vacu-
oles (AF); lysosomes (L); nu-
cleus (N); kinetoplast (K); 
mitochondrion (M). 
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events [26, 27] and have also been widely reported to par-
ticipate in signal transduction related to cell death mecha-
nisms [8], even in Trypanosoma and Leishmania parasites 
[28-31]. Remarkably, ROS production was, along with hy-
perpolarization, the first event observed in Erg-GTr/Erg-
GTr2 treated cells. The analogous behaviour of ΔΨmit and 
ROS suggests their direct relationship. Incubation with the 
ROS scavenger N-acetyl-cysteine did not prevent mito-
chondrion hyperpolarization, but could revert partially ROS 
formation, indicating that hyperpolarization is not a conse-
quence of the ROS action but may be their source (data not 
shown). It is well known that the mitochondrion is the 
most important ROS producer at the cellular level. Electron 
leakage in the electron transport chain during cellular res-
piration results in superoxide production [32]. As it is ex-
pected, hyperpolarization may depict a higher mitochon-
drion activity, which traduces in a higher flow through elec-
tron transport chain that could be responsible for the in-
creased superoxide level found. However, additional ROS 
sources cannot be discarded.  

ROS production could explain some of the phenotypes 
observed in Erg-GTr/Erg-GTr2 treated parasites, especially 
DNA damage, augmentation of autophagy, and PS expo-
sure. All of them have been reported for member of the 
Trypanosomatidae family as a consequence of ROS action 
[28, 29, 33]. An interesting example, which resembles ours 
findings, was reported in Leishmania infantum. Pro-
mastigotes of this parasite subjected to heat shock stress 
underwent apoptotic-like cell death mediated by ROS. The 
parasite showed a mitochondrial hyperpolarization which 
was demonstrated to lead to ROS production [29]. 

Alteration of the intracellular Ca2+ homeostasis has 
been suggested as a promising target strategy against 
Leishmania and Trypanosoma. Amiodarone, an anti-
arrhythmic drug, and the azol, posaconazole, are able to 
increase the [Ca2+]cyt and inhibit sterol synthesis in these 
parasites [34]. It has been reported that treatment with 
amiodarone (in combination with itraconazole) or 
posaconazole, led to the cure of patients with Chagas’ dis-
ease [35, 36]. In our work, parasites exposed to Erg-GTr or 
Erg-GTr2 rapidly released important amounts of Ca2+ to the 
cytosol. It could be demonstrated that Ca2+ release came 
from intracellular compartments since measurements 
were also performed in the absence of extracellular Ca2+. 
According to the rhodamine 123 and acridine orange assay, 
increase in [Ca2+]cyt proceeds slightly from the mitochon-
drion but mainly from acidocalcisomes.  

Taken together, our results demonstrated that ergoste-
rone-triazol hybrid molecules induce several physiological 
and biochemical changes in Leishmania mexicana pro-
mastigotes including mitochondrion alteration, Ca2+ release 
from acidocalcisomes, autophagosome formation, intracel-
lular ROS increase, phosphatidylserine exposure, among 
others (see model in Figure 8), which lead to parasite cell 
death. Ruling out the induction of accidental cell death and 
according to the recommendations of NCCD, we conclude 
that Erg-GTr and Erg-GTr2 trigger a regulated cell death 
process. Therefore, Erg-GTr represents a reasonable candi-
date to initiate studies with the view of developing new 

chemotherapeutic agents for the treatment of leishmania-
sis. 

 

MATERIALS AND METHODS 

Chemistry 

Solvents were of analytical grade and acquired from Aldrich or 
Riedel-de-Haën. All reactions were routinely checked by TLC 
using Machery-Nagel alumina plates; spots were examined 
under UV light at 254 nm and further visualized by sulphuric 
acid-anisaldehyde spray. Column chromatography was per-
formed on alumina (Merck). NMR spectra were recorded at 
270 MHz for H

1
 and 67.5 MHz for C

13
 on a JEOL ECLIPSE 270 

spectrometer. Chemical shifts were expressed in ppm (δ) rela-
tive to residual solvent signals and the coupling constants J are 
given in Hertz (Hz). IR and UV spectrums were performed on 
an IR-Force 200 Infrared Spectrometer Analyzer (Richen-force) 
and on a Nicolet Evolution 300 spectrophotometer (Thermo 
Electron Corporation). Melting points (mp) were taken uncor-
rected on a Sybron-Thermolyne MP-12615 apparatus.  
 
Ergosterone (Erg) synthesis 
Ergosterol was purchased from Sigma Chemical Co. (St. Louis, 
MO). Erg was synthetized by ergosterol (2.55 x 10

-4
 mol) oxi-

dation using the Jones reactive (1.53 x 10
-3

 mol chromic anhy-
dride, 1 mL sulfuric acid in 5 mL distilled water) [6]. Solution 
was maintained for 12 hours under shaking at room tempera-
ture, followed by dehydration with isopropanol for 2 hours. 
Product was filtered and purified by column chromatography 
on alumina using 9.7:0.3 dichloromethane/methanol. 
 
Girard-Triazol (GTr) synthesis 
Triazol was purchased from Sigma Chemical Co. (St. Louis, MO). 
The Girard reagent GTr was synthetized dissolving Triazol (7.5 
x 10

-3
 moles) in ethanol (20 mL) and mixed with ethyl chloro-

acetate (Aldrich) (9.4 x 10
-3

 moles). The reaction mixture was 
stirred in reflux at 90°C for 72 hours and then was settled on 
ice and mixed with hydrazine hydrate (2.9 x 10

-2
 moles) under 

agitation for 20 minutes. The solvent was evaporated in an ice 
bath, the residue was recrystallized in methanol, and solid 
purified by column chromatography on alumina. 
 
Ergosterone-Girard/triazol (Erg-GTr) synthesis 
Equimolar amounts of Erg and GTr were dissolved in methanol 
and stirred in reflux at 90°C for 15 hours. Thereafter, solvent 
was evaporated, the residue washed with acetone, and fil-
tered by fluted. Following acetone evaporation, the solid was 
purified by column chromatography on alumina. 
 
Ergosterone-Girard/trimethylethylammonium (Erg-GT) and 

ergosterone-Girard/ pyridinium (Erg-GP) synthesis 
Girard reagents T and P (GT and GP) were obtained commer-
cially from Aldrich. Synthesis of the corresponding Erg deriva-
tive molecule was performed as follows; equimolar amounts 
of Erg and GT or GP were dissolved in methanol and stirred in 
reflux at 90°C for 20 hours. Thereafter, solvent was evapo-
rated, the residue washed with acetone, and filtered by fluted. 
After acetone evaporation, the reaction product was purified 
by column chromatography on alumina.  

In all cases di-substituted derivatives were obtained by 
mixing Girard reagents and ergosterone in a 2:1 molar ratio, 
respectively.  
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Cell cultures 

Promastigotes of Leishmania mexicana Bel 21 strain were 
cultured at 26°C in Liver Infusion Tryptone (LIT) medium sup-
plemented with 10% fetal bovine serum (Internegocios). 

Primary cultures of human dermic fibroblasts were per-
formed at 37°C in DMEN medium (Sigma) supplemented with 
10% fetal bovine serum in a CO2 incubator at 5% CO2. 

 
Determination of the half-inhibitory concentration 

To determine the IC50 in parasites and human fibroblasts the 
protocol described by [37] was followed. Briefly, a suspension 
of 2 x 10

6
 parasites per mL

-1
 or 5 x 10

3
 fibroblasts per well 

were transferred into 96 well plates and different concentra-
tions of the compounds were added. Plates were incubated 
under the corresponding culture conditions for 48 or 72 hours 
for L. mexicana or human fibroblasts, respectively. Thereafter, 
parasites plates were centrifuged prior to the elimination of 
the supernatant. Cell viability was measured by the modified 
MTT method, where cells were incubated with the MTT sub-
strate at 0.2 mg x mL

-1
 for 4 hours. Colored crystals formed 

were solubilized in DMSO and absorbance was measured at 
570 nm. IC50 was obtained from a dose response curve using 
the software OriginLab Pro 6.0

©
.  

 
Annexin V binding assay 

The annexin V-AlexaFluor 488 (Invitrogen) was used following 
the manufacture recommendations. Briefly, 1 x 10

6
 parasites 

were washed with PBS and incubated with annexin V and pro-
pidium iodide (0.05 mg x mL

-1
)

 
in 100 μL binding buffer for 15 

minutes. Final volume was adjusted at 500 μL and samples 
were immediately analyzed in a Beckman Coulter Gallios Cy-
tometer. 
 
Mitochondrial membrane potential analysis 

Mitotracker CMX Red (Invitrogen) was used to determine the 
mitochondrial membrane potential (Ψmit) of treated parasites. 
After 6, 16, 24, and 48 hours treatment, cells were incubated 
in culture medium with 50 nM Mitotracker CMX Red for 30 
minutes at 26°C in the dark. Thereafter, parasites were 
washed twice with PBS, resuspended in 1 mL buffer, and ana-
lyzed using a cytometer (Beckman Coulter). Parasites incubat-
ed with valinomycin (500 nM for 30 minutes) were used as 
positive control [38]. To evaluate the effect of ergosterone 
coupled molecules on the mitochondrial membrane potential 
immediately after molecule addition we used the fluorophore 
rhodamine-123, a mitochondrion-specific cationic dye, which 
distributes across the inner mitochondrial membranes strictly 
according to their membrane potential, as described before 
[34]. Briefly, 1 x 10

7
 parasites were washed twice with rhoda-

mine 123 loading buffer (20 mM Tris-HCl, 130 mM KCl, 1 mM 
MgCl2, and 2 mM KH2PO4) and incubated with 20 μM rhoda-
mine 123 for 45 minutes at 29°C under agitation. Samples 
were washed twice, resuspended in 500 μL of the same buffer, 
and transferred to a quartz cuvette. Fluorescence (ex 488 nm 
and em 530 nm) was registered in a Hitachi F-7000 Spectro-
fluorimeter. FCCP was used as control for mitochondrial 
membrane depolarization [39]. 
 
DNA content analysis 

Propidium iodide was used to determinate the DNA content in 
parasites after treatment [38]. 1 x 10

6
 parasites were washed 

with PBS and resuspended in 100 μL lysis buffer (7.7 mM 

Na2HPO4, 2.3 mM KH2PO4) containing 6 μM digitonin. Samples 
were incubated at 4°C for 30 minutes. Finally, 400 μL staining 
buffer (20 μg/mL propidium iodide in PBS) was added to each 
sample. Samples were kept on ice in the dark until their analy-
sis in the cytometer (Beckman Coulter).  
 
Transmission electron microscopy (TEM) 

For TEM, 10
8
 parasites were fixed in 2% (vol/vol) glutaralde-

hyde in 0.2 M sodium cacodylate buffer containing 0.12 M 
sucrose for 1 h at 4°C. Thereafter samples were washed four 
times (10 min each) and stored overnight in sodium caco-
dylate buffer. Before dehydration in ethanol, cells were post-
fixed in osmium tetroxide (1.5%, wt/vol) and stained in 0.5% 
uranyl acetate. Samples were cleared in propylene oxide and 
embedded in Agar 100 as described by [40]. Sections were 
stained in 5% (wt/vol) uranyl acetate and 0.4% (wt/vol) lead 
citrate. 
 
Reactive oxygen species determination 

Dihydroethidium (Invitrogen) was used to detect the intracel-
lular level of superoxide anion. The fluorescent indicator was 
used following the manufacture recommendations with some 
modifications to adapt it for Leishmania parasites. After para-
site treatment, aliquots from each culture were taken and 
incubated with DE (2.5 μM final concentration) for 30 minutes 
at 26°C. Thereafter, samples were washed with PBS and im-
mediately analyzed in a Beckman Coulter Cytometer. 
   
Cytoplasmic Ca

2+
 level measurements 

The fluorescent ratiometric Ca
2+

 indicator Fura 2-AM was used 
to analyze intracellular Ca

2+
 concentration [41]. Promastigotes 

from stationary phase cultures were washed twice with PBS 
containing 1% glucose and incubated for 3 hours at 29°C with 
4 μM Fura 2-AM, 2.4 μM probenecid, and 0.05% pluronic acid. 
Thereafter, parasites were washed twice, resuspended, and 
placed in a stirred quartz cuvette at 29°C. Fluorescence (ex 
340 nm/380 nm and em 510 nm) was registered in a Hitachi F-
7000 Spectrofluorimeter. Digitonin and EGTA were used to 
obtain the maximum and minimum [Ca

2+
] in the sample, re-

spectively [41].   
 
Alkalinization of acidocalcisomes 

To evaluate the effect of ergosterone coupled molecules on 
the Ca

2+
 reservoir organelle acidocalcisome, parasites were 

stained with acridine orange as described previously [42]. 
Briefly, 1 x 10

7
 parasites were washed twice with loading buff-

er (20 mM Tris-HCl, 130 mM KCl, 1 mM MgCl2, and 2 mM 
KH2PO4) and incubated for 5 minutes with acridine orange (5 
μM). Samples were washed twice, resuspended in 500 μL of 
the same buffer, and transferred to a stirred quartz cuvette at 
29°C. Fluorescence (ex 488 nm and em 530 nm) was regis-
tered in a Hitachi F-7000 Spectrofluorimeter. Nigericin was 
used as control for acidocalcisome alkalinization. 
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