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Abstract
Leishmaniasis is an important disease in widely dispersed regions of the world. In South America, visceral leishmaniasis (VL) is

mainly caused by Leishmania chagasi. The morbidity associated with the infection is high, and death may occur in some untreated

patients. Treatment has been based upon pentavalent antimonial drugs for more than half a century and problems, including

development of resistance to antimonials and lack of efficacy against VL/HIV co-infections, have emphasized the need for new

drugs. Squalene synthase (SQS) is an essential enzyme for the biosynthesis of protozoal sterol molecules. In this work, nineteen

synthetic quinuclidines, potentially inhibitors of SQS, were tested against promastigote forms of L. chagasi and the IC50 values of

the compounds were determined. The most active compounds had IC50 values of around 30 nM and induced complete growth arrest

and cell lysis at sub-micromolar concentrations. We analyzed the morphological structure of the parasites treated with these

compounds by transmission electron microscopy of thin sections. Treated parasites showed significant ultrastructural changes,

which varied from discrete alterations to total destruction of the cells, depending on the drug concentration and the time of

incubation. One important change observed was a typical swelling of the unique and highly branched mitochondrion, where the

inner membrane lost its organization. There was an increase in the number of autophagosomal structures. Changes in the

organization of the nuclear chromatin and alterations in the flagellar pocket and flagellar membrane were also observed.

Crown Copyright # 2007 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Leishmaniasis is a disease caused by a number of

species of protozoa of the genus Leishmania. There are

four major clinical types of this infection: cutaneous,

diffuse cutaneous, mucocutaneous and visceral (WHO,
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2002). Leishmania chagasi, Leishmania infantum and

Leishmania donovani are the causative agents of

visceral leishmaniasis (VL) or Kala-azar in humans.

In South America, VL is mainly caused by L. chagasi

and transmitted by sandfly bites. The disease, affecting

both children and adults, typically presents fever,

hepatosplenomegaly and pancytopenia. Of all forms of

leishmaniasis, VL is the most severe form, and if

untreated is almost always fatal (Sundar, 2001;

Rosenthal and Marty, 2003).
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Domestic dogs play an important role in VL

maintenance by serving as reservoirs of the parasite.

Both asymptomatic and symptomatic infected dogs are

infective to the sandfly vectors (Molina et al., 1994).

Control of canine VL remains difficult and a serious

problem mostly because there is no reliable and

effective treatment for the infected dogs.

The first-line therapies against leishmaniasis are the

two pentavalent antimonial compounds, sodium stibo-

gluconate (Pentostam1) and meglumine antimoniate

(Glucantime1). They have a number of drawbacks:

they require parenteral administration; they have

significant toxic side effects; and widespread resistance

to them is reported mainly in India, Kenya and Sudan

(Rakotomanga et al., 2004). The two second-line

agents, pentamidine isethionate and amphotericin B

desoxycholate, are also administered parenterally and

are more toxic. Liposomal amphotericin B is effective

and safe, but the cost of treatment is very high

(Bhattacharya et al., 2004).

Miltefosine (hexadecylphosphocholine) inhibits

phospholipids and sterol biosynthesis of trypanosoma-

tids (Lira et al., 2001; Urbina, 2006) and is effective in

vivo against Leishmania, even by the oral route

(Kuhlencord et al., 1992; Sinderman et al., 2004).

However, its long half-life (approximately 150 h) and

teratogenic potential are important drawbracks, as

development of drug resistance may eventually lead

to a premature end of using this very important drug

(Sundar, 2001; Ganguly, 2002).

Sterol biosynthesis inhibitors (SBIs) have been

found to be particularly useful, as endogenous sterols

are essential for survival of the trypanosomatid

parasites. These compounds are in most cases orally

active and have broad activity spectrum and very low

toxicity (Urbina, 1999). The SBIs act by depleting

essential and specific membrane components and/or

inducing the accumulation of toxic intermediates or

lateral products of the biosynthetic pathway (Contreras

et al., 1997). A number of different enzymes in the

sterol biosynthetic pathway have been investigated as

anti-trypanosomatid drug targets, including: HMGCoA

reductase, farnesyl-pyrophosphate synthase, squalene

epoxidase, 14a-demethylase and sterol 24-methyltrans-

ferase (Lazardi et al., 1990; Vannier-Santos et al., 1995;

Urbina, 1997; Contreras et al., 1997; Rodrigues et al.,

2002, 2005; Urbina et al., 2002, 2004; Roberts et al.,

2003; Braga et al., 2004). Inhibition of some of these

enzymes led to compounds which have potent anti-

parasitic activity. Also, where investigated, simulta-

neous inhibition of several of the enzymes led to

synergistic effect.
Squalene synthase (SQS), an essential enzyme of the

sterol biosynthesis pathway, catalyses an unusual head to

head reductive dimerization of two molecules of

farnesyl-pyrophosphate (FPP) in a two-step reaction to

form squalene. This is the first commited step in sterol

biosynthesis; a blockage at this level of the pathway

should not affect the production of other essential

isoprenoids and the accumulated isoprenoid intermedi-

ates (FPP and precursors) can be readily metabolized and

excreted (Barrett-Bee and Ryder, 1992; Oehlschlager

and Czyzewska, 1992; Urbina et al., 2002).

Until now, few studies have been published directly

concerned with L. chagasi. The lack of orally

administered effective drugs for VL has prompted the

search for new potential therapeutic agents for both

humans and domestic animals such as dogs. Sterol

biosynthesis seems to be an excellent chemotherapeutic

target for trypanosomatids. In this work, we describe the

effect of nineteen specific inhibitors of SQS on growth

and ultrastructure of L. chagasi promastigotes.

2. Materials and methods

2.1. Parasites and growth conditions

The MHOM/BR/2000/MS501 (Odinei) strain of

L. chagasi isolated from a patient with visceral

leishmaniasis in Bodoquena, Mato Grosso do Sul,

Brazil, in March of 1999, was used in the present study.

The parasites were maintained by serial passage in Gold

hamsters. Amastigotes were isolated from hamster

spleens and allowed to convert to promastigotes and

multiply in M199 medium supplemented with 10% fetal

bovine serum (Laborclin, Brazil) at 26 8C.

2.2. Drugs and growth curves

Nineteen compounds were tested: BPQ-OH (3-

(biphenyl-4-yl)-3-hydroxyquinuclidine, 1), compounds

2–16, ER-27856, ER-119884 and E5700, see Fig. 1.

Compounds 1–16 were prepared at Cardiff. Preparation

of 1–4 has been reported (Lorente et al., 2005). Details

of preparation of 5–16 will be reported elsewhere. ER-

27856, ER-119884 and E5700 were provided by

Tsukuba Research Laboratories, Eisai Company Ltd.,

Japan. The compounds were added as dimethyl

sulfoxide (DMSO) solutions, the final DMSO concen-

tration of the stock never exceeded 1% (v/v) and had no

effects on the proliferation of parasites.

The cultures were initiated with a cell density of

2 � 106 cells/ml and the drugs were added 24 h later.

The cell density was measured by direct counting on a
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Fig. 1. Chemical structures of the compounds used in this study.
haemocytometer. The cells were counted daily up to

96 h of treatment (five days culture). The dye exclusion

test was also done to verify the cell viability, using

erytrosin B.

The IC50 (minimum concentration needed to inhibit

50% of growth) was calculated using the following

formula (Martin et al., 2001):

I ¼ Imax � C

IC50 þ C

where I = percentage of inhibition, Imax = 100% and

C = concentration. For this purpose, the parasites
were counted on the fifth day of culture (96 h of

treatment).

2.3. Transmission electron microscopy (TEM)

Control and treated parasites were fixed with a

solution containing 2.5% glutaraldehyde and 4%

paraformaldehyde in 0.1 M cacodylate buffer, pH

7.2, post-fixed with 1% osmium tetroxide (OsO4) and

0.8% potassium ferrocyanide in 0.1 M cacodylate

buffer, dehydrated in graded acetone and embedded in

Epon. Ultra-thin sections were stained with uranyl

acetate and lead citrate and observed in a ZEISS
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Fig. 3. Growth curve of L. chagasi promastigotes treated with com-

pound 1 (BPQ-OH). The compound was added after 24 h of cultiva-

tion: (^) control; (&) 0.01 mM; (~) 0.1 mM; (�) 0.5 mM; (*)

1 mM.

Fig. 4. Growth curve of L. chagasi promastigotes treated with com-

pound 2. The compound was added after 24 h of cultivation: (^)

control; (c) 0.01 mM; (~) 0.1 mM; (�) 0.5 mM; (*) 1 mM.

Table 1

IC50 for several inhibitors of squalene synthase tested against pro-

mastigote forms of Leishmania chagasi

Compounds IC50 (mM)

1 (BPQ-OH) 0.03 � 0.01

2 0.02 � 0.01

3 0.06 � 0.02

4 0.02 � 0.03

5 No inhibition

6 4.88 � 0.26

7 6.69 � 1.90

8 2.23 � 0.68

9 No inhibition

10 24.0 � 7.00

11 10.1 � 2.00

12 24.0 � 5.00

13 0.92 � 0.30

14 0.06 � 0.13

15 0.18 � 0.10

16 1.50 � 0.35

ER27856 3.8 � 1.60

ER 119884 0.06 � 0.01

E5700 0.07 � 0.02
EM900 and in a JEOL 1200EX transmission electron

microscope.

3. Results

Table 1 shows the IC50 for all nineteen compounds

tested. Most of them inhibited promastigotes growth at

concentrations �5 mM. Compounds 1–4, ER-119884

and E5700 gave the lowest IC50 values (most active

compounds) (Table 1). It is important to point out that

for several compounds IC50 values in the nanomolar

range were obtained (Figs. 2 and 3). For some

compounds, complete growth arrest was observed after

just 24 h of contact at sub-micromolar concentrations

and Compounds 1–4 induced cell lysis at 0.5 mM and

72 h of treatment (Figs. 3 and 4). These effects were

observed at a ten-fold lower concentration when the
Fig. 2. Growth curve of L. chagasi promastigotes treated with

ER119884. The compounds were added after 24 h of cultivation:

(^) control; (&) 1 nM; (~) 5 nM; (�) 10 nM; (*) 50 nM; (*) 1 mM.
cells were treated with ER-119884 (Fig. 2) and E5700.

On the other hand, the IC50 value for ER27856, a pro-

drug of a bisphosphonate-based SQS inhibitor (Fig. 1),

was 3.8 mM.

Direct observation of treated parasites by light

microscopy showed that the cells became rounded and

lost their motility. The dye exclusion test was also done

to verify the cell viability. A marked reduction in cell

viability was observed after 72 h of drug treatment

(Fig. 5).
Fig. 5. Cell viability after treatment with ER-119884. The compound

was added after 24 hof cultivation: (^) control; (^): 1 nM; (~)

5 nM; (�) 10 nM; (*) 50 nM; (*) 1 mM.
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Fig. 6. Electron micrographs of promastigotes of Leishmania chagasi. (A) Control promastigote showing a normal morphology; (B–C)

promastigotes of L. chagasi treated with 10 nM of ER-119884 for 24 h (B) and for 48 h (C); (D) promastigotes of L. chagasi treated with

0.5 mM of BPQ-OH (compound 1) for 96 h. These figures show dramatic alterations in the mitochondrion morphology (arrowheads). N: nucleus; K:

kinetoplast; M: mitochondrion; F: flagellum; FP: flagellar pocket.
We selected some of the most active compounds

to analyze their effects on the parasite ultrastructure,

as seen by TEM of thin sections. The following

compounds were analyzed: 1, 2 and ER-119884.

Control promastigotes (Fig. 6A) displayed an elon-

gated cell body shaped by a layer of parallel

subpellicular microtubules, the anterior long flagellum

emerging from the flagellar pocket, a single branched

mitochondrion containing the kinetoplast, as well

as other structures such as vacuoles, lipid inclusions,

acidocalcisomes, endoplasmic reticulum and the

Golgi complex (reviewed in Vannier-Santos et al.,

2002).
At all concentrations of the experimental compounds

tested, significant morphological alterations were

observed in the parasite structure. They varied from

discrete changes to total destruction of the parasite. One

important initial change was the swelling of the unique

and highly branched mitochondrion, where the inner

mitochondrial membrane lost its organization, display-

ing several and complex invaginations, forming con-

centric membranous structures (Figs. 6B–C and 7A,

C–D). In addition, the matrix sometimes lost its

characteristic electrondensity (Figs. 6D and 8B).

There was an increase in the number of autopha-

gosomal structures, characterized by the profiles of the
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Fig. 7. Promastigotes of L. chagasi treated with BPQ-OH (compound 1), ER-119884 and compound 2. (A) Treatment with 0.5 mM of BPQ-OH for

24 h showing the presence of myelin-like figures; (B) treatment with 0.5 mM of BPQ-OH for 48 h; (C) treatment with 10 nM of ER-119884 for 72 h;

(D) treatment with 0.5 mM of compound 2 for 96 h. These figures show the presence of autophagosomes and disorganization in the inner

mitochondrial membrane (arrowheads). N: nucleus; M: mitochondrion; A: autophagosome; MF: myelin-like figures; GC: Golgi complex.
endoplasmic reticulum surrounding various organelles

forming multivesicular bodies (MVB) or by intense

cytoplasmic vacuolization (Fig. 7B–D). We also

observed the presence of myelin-like figures in drug-

treated cells (Fig. 7A).

A third alteration frequently observed was the

nuclear chromatin organization, resembling the nucleus
of apoptotic cells (Figs. 6B and 7D). Alterations

in the nuclear membrane were also observed

(Fig. 7D).

The flagellum and flagellar pocket also showed

alterations. Large amounts of membrane vesicles could

be seen within the flagellar pocket of many treated cells

(Fig. 8B). Portions of the membrane were detached
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Fig. 8. Promastigotes of L. chagasi treated with 0.5 mM of BPQ-OH (compound 1) (A–B). (A) Treatment for 24 h showing mitochondrial swelling

and large amount of vesicles in the flagellar pocket; (B) treatment for 48 h showing the presence of some alterations in the flagellar membrane

(arrows) and disorganization in the inner mitochondrial membrane (arrowheads). N: nucleus; K: kinetoplast; M: mitochondrion; F: flagellum; FP:

flagellar pocket.
from the flagellum, sometimes forming a bleb, or

seeming ruptured (Fig. 8A).

At 96 h of incubation with the drugs, a large number

of parasites showed complete cell lysis (data not

shown).

4. Discussion

Despite of the impressive advance of our knowledge

on the biology of the etiological agents and the

immunopathological aspects of the several forms of

leishmaniasis, pentavalent antimonials, introduced

empirically over 50 years ago, remain the first-line

treatment for this infection in most endemic areas despite

the limitations imposed by the need of parenteral

administration, high toxicity and increasing drug

resistance (Leandro and Campino, 2003; Melby, 2002;

Murray, 2004). The most significant improvement on this

situation has been the recent introduction of miltefosine

as the first oral treatment for visceral leishmaniasis

(Murray, 2004; Castro et al., 2004). Among other new

approaches, treatment with 100 mg/kg terbinafine, a

sterol biosynthesis inhibitors that acts at the level of

squalene epoxidase, in L. chagasi-infected hamsters
had no effect on spleen parasite burden (Simões-Mattos

et al., 2002), while Dietze et al. (2001) treated human

patients with WR6026, an orally bioavailable

8-aminoquinoline, and the drug was not efficacious.

Nerolidol, an isoprenoid biosynthesis inhibitor, had a

poor growth inhibitory action against L. amazonensis,

L. brazilienses and L. chagasi promastigotes with

an IC50 of 85, 74 and 75 mM, respectively (Arruda

et al., 2005).

In trypanosomatids, SQS is a membrane-bound

enzyme, localized in glycosomes and mitochondria

with possible presence in the endoplasmic reticulum

(Urbina et al., 2002). Previous studies described the

potent and selective effects of BPQ-OH and ER-27856,

two specific SQS inhibitors, against Trypanosoma cruzi

and Leishmania sp. (Urbina et al., 2002; Braga et al.,

2004; Rodrigues et al., 2005; Lorente et al., 2005).

In the present study, we found that BPQ-OH

(compound 1), was more active against L. chagasi

than T. cruzi and Leishmania mexicana (Urbina et al.,

2002; Braga et al., 2004). BPQ-OH analogs 2, 3, and 4

(Fig. 1) had an activity comparable to that of the parent

compound, indicating that the elimination of the 3-OH

group, the introduction of a D2,3 double bond or the
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capping of the biphenyl group by a polar group had no

significant effects on activity; these results contrast with

those previously obtained against L. mexicana, where

capping the biphenyl group with the bulky-OTBDMS

moiety led to a almost complete loss of antiproliferative

activity (Lorente et al., 2005). The presence of the rigid

exocyclic double bond led to a reduction in activity

(compounds 5–11). When this rigidity was removed, the

activity increased (compounds 13 and 14). Interestingly,

the naphthyl (13) and biphenyl (14) derivatives were

more active than the phenyl analogue (12). Compound

15, which has the phenyl derivative held in a linear

conformation by a triple bond, has only slightly lower

activity than BPQ-OH. Swapping the ester (15) for an

acid (16) led to a reduction in activity.

Taken together, these findings indicate that there is a

strict requirement of a long, linear, hydrophobic moiety

attached to the quinuclidine nucleus for antiprolifera-

tive activity, in agreement with previous studies on L.

mexicana (Lorente et al., 2005 and Gibert, Urbina, in

preparation). ER119884 and E5700 (Fig. 1), two aryl-

pyridine quinuclidine derivatives in development as

cholesterol-lowering agents by Eisai Company, were

the most potent growth inhibitors on L. chagasi among

the compounds tested, with growth inhibitory and

leishmanicidal concentrations in the low nanomolar

range (Table 1 and Figs. 2 and 5). Urbina et al. (2004)

tested these compounds against T. cruzi, and observed

that they were one order of magnitude more potent than

BPQ-OH as inhibitors of the parasite enzyme (an

activity enhanced in the presence of micromolar levels

of inorganic pyrophosphate PPi) and of the growth of

both proliferative stages of the parasite. These authors

did not observe deleterious effects caused by any of the

compounds against host cell at concentrations up to

10-fold higher than the MIC (minimal concentration

required to eradicate the intracellular amastigotes),

indicating a selective antiparasitic effect. It has

previously been shown, both in T. cruzi and in L.

mexicana, that the antiproliferative effects of quinucli-

dine derivatives are strictly associated with the

depletion of endogenous squalene and sterols, consis-

tent with a blockade of de novo sterol biosynthesis at the

level of SQS (Urbina et al., 2002, 2004; Lorente et al.,

2005). Finally, the lower activity of the bisphosphonate

pro-drug ER27856, when compared with the quinucli-

dines, is probably due to limited permeability through

the membrane of the parasite.

Parasites treated with compounds 1, 2 and ER-

119884 were studied by TEM. Ultrastructural effects of

these SQS inhibitors on the parasites were detected as

early as 24 h after initiating the treatment. Most of the
parasites presented remarkable swelling of the mito-

chondrion, and the internal mitochondrial membrane

formed vesicles and concentric membrane structures.

Lazardi et al. (1990) were the first authors to describe a

marked alteration in the mitochondrion of T. cruzi as a

consequence of ketoconazole-induced depletion of

ergosterol. These alterations were also observed in

T. cruzi (Braga et al., 2004) and L. amazonensis

(Rodrigues et al., 2005) after treatment with different

concentrations of BPQ-OH. Ketoconazole, terbinafine,

24(R,S),25-epiminolanosterol and 22,26-azasterol

induce similar mitochondrial alterations in T. cruzi,

L. amazonensis and Toxoplasma gondii (Vannier-Santos

et al., 1995; Vivas et al., 1996; Rodrigues et al., 2002;

Dantas-Leite et al., 2004). These results can suggest that

the presence of ergosterol and analogues is essential for

the maintenance of a normal structural organization,

especially of the inner mitochondrial membrane in

trypanosomatids. Biochemical studies have shown that

the mitochondrial membrane of trypanosomatids is rich

in endogenous and exogenous sterols, in contrast to

mammalian cells where the mitochondrion is devoid of

sterols (Haughan et al., 1995; Rodrigues et al., 2001).

The presence of autophagosomal structures was very

prominent. Other authors also observed this alteration in

T. cruzi and in L. amazonensis treated with different

SBIs (Lazardi et al., 1990; Vannier-Santos et al., 1995;

Rodrigues et al., 2002; Magaraci et al., 2003; Lorente

et al., 2004). These structures are probably involved in

the breakdown and recycling of abnormal membrane

structures, suggesting an intense process of remodeling

of intracellular organelles irreversibly damaged by the

drug (Rodrigues et al., 2002).

The nuclear chromatin organization was altered,

resembling apoptotic cells. Apoptosis is a programmed

cell death process, which is characterized by a series of

events involving morphological and biochemical

changes. Apoptosis has been reported in a number of

trypanosomatids (Debrabant et al., 2003). Novobiocin

and camptothecin, topoisomerase inhibitors, induce

apoptosis-like death in Leismania donovani (Sen et al.,

2004; Singh et al., 2005). Further studies are necessary

to better characterize the effect of these drugs in the

nucleus.

Alterations in the flagellum membrane have been

observed in T. cruzi treated with BPQ-OH (Braga et al.,

2004). These authors suggested that changes in the

chemical composition interfere in some way with the

stability of the membranes, especially some domains

lining the cell body and the flagellum. The appearance

of various membranous structures within the flagellar

pocket suggests an intense secretory process induced by
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the compounds. Several SBIs induced this effect in

trypanosomatids including L. amazonensis (Vannier-

Santos et al., 1995; Rodrigues et al., 2002; Braga et al.,

2004).

In conclusion, our results indicate that SQS is a valid

chemotherapeutic target in L. chagasi, and that

quinuclidine derivatives are a promising chemother-

apeutic approach for the treatment of infections caused

by this parasite, both in man and dogs. These results

warrant further studies in experimentally infected

animal models.
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