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ER-119884 and E5700, novel arylquinuclidine derivatives developed as cholesterol-lowering agents, were
potent in vitro growth inhibitors of both proliferative stages of Leishmania amazonensis, the main causative
agent of cutaneous leishmaniasis in South America, with the 50% inhibitory concentrations (IC50s) being in the
low-nanomolar to subnanomolar range. The compounds were very potent noncompetitive inhibitors of native
L. amazonensis squalene synthase (SQS), with inhibition constants also being in the nanomolar to subnano-
molar range. Growth inhibition was strictly associated with the depletion of the parasite’s main endogenous
sterols and the concomitant accumulation of exogenous cholesterol. Using electron microscopy, we identified
the intracellular structures affected by the compounds. A large number of lipid inclusions displaying different
shapes and electron densities were observed after treatment with both SQS inhibitors, and these inclusions
were associated with an intense disorganization of the membrane that surrounds the cell body and flagellum,
as well as the endoplasmic reticulum and the Golgi complex. Cells treated with ER-119884 but not those treated
with E5700 had an altered cytoskeleton organization due to an abnormal distribution of tubulin, and many
were arrested at cytokinesis. A prominent contractile vacuole and a phenotype typical of programmed cell
death were frequently found in drug-treated cells. The selectivity of the drugs was demonstrated with the JC-1
mitochondrial fluorescent label and by trypan blue exclusion tests with macrophages, which showed that the
IC50s against the host cells were 4 to 5 orders of magnitude greater that those against the intracellular
parasites. Taken together, our results show that ER-119884 and E5700 are unusually potent and selective
inhibitors of the growth of Leishmania amazonensis, probably because of their inhibitory effects on de novo
sterol biosynthesis at the level of SQS, but some of our observations indicate that ER-119884 may also interfere
with other cellular processes.

Leishmaniasis comprises a group of infectious diseases
caused by several species of Leishmania with three different
clinical forms, visceral, cutaneous, and mucocutaneous. It is
associated with significant rates of morbidity and mortality in
many countries around the world and affects ca. 15 million
people (21, 30, 53). Leishmania amazonensis is the species
responsible for cutaneous leishmaniasis in South America,
where the lesions are confined to the skin. However, in some
individuals, infections can develop into diffuse leishmaniasis
when the patient’s immune system fails to react against the
parasite (30), and it has also been reported that this parasite
can cause visceral or post-kala-azar dermal leishmaniasis (1).

Currently, the mainstay of the chemotherapy employed for

the treatment of visceral and cutaneous/mucocutaneous leish-
maniasis in Brazil remains pentavalent antimonials, such as
pentostam and glucantime, which are very unsatisfactory due
to their frequent toxic effects and the growing rates of resis-
tance to the drugs in several parts of the world (11). Secondary
treatments include pentamidine and amphotericin B, which
are mainly employed in resistant cases when the antimonials
fail (10). For visceral leishmaniasis, miltefosine (Impavido) has
successfully been employed by the oral route in India (42), but
a WHO report indicates that it is teratogenic and has a narrow
chemotherapeutic window (17). Paromomycin and liposomal
amphotericin B are other agents that may possibly be used
against visceral leishmaniasis, and they are currently used to
treat Indian patients living in regions where the resistance of
the parasite to antimonials is widespread. On the other hand,
for cutaneous leishmaniasis, new alternatives such as short
courses of antimonial, topical paromomycin, and oral miltefos-
ine have been developed; however, those studies are in
progress in areas of endemicity, such as Guatemala and Co-
lombia, and inconsistent results are being obtained between
the different regions (3). Thus, there is a great necessity to
develop new drugs that are efficacious, safe, and more acces-
sible.
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Several studies have shown that the ergosterol biosynthesis
pathway is a promising target in the development of a rational
chemotherapeutic strategy against Leishmania and other
trypanosomatids, because ergosterol is essential for the para-
site’s viability and is absent in mammalian cells (36, 47). Dif-
ferent classes of ergosterol biosynthesis inhibitors have been
shown to be active against trypanosomatid parasites (4, 6, 9, 19,
23–27, 29, 35–39, 41, 45–49, 51, 52). One important enzyme of
the sterol biosynthesis pathway is squalene synthase (SQS),
which catalyzes the head-to-head condensation of two mole-
cules of farnesyl pyrophosphate (FPP) to produce squalene
(2). This is the first committed step in the sterol pathway, and
its inhibition does not affect the biosynthesis of other essential
isoprenoids (18). SQS has been under intense scrutiny with the
aim of developing new cholesterol-lowering agents for humans.
Previous work has demonstrated the effect of quinuclidine-
based SQS inhibitors as cholesterol- and triglyceride-lowering
agents in experimental studies with animals (5, 7, 33). On the
other hand, several reports have described the potent and
selective activity of the same class of compounds against para-
sites such as Leishmania, Trypanosoma cruzi, and Toxoplasma
gondii (4, 6, 9, 26, 32, 39, 41, 48, 49). ER-119884 and E5700
(Fig. 1), two novel quinuclidine-based SQS inhibitors devel-
oped by Eisai Co. (Tokyo, Japan) as cholesterol- and triglyc-
eride-lowering agents in humans, have recently been shown to
be potent anti-Trypanosoma cruzi agents in vitro and in vivo,
and their activities have been shown to be associated with a
dramatic depletion of the parasite’s endogenous sterols (48).
In vivo studies with a murine model of acute Chagas’ disease
indicated that E5700 is able to provide full protection against
death and to completely suppress the parasitemia, with no
toxicity to the host (48). That study indicated that ER-119884

and E5700 potentially have activity against trypanosomatid
parasites. On the other hand, these compounds were also ac-
tive against Toxoplasma gondii, a parasite that does not syn-
thesize endogenous sterols (32), probably indicating that an-
other still unknown target(s) of arylquinuclidines is present in
this parasite. In addition, there have been studies on the effects
of 3-(biphenyl-4-yl)-3-hydroxyquinuclidine (3-biphenyl-4-yl-1-
aza-bicyclo[2,2,2]-octan-3-ol; BPQ-OH; Fig. 1), another potent
SQS inhibitor, on the structures of T. cruzi (4) and L. ama-
zonensis (39) cells; those studies showed that this inhibitor
induces ultrastructural alterations in several subcellular or-
ganelles, including plasma and flagellar membranes, the endo-
plasmic reticulum, the Golgi complex, and the mitochondrion.
Both studies also described the appearance of typical features
of programmed cell death in drug-treated cells.

In the present study, we investigated the antiproliferative,
biochemical, and ultrastructural effects of ER-119884 and
E5700 on Leishmania amazonensis and found that they are
among the agents with the most potent and selective activities
against this parasite ever tested.

MATERIALS AND METHODS

Parasites. Two strains of Leishmania amazonensis were used in this study:
strain NR, previously classified as Leishmania mexicana amazonensis but now
included in the species L. amazonensis (28), and strain MHOM/BR/75/Josefa
(strain Josefa), which was isolated from a patient with diffuse cutaneous leish-
maniasis by C. A. Cuba-Cuba (Universidade de Brasília, Brasilia, Brazil). Both
strains have been maintained in BALB/c mice by footpad inoculation and, in the
case of promastigotes, axenically cultured in LIT-B medium (49) for strain NR
and in Warren’s medium (brain heart infusion plus hemin and folic acid) for
strain Josefa; the media were supplemented with 10% fetal bovine serum, and
the cells were grown statically at 28°C. Infective promastigotes of strain Josefa
were used to obtain intracellular amastigotes in macrophage cultures.

Drugs. BPQ-OH was synthesized and purified as described by Brown et al. (5),
with slight modifications. ER-119884 {(3R)-3-[[2-benzyl-6-(3-methoxypropyloxy)-
pyridin-3-yl]ethynyl]quinuclidin-3-ol} and E5700 {(3R)-3-[[2-benzyl-6-[3R,4S)-3-
hydroxy-4-methoxypyrrolidin-1-yl]pyridin-3-yl]ethynyl]quinuclidin-3-ol monohy-
drate} were provided by Tsukuba Research Laboratories, Eisai Co. For the in
vitro studies, the compounds were dissolved in dimethyl sulfoxide (DMSO); the
final concentrations of DMSO in the cultures did not exceed 0.1% (vol/vol) and
had no effect on cell proliferation. Stock solutions were stored at 0 to 4°C.

In vitro activities of ER-119884 and E5700. Growth experiments with promas-
tigotes of both strains of L. amazonensis were initiated with 2.0 � 106 parasites/
ml, and the inhibitors were added at different concentrations from concentrated
stock solutions in DMSO after 24 h of growth. Cell densities were evaluated daily
in a hemocytometer and by turbidimetry (600 nm) for 5 days. To evaluate the
effects of the inhibitors on the intracellular amastigote forms of L. amazonensis,
peritoneal macrophages from BALB/c mice were harvested by washing them
with RPMI medium (Gibco), plating them in 24-well tissue culture chamber
slides, and allowing them to adhere to the slides for 24 h at 37°C in 5% CO2.
Adherent macrophages were infected with metacyclic promastigotes at a mac-
rophage-to-parasite ratio of 1:10 at 35°C for 2 h. After this time, the noningested
parasites were removed by washing and the infected cultures were incubated for
24 h in RPMI without the inhibitors. ER-119884 and E5700 were added at
different concentrations after 24 h of interaction, when the number of amasti-
gotes per macrophage was in the range of two to four, and fresh medium with
inhibitors was added daily for 4 days. The cultures were fixed with 4% paraform-
aldehyde in saline phosphate buffer (pH 7.2) and stained with Giemsa for 30 min.
The percentage of infected cells was determined by light microscopy. Association
indexes (mean number of parasites internalized multiplied by the percentage of
infected macrophages divided by the total number of macrophages) were deter-
mined. The 50% inhibitory concentrations (IC50s) were calculated with the
SigmaPlot (version 8) program. The results are expressed as the means of three
independent experiments.

Tests of viability in macrophages. To evaluate the cytotoxicities of ER-119884
and E5700 against macrophage cultures, cells were incubated with the indicated
concentrations of the drugs for 96 h, and exclusion tests with 0.1% trypan blue
were carried out for 5 min. The percentages of dead and alive cells were deter-

FIG. 1. Chemical structures of BPQ-OH, E5700, and ER-119884.
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mined after 300 macrophages in randomly selected fields were counted by light
microscopy. In addition, the mitochondrial membrane potential (��) of control
macrophages as well as that of cells treated with different concentrations of
E5700 and ER-119884 (5 to 500 nM) was determined with the potentiometric
probe JC-1. JC-1 is a cationic mitochondrial vital dye that is lipophilic and that
becomes concentrated in the mitochondria in response to ��. The dye exists as
a monomer at low concentrations, where the emission is 530 nm (green fluores-
cence), but at higher concentrations it forms J-aggregates, where the emission is
590 nm (red fluorescence). Thus, the fluorescence of JC-1 is considered an
indicator of an energized mitochondrial state. Control and treated macrophages
were incubated for 30 min with 10 �M JC-1 at 37°C, washed with phosphate-
buffered saline (PBS; pH 7.2), and observed under a Zeiss Axioplan epifluores-
cence microscope. The fluorescence was collected with a 500- to 550-nm band-
pass filter for monomer detection and a 560-nm long-pass filter for aggregate
detection, and the images were recorded with a C5810 Hamamatsu camera.

Isolation and purification of SQS from Leishmania amazonensis promastig-
otes. The purification of native glycosomal and microsomal SQS from Leishmania
amazonensis NR promastigotes was carried out as described by Urbina et al. (49).
Briefly, cells which had been grown in LIT medium were harvested, washed in
PBS, homogenized by gentle grinding with silicon carbide, and fractionated by
sequential differential and isopycnic centrifugation. Subcellular fractions were
identified by their densities and marker enzymes, as described in detail by
Concepcion et al. (8).

Assay of SQS activity. SQS activity was measured by the radioactive spot-wash
assay developed by Tait (43).

Kinetic calculations. Initial velocity (V) data were obtained as a function of the
substrate concentration ([S]) and inhibitor concentration ([I]) and by keeping
the cosubstrate concentration at saturating levels, and the data were fitted to the
following equation (44): 1/V � {(1 � [I]/Kii)/Vm} � {(1 � [I]/Kis)Km/Vm[S]},
where Km and Vm are the apparent Michaelis-Menten constant and the maximal
velocity, respectively, and where Kii � ([E�S][I])/[E�SI] and Kis � ([E�][I])/[E�],
where [E�] and [E�S] are the concentrations of the free enzyme and the enzyme-
substrate complex, respectively, in the presence of fixed concentrations of the
cosubstrate and cofactors. Kinetic constants were estimated by nonlinear regres-
sion analysis with the SigmaPlot (version 8) software package.

Studies of lipid composition. For the analysis of the effects of the drugs on the
lipid composition of the promastigotes, total lipids were extracted from control
and drug-treated Leishmania amazonensis NR promastigotes and were fraction-
ated into neutral and polar lipid fractions by silicic acid column chromatography
and gas-liquid chromatography (45, 46). The neutral lipid fractions were first
analyzed by thin-layer chromatography (on Merck 5721 silica gel plates with
heptane-isopropyl ether-glacial acetic acid [60:40:4] as the developing solvent)
and conventional gas-liquid chromatography (isothermal separation in a 4-m
glass column packed with 3% OV-1 on Chromosorb 100/200 mesh, with nitrogen
as the carrier gas at 24 ml/min, and with flame ionization detection in a Varian
3700 gas chromatograph). For quantitative analysis and structural assignments,
the neutral lipids were separated in a capillary high-resolution column (an Ul-
tra-2 column of 25 m by 0.20 mm [inner diameter] with 5% phenyl-methyl-
siloxane and a film thickness of 0.33 �m) in a Hewlett-Packard 6890 Plus gas
chromatograph equipped with an HP5973A mass-sensitive detector. The lipids
were dissolved in chloroform and injected; the column was kept at 50°C for 1
min, and then the temperature was increased to 270°C at a rate of 25°C � min�1

and finally to 300°C at a rate of 1°C � min�1. The flow rate of the carrier gas (He)
was kept constant at 0.5 ml � min�1. The injector temperature was 250°C, and the
detector was kept at 280°C.

Fluorescence microscopy. Control and treated parasite cells were fixed for 30
min at room temperature in 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.2) and allowed to adhere to coverslips. Two different fluorescent labeling
procedures were used in this study: one with 4�,6�-diamidino-2-phenylindole
(DAPI) to label the DNA and the other with Nile red to label the lipid bodies.
For DAPI fluorescence, the parasites that adhered were permeabilized with 1%
Triton X-100 in 0.1 M phosphate buffer (pH 7.2) for 5 min and incubated in a
DAPI solution for 15 min. In the case of Nile Red fluorescence, the adherent
parasites were incubated in 10 �g/ml Nile Red for 30 min. After the incubations,
the coverslips were mounted in glass slides with n-propyl-galate, sealed, and
observed under a Zeiss Axioplan epifluorescence microscope equipped with
DAPI and rhodamine filters. The images were recorded with a C5810 Hamamatsu
camera.

Immunofluorescence microscopy. Two different methodologies were used to
observe changes in the cytoskeletons of the treated cells. By the first methodol-
ogy, control and parasites treated with BPQ-OH, ER-119884, and E5700 were
fixed and permeabilized with absolute methanol for 10 min at �20°C. By the
second methodology, parasites were fixed for 30 min at room temperature in 4%

paraformaldehyde in 0.1 M PHEM buffer (pH 7.2), allowed to adhere to cover-
slips, and permeabilized with 1% Triton X-100 in 0.1 M PHEM (25 mM MgCl2,
35 mM KCl, 5 mM EGTA, 10 mM HEPES, 30 mM PIPES) buffer (pH 7.2) for
5 min. After fixation and permeabilization, the samples were blocked for 1 h in
a solution of PBS (pH 8.0) containing 1.5% albumin and 0.25% fish gelatin and
were incubated for 1 h with the TAT1 monoclonal antibody against 	-tubulin
(diluted 1:1 in a blockade buffer). Next, the samples were incubated with a
secondary antibody, anti-mouse Alexa 488 (diluted 1:400). The coverslips were
mounted in glass slides with n-propyl-galate, sealed, and observed under a Zeiss
Axioplan epifluorescence microscope equipped with a fluorescein filter set. The
images were recorded with a C5810 Hamamatsu camera.

Electron microscopy. Control and treated parasite cells were fixed for 24 h at
4°C in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). After fixation,
the cells were postfixed for 30 min in a solution containing 1% OsO4 and 1.25%
potassium ferrocyanide solution in 0.1 M cacodylate buffer, washed in the same
buffer, dehydrated in acetone, and embedded in Epon. Ultrathin sections were
stained with uranyl acetate and lead citrate and were observed under a Jeol 1200
electron microscope.

RESULTS

In vitro antiproliferative effects of E5700 and ER-119884 on
Leishmania amazonensis. E5700 and ER-119884 were potent
antiproliferative agents against Leishmania amazonensis NR
promastigotes, with MICs of 30 and 10 nM, respectively (Fig.
2). Very similar activities were observed against strain Josefa,
with MICs of 50 and 10 nM and IC50s of 6.7 and 0.92 nM for
E5700 and ER-119884, respectively, after 96 h of incubation
(Table 1 and data not shown). The two compounds were even
more potent against clinically relevant intracellular amasti-
gotes of strain Josefa cultivated in murine peritoneal macro-
phages, with IC50s of 2.0 and 0.5 nM, respectively, after 96 h of
contact with the drugs (Fig. 3 and Table 1) and with no de-
tectable effects against the host cells. The mitochondrial ��s
of control and treated macrophage monolayers were deter-
mined by JC-1 fluorescence. The macrophages were treated
for 4 days with concentrations that varied from 5 nM to 500
nM, concentrations 1,000- and 250-fold greater than the IC50s
obtained for ER-119884 and E5700, respectively. No differ-
ence in the intensity of the dye’s red fluorescence between
control and treated cells (Fig. 4A to F) was detected at any of
the concentrations tested, indicating that the mitochondrial
��s and, thus, the cells’ viability were not compromised by the
drug treatment. Differential interference contrast (DIC) mi-
croscopy also indicated that the macrophages were intact (Fig.
4A, C, and E). Furthermore, trypan blue exclusion tests were
carried out with noninfected macrophages incubated with the
drugs at up to 5 mM (the solubility limit) for 96 h. We obtained
(Fig. 4G and H) IC50s of 51.1 �M and 51.8 �M for ER-119884
and E5700, respectively, which were 100,000- and 25,000-fold
greater than the corresponding IC50s against the intracellular
amastigotes. As reported in previous studies (38, 49), the final
DMSO concentration in the cultures (0.1%) did not interfere
with parasite growth or morphology.

Effects of E5700 and ER-119884 on Leishmania amazonensis
SQS. As was found in a previous study (49), SQS has a dual
localization in Leishmania amazonensis NR promastigotes: the
glycosomes and the microsomes. E5700 and ER-119884 were
very potent inhibitors of both enzyme isoforms, with IC50s in
the low-nanomolar or subnanomolar range in the absence or
presence of 20 �M inorganic pyrophosphate, respectively (Ta-
ble 2). Detailed kinetic studies demonstrated that these com-
pounds were mixed or noncompetitive inhibitors of the enzyme
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(Fig. 5 and 6, Table 3, and results not shown), with the Kii and
Kis values again being in the low-nanomolar to subnanomolar
range.

Effects of E5700 and ER-119884 on Leishmania amazonensis
free sterol composition. Consistent with their inhibitory actions
on the parasite’s SQS, incubation of Leishmania amazonensis
promastigotes with E5700 or ER-119884 induced a dose-de-
pendent reduction of the relative levels of the main endoge-
nous sterols, episterol and 5-dehydroepisterol, with no accu-
mulation of sterol precursors, consistent with a blockade of de
novo sterol biosynthesis at the level of SQS (Table 4). Deple-
tion of the parasite’s endogenous sterols was associated with
growth inhibition (Fig. 2 and Table 4). However, full growth
arrest and a loss of cell viability arrest took place at con-
centrations of the drugs below those required for the com-

plete depletion of the endogenous sterols (with exogenous
cholesterol remaining the sole sterol in treated cells; Fig. 2
and Table 4).

Effects on tubulin cytoskeleton. Immunofluorescence mi-
croscopy was used to investigate the effects of the SQS inhib-
itors on the parasite’s cytoskeleton, constituted mainly by
tubulin. Figure 7A and B shows DIC and fluorescence micro-
scopic images for control parasites, which displayed a normal
shape and labeling after initial incubation in the presence of
antitubulin antibody and subsequent incubation with a second-
ary antibody conjugated to Alexa 488. Changes in the shape
and cytoskeleton were observed after treatment with ER-

FIG. 2. Effects of E5700 (A) and ER-119884 (B) on the prolifera-
tion of Leishmania amazonensis NR promastigotes. Promastigotes
were cultured statically in LIT-B medium at 28°C, as described in
Materials and Methods. The arrows indicate the time of addition of
the drug at the indicated concentrations. The experiments were carried
out in triplicate, and each bar represents 1 standard deviation.

FIG. 3. Effects of E5700 (A) and ER-119884 (B) on the prolifera-
tion of Leishmania amazonensis intracellular amastigotes. Macrophage
monolayers were first infected with metacyclic promastigotes for 24 h,
and after that the different concentrations of E5700 and ER-119884
were added for 4 days. See Materials and Methods for details about
the assays with the intracellular amastigotes. Experiments were carried
out in triplicate, and each bar represents the standard deviation. As-
sociation indexes are the mean number of parasites internalized mul-
tiplied by the percentage of infected macrophages divided by the total
number of macrophages. The Student test was calculated for data for
each day and concentration, always in comparison with the results for
the control, and P was 
0.001 for all parameters.

TABLE 1. Antiproliferative effects of E5700 and ER-119884
against promastigotes and intracellular amastigotes

of Leishmania amazonensis Josefaa

Stage Incubation
time (h)

IC50 (nM)

E5700 ER-119884

Promastigotes 72 14.7 1.7
96 6.7 0.9

Intracellular amastigotes 72 4 0.9
96 2 0.5

a For details on the growth assays, see Materials and Methods.
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FIG. 4. DIC microscopy (left panels) and fluorescence microscopy with JC-1, a mitochondrial fluorescent dye (right panels), after 4 days
treatment of macrophage cultures with 500 nM ER-119884 and E5700. (A and B) Macrophage control, without any treatment, showing the red
fluorescence of the J-aggregate, which indicates that the mitochondria are intact; (C to F) macrophages treated with 500 nM ER-119884 (C and
D) and E5700 (E and F) for 4 days, showing the same pattern of red fluorescence of the J-aggregate observed in the control macrophages, which
also indicates that both SQS inhibitors do not affect the mitochondrial ��; (G and H) percentage of viable cells after treatment of macrophages
with E5700 (G) and ER-119884 (H) for 96 h; the concentration given in each panel corresponds to the IC50 of the compound. Bars, 5 �m.
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119884 and BPQ-OH near their MICs (Fig. 7C to F) but not
with E5700 up to its MIC (50 nM; data not shown). After
fixation and permeabilization with methanol, fluorescence im-
ages (Fig. 7D and F) showed the formation of large tubulin
clusters (white arrowheads) in treated parasites that was not
seen in untreated cells and that probably resulted from the
depolymerization of the tubulin dimers. This change in cy-
toskeleton was accompanied by an important change in the
shape of the parasite cells, as observed in the DIC microscopic
images (Fig. 7C and E). When the parasites were fixed with
paraformaldehyde and permeabilized with Triton X-100, we
also observed changes in the labeling of the tubulin, indicating
that the clusters seen after methanol incubation were not an
artifact of the extraction step but were a consequence of the
treatment with the SQS inhibitors (Fig. 7G and H). These

FIG. 5. Kinetics of L. amazonensis glycosomal SQS inhibition by E5700. Double-reciprocal plots of the enzyme activity as a function of various
concentrations of FPP in the presence of 1 mM of the cosubstrate NADPH and the indicated concentrations of E5700 in the absence (A) or
presence (B) of 20 �M PPi are presented. (Insets) Secondary plots of the intercepts as a function of E5700 (app, apparent). SQS activity was
measured in the presence of 0.1% Triton X-100, as described by Tait (43).

TABLE 2. Inhibitory activities of E5700 and ER-119884 on SQS
from Leishmania amazonensis NR promastigotesa

Compound

IC50 (nM) without PPi/IC50 (nM)
with 20 �M PPi

Glycosomal
SQS

Microsomal or
mitochondrial SQS

E5700 6.4/0.47 5.5/0.53
ER-119884 6.9/1.3 14.8/3.3

a Highly purified glycosomes and microsomal or mitochondrial vesicles were
obtained from cell homogenates prepared by grinding with silicon carbide, fol-
lowed by differential and isopycnic centrifugation, as described elsewhere (8).
SQS was assayed as described by Tait (43) in the presence of 0.1% Triton X-100,
20 �M FPP, and 1 mM NADPH.
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changes in shape and in the organization of the cytoskeleton
were observed in 60 to 80% of the treated cells.

Effects on cell cycle. Fluorescence microscopy of cells
stained with DAPI to label the nucleus and kinetoplast re-
vealed changes in the cell cycle in a subpopulation of cells

treated with ER-119884 (Fig. 8A to D), but these changes were
absent in parasites treated with E5700 at concentrations up to
its MIC (data not shown). Figure 8A shows control parasites
after 48 h of culture presenting normal numbers of flagella
(black arrow), kinetoplasts (white arrow), and nuclei (arrow-

FIG. 6. Kinetics of L. amazonensis glycosomal SQS inhibition by ER-119884. Double-reciprocal plots of the enzyme activity as a function of
various concentrations of FPP in the presence of 1 mM of the cosubstrate NADPH and the indicated concentrations of ER-119884 in the absence
(A) or presence (B) of 20 �M PPi are presented. (Insets) Secondary plots of the slopes as a function of ER-119884 (app, apparent). SQS activity
was measured in the presence of 0.1% Triton X-100, as described by Tait (43).

TABLE 3. Inhibition kinetic constants for E5700 and ER-119884 on SQS from Leishmania amazonensis NR promastigotesa

Enzyme source

Ki (nM) without PPi/Ki (nM) with 20 �M PPi
Inhibition type without PPi/with 20 �M PPi

Kii Kis

E5700 ER-119884 E5700 ER-119884 E5700 ER-119884

Glycosomes 5.2/1.2 4.6/1.1 1.0/0.4 6.5/2.9 Mixed/mixed Noncompetitive/mixed
Microsomes 1.2/1.2 4.3/3.2 4.0/0.9 5.5/1.1 Mixed/noncompetitive Noncompetitive/mixed

a Highly purified glycosomes or microsomal vesicles were obtained from cell homogenates by grinding with silicon carbide, followed by differential and isopycnic
centrifugation, as described elsewhere (8). SQS was assayed as described by Tait (43) in the presence of 0.1% Triton X-100.
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head). After 24 h of treatment, about 5% of the parasites with
several abnormalities in these structures were observed: Fig.
8B shows a parasite treated with 50 nM ER-119884 with four
flagella (black arrows) but only one kinetoplast (white arrow)
and one nucleus (arrowhead). After 48 h of treatment with 10
nM ER-119884 (Fig. 8C), parasites with three flagella (black
arrows) and three nuclei (arrowheads) but only two kineto-
plasts (black arrow) were found, indicating serious interfer-
ence of ER-119884 with cell cycle progression, whereas after
72 h of treatment (Fig. 8D), some treated parasites presented
abnormal shapes and up to four kinetoplasts (white arrows)
and one nucleus (arrowhead). The presence of these aberrant
phenotypes in association with altered cell cycles was quanti-
fied (Fig. 9A to C). After 48 and 72 h of treatment, the number
of altered cells increased, with about 20% of the parasites
exhibiting gross abnormalities.

Presence of lipid droplets. Fluorescence microscopy of con-
trol and treated parasites stained with Nile Red was carried out
to visualize the possible accumulation of lipid droplets in the
cytoplasm induced by the treatment with the SQS inhibitors.
Figure 10A shows that the control parasites did not present

lipid droplets in the cytoplasm. After treatment with
ER-119884 at 10 nM for 24 h, many lipid droplets were ob-
served (Fig. 10B and C). Such lipid droplets were not seen in
E5700-treated cells (data not shown).

Ultrastructural effects. Several changes in the ultrastructure
of parasite cells treated with the SQS inhibitors were observed
by transmission electron microscopy. Figure 11A shows a con-
trol promastigote form of L. amazonensis with a normal mor-
phology. One important change took place in cells treated with
either ER-119884 or E5700, in which the plasma membrane
and flagellar membrane presented severe alterations, as seen
in Fig. 11B and C (arrowheads). Similar changes were ob-
served in intracellular membranes after treatment with ER-
119884 at low concentrations and with short incubation times
(10 nM for 24 h), when organelles such as the endoplasmic
reticulum also had dramatic alterations (Fig. 11D, arrows) and
the Golgi complex displayed dilated cisternae (Fig. 11E, big
arrow). Treated parasites also showed lipid accumulation in
the cytoplasm (Fig. 12A, arrow), and in some cases the lipid
accumulation appeared to be surrounded by a membrane pro-
file, probably the cisternae of the endoplasmic reticulum (Fig.

TABLE 4. Effects of E5700 and ER-119884 on free sterol compositions of Leishmania amazonensis NR promastigotesa

Compound Molecular structure

Composition (mass %)

Control E5700
10 nM

E5700
30 nM

E5700
50 nM

ER-
119884
3 nM

ER-
119884
10 nM

ER-
119884
30 nM

Exogenous cholesterol 11.7 21.4 58.1 �99 44.0 68.5 �99

Endogenous 14-desmethyl:

Ergosta-5,7,24(241)-trien-
3�-ol (5-dehydroepisterol) 61.6 53.1 28.8 ND 36.8 17.3 ND

Ergosta-7,24(241)-dien-3�-ol
(episterol) 19.4 22.5 13.1 ND 19.2 14.2 ND

Cholesta-5,7,24-trien-3�-ol 3.7 ND ND ND ND ND ND

Cholesta-7,24-dien-3�-ol 3.6 3.0 ND ND ND ND ND

a Sterols were extracted from cells exposed to the indicated drug concentration for 96 h; they were separated from polar lipids by silicic acid column chromatography
and were analyzed by quantitative capillary gas-liquid chromatography and mass spectrometry. ND, not detected.
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FIG. 7. DIC microscopy (left panels) and immunofluorescence microscopy (right panels) of promastigote forms of Leishmania amazonensis
control cells (A and B), cells treated with 5 nM ER-119884 for 24 h (C and D), and cells treated with 1 �M BPQ-OH for 24 h (E and F). The
labeling corresponds to the cytoskeleton constituted mainly by tubulin, which is revealed here by use of a secondary antibody, anti-mouse Alexa
488. Black arrows point to the cell body, and white arrowheads point to the accumulated tubulin that could be visualized after incubation with the
SQS inhibitors. (A and B) General overview of control promastigotes presenting normal labeling in the subpellicular microtubules. Note in the DIC
microscopy image that the parasites have the characteristic shape of the promastigotes. (C and D) After treatment with ER-119884, the parasites
appeared to be swelled, as observed by DIC microscopy, and the labeling pattern for tubulin changed completely, with tubulin appearing as clusters
that accumulated in the cytoplasm (white arrowheads). (E and F) Parasites treated with BPQ-OH presenting the same alteration described for
panels C and D. (G and H) The same labeling pattern for tubulin observed in panels C and D was observed in paraformaldehyde- and Triton
X-100-treated cells. In the DIC microscopy image, it was possible to observed alterations in the membrane structure (black arrowheads) that
correspond to the labeling for the tubulin observed by the fluorescence microscopy (white arrowheads). Black arrows point to regions of the cell
bodies where the plasma membrane was completely extracted after treatment with methanol. Bars, 5 �m.
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12A, arrowheads). In other cells, a large number of lipid drop-
lets with various morphologies were seen (Fig. 12B to D),
consistent with the accumulation of lipid droplets detected
by Nile Red fluorescence. At least three different popula-
tions of lipid droplets could be identified: (i) inclusions with

a very electrondense membrane (Fig. 12B, arrows), (ii) clas-
sical lipid inclusions completely stained with osmium tetrox-
ide (Fig. 12C and D, arrows), and (iii) electron-lucent lipid
bodies (Fig. 12D, large arrows and stars) surrounded by a
typical monolayer of phospholipids (Fig. 12D). In some

FIG. 8. DIC microscopy (left panels) and fluorescence microscopy with DAPI (right panels) of promastigote forms of Leishmania amazonensis
control cells (A), cells treated with 50 nM ER-119884 for 24 h (B), cells treated with 10 nM ER-119884 for 48 h (C), and cells treated with 10 nM
ER-119884 for 72 h (D) showing changes in the number of flagella, kinetoplasts, and nuclei. (A) General overview of control parasites presenting one
flagellum (black arrow), one kinetoplast (white arrow), and one nucleus (white arrowhead); (B) after 24 h of treatment, we found parasites presenting
four flagella (black arrows) but only one kinetoplast (white arrow) and one nucleus (white arrowhead); (C) after 48 h, parasites with three flagella (black
arrows), two kinetoplasts (white arrow), and three nuclei (white arrowheads) were observed; (D) after 72 h, we found that the parasites had swelled and that
some of them presented a variable number of flagella (black arrow), kinetoplasts (white arrows), and nuclei (white arrowhead). Bars, 5 �m.
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cases, by observation at high magnification (Fig. 12C, star),
we could see lipid droplets presenting a core not stained
with osmium tetroxide, which probably means a difference
in the lipid composition of these structures, probably indi-
cating the presence of saturated fatty acids.

Additional lesions observed in drug-treated parasites included
the presence of promastigotes with two or more nuclei (Fig. 13A),
as already described above by the use of DAPI staining; the
presence of many vesicles in the flagellar pocket or in close asso-
ciation with it (Fig. 13B, arrowheads), sometimes resembling the
structure described as the contractile vacuole (Fig. 13B, stars);
and the presence of cells with a highly vacuolized cytoplasm (Fig.
13C, arrows) and nuclei in which the chromatin was drastically
altered (Fig. 13D).

DISCUSSION

Quinuclidine derivatives are well-known potent inhibitors of
mammalian SQS (5, 7, 33). The first quinuclidine tested against
T. cruzi (4, 49) and Leishmania spp. (39, 49) was BPQ-OH,
which inhibited native SQS and led to cell death in association
with the depletion of the parasite’s endogenous sterols, dem-
onstrating that SQS is essential for cell viability in trypanoso-
matids. It has also been found that other quinuclidine deriva-
tives inhibit the Leishmania major recombinant SQS in the
nanomolar range and induce the depletion of endogenous ste-
rols and growth inhibition in whole parasites of the NR strain
of Leishmania amazonensis (6, 26). The novel quinuclidine
derivatives ER-119884 and E5700 against Trypanosoma cruzi
were previously found to be particularly potent inhibitors of
SQS; this inhibition led to the complete depletion of the par-
asite’s endogenous sterols and cell death at low-nanomolar to
subnanomolar concentrations (48). However, a recent study
demonstrated that ER-119884 and E5700 were also potent
inhibitors of the growth of Toxoplasma gondii, a parasite that
does not code for SQS and which is incapable of the de novo
biosynthesis of sterols (32), indicating that these compounds
have other intracellular targets in apicomplexan parasites. The
antiproliferative activities of these novel quinuclidine deriva-
tives against Leishmania amazonensis observed in this study
were similar to those found against T. cruzi (48), with IC50s
against both extracellular promastigotes and intracellular
amastigotes in the low-nanomolar to subnanomolar range (Ta-
ble 1). It must be noted that the clinically relevant intracellular
amastigotes stages are significantly more susceptible that the
extracellular forms for both parasites. Such high degrees of
susceptibility and the lack of effects against host cells place
E5700 and ER-119884 among the compounds with the most
potent and selective activities against trypanosomatid parasites
ever tested. This selectivity has also been demonstrated in vivo
against T. cruzi (48) and in the present work against L. ama-
zonensis in macrophage cultures, where it was shown that ER-
119884 and E5700 had IC50s against the host cells that were 4
to 5 orders of magnitude larger than those against the intra-
cellular parasites (Fig. 4).

The potencies of the quinuclidine derivatives as inhibitors of
purified L. amazonensis SQS (Table 2) are quantitatively sim-
ilar to their antiproliferative effects (Table 1 and Fig. 2), sug-
gesting a causal relationship between the two phenomena.
However, the level of antiproliferative activity of ER-119884
against L. amazonensis promastigotes was higher than that of
E5700, which is in contrast to their relative potencies against
purified SQS (compare Tables 1 and 2), indicating that the first
compound could have a better ability to permeate the para-
site’s cell membranes or that it has a second target in these
cells. Support for the notion that a primary mechanism of
action of these compounds is inhibition of SQS comes from the
correlation between the depletion of the parasite’s endogenous
sterols and growth inhibition, but as noted above, full growth
arrest and a loss of cell viability took place at concentrations
lower than those required for complete endogenous sterol
depletion (Fig. 2 and Table 4), again suggesting other mecha-
nisms of action. In any case, the fact that both compounds act
as mixed or noncompetitive SQS inhibitors (Table 3) suggests
that it is unlikely that they would be displaced from the active

FIG. 9. Proportions of 200 cells counted with different cell division phe-
notypes observed until 96 h of growth and 72 h of treatment with ER-119884.
(A) After 24 h of treatment; (B) after 48 h of treatment; (C) after 72 h of
treatment. These analyses represent the quantification of the fluorescence
with DAPI shown in Fig. 6. N, nucleus; F, flagellum; K, kinetoplast.
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site of the enzyme as a consequence of substrate accumulation
in live cells.

Conventional light microscopy, fluorescence microscopy,
and transmission electron microscopy of thin sections have
been used to identify the protozoan structures affected by
BPQ-OH (Fig. 7) (39) and by ER-119884 and E5700 in L.
amazonensis (this study). Since the shape of the parasite results
from the spatial organization of the subpellicular microtubules
whose principal component is tubulin, we decided to look for
the distribution of this protein in control and drug-treated cells
by immunofluorescence microscopy. Our observations showed
a significant change between the labeling patterns of control
cells and ER-119884- or BPQ-OH-treated cells, indicating a
topological rearrangement of the protein (Fig. 7). However,
the structure of the microtubules was not changed, as observed
by electron microscopy (Fig. 11 to 13). Therefore, it is possible
that the changes observed are not due to a direct effect of the
drugs on the subpellicular microtubules but are due to an
indirect effect resulting from the complete depletion of essen-
tial endogenous sterols of the plasma membrane (48, 49),
which can lead to drastic modifications of its physical proper-
ties (50) and subsequently alter its association with the subpel-
licular microtubules (for a review, see reference 20). These
changes in the plasma membrane and subpellicular microtu-
bules were previously observed in a study on the effects of
BPQ-OH in L. amazonensis (39) and are in agreement with the
results obtained in the present study by analysis of the tubulin

distribution by an immunofluorescence assay. Another expla-
nation would be that ER-119884 and BPQ-OH have a specific
effect on some other component of the microtubular array, as
the effect was not seen in E5700-treated cells. This is the first
report that sterol biosynthesis inhibitors induce modifications
in the cytoskeleton constituted by the subpellicular microtu-
bules. It was recently shown in tumor mast cells that the cho-
lesterol depletion induced by methyl-�-cyclodextrin can lead to
changes in the actin cytoskeleton by the disruption of lipid rafts
(15).

We also used fluorescence microscopy, in association with
DIC light microscopy, to analyze the relative numbers of nu-
clei, kinetoplasts, and flagella in control and drug-treated cells.
When DAPI was used to visualize the nucleus and the kineto-
plast, marked alterations of the cell cycle were observed in a
significant proportion of treated cells (Fig. 8), and these alter-
ations increased with longer exposures to the drugs (Fig. 9).
We had shown in a previous study that treatment with
BPQ-OH also leads to the appearance of multinucleated par-
asites (39). In the present study, this effect was observed in
parasites treated with ER-119884 but not in those treated with
E5700, again suggesting a second target for the former com-
pound. The effect was already evident after just 24 h of contact
with the drug, when most cells were still dividing: the affected
cells presented abnormal numbers of flagella, nuclei, and ki-
netoplasts; and the relative proportion of these abnormal cells
increased with time. Again, there are two possible explanations

FIG. 10. DIC microscopy (left panels) and fluorescence microscopy with Nile red (right panels) of promastigote forms of Leishmania
amazonensis control cells (A) and cells treated with 10 nM ER-119884 for 24 h (B and C) showing the presence of lipid droplets (white arrowheads)
in the cytoplasms of the treated parasites. Bars, 5 �m.
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for these effects: (i) the cells do not complete cell division due
to the depletion of essential endogenous sterols, which control
the dynamics of the membrane but which are also key regula-
tors of the cell cycle (12, 16); or (ii) the organization of the
cytoskeleton necessary for the completion of the cytokinesis
process, which requires interactions with the plasma nuclear

membranes, is in some way specifically affected by ER-119884,
as discussed above for the subpellicular microtubules.

Another prominent effect resulting from the treatment of
the parasites with ER-119884 or E5700 was the accumulation
of lipid droplets in the cytoplasm (Fig. 10 and 12), probably
resulting from the accumulation of lipid precursors due to the

FIG. 11. Ultrathin sections of promastigote forms of Leishmania amazonensis control cells (A) and cells treated with 50 nM ER-119884 for 24 h
(B), 1 nM E5700 for 48 h (C), 10 nM E5700 for 24 h (D), and 5 nM ER-119884 for 24 h (E). (A) General overview of a normal promastigotes
presenting any alteration in the nucleus (N), flagellum (F), mitochondrion (M), and kinetoplast (K). Note that the plasma membrane and the
domain that surrounds the flagellum appear to be normal. (B and C) The images indicate a dramatic lesion in the membrane that surrounds the
cell body and the flagellum (arrows); (D and E) the images suggest changes in the endoplasmic reticulum (arrows) and in Golgi complex (big
arrow). GC, Golgi complex; F, flagellum; K, kinetoplast; M, mitochondrion; N, nucleus. Bars, 0.5 �m.
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drastic alteration of the sterol content of the parasite’s mem-
branes. The lipid droplets could be identified by fluorescence
microscopy of Nile Red-stained cells and by transmission elec-
tron microscopy. Each lipid droplet or lipid inclusion was sur-
rounded by a monolayer of phospholipids, similar to those
described in many eukaryotic cells (34). These structures have

a hydrophobic core usually composed of triacylglycerol, diacyl-
glycerol, and esterified sterols (34). Quinuclidine derivatives
are also known to interfere with fatty acid and phospholipid
biosynthesis in mammalian cells (22), and a similar phenome-
non has been reported in Chritidia deanei cells after treatment
with sterol 24-methenyltransferase inhibitors (35). Lipid inclu-

FIG. 12. Ultrathin sections of promastigote forms of Leishmania amazonensis treated with 5 nM ER-119884 for 48 h (A), 5 nM E5700 for 48 h
(B), 10 nM ER-119884 for 72 h (C), and 10 nM ER-119884 for 48 h (D). (A) The image suggests an accumulation of lipid (arrow) in the cytoplasm,
which appears to be surrounded by endoplasmic reticulum (arrowheads); (B to D) the presence of many lipid droplets in the cytoplasm with distinct
morphologies. From the image in panel B, we can observe an accumulation of osmium tetroxide only in the periphery of the structures. On the
other hand, the image in panel C shows the presence of electron-dense lipid inclusions (arrows), but in some cases, the lumen of these structures
appear to be empty (stars). In the image in panel D, we can observe a population of lipid bodies surrounded by a monolayer (large arrows and
stars) that could be better visualized under higher magnification (star), although more electron-dense inclusions (arrow) also appear. M,
mitochondrion; N, nucleus. Bars, 0.5 �m (A to D) and 0.25 �m (C and D insets).
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sions were also observed in L. major null mutants for serine
palmitoyltransferase, an enzyme involved in sphingolipid bio-
synthesis (54, 55), and in T. cruzi epimastigotes after the per-
turbation of sphingolipid biosynthesis (40). However, large
numbers of lipid inclusions have also been reported in taxol-
treated T. cruzi (13), indicating that lipid body formation can
occur as a consequence of many different perturbations to the
parasite’s cellular functions.

Significant changes were also found in internal membranes,
such as those of the Golgi complex and the endoplasmic retic-
ulum (Fig. 11), indicating that sterol biosynthesis inhibition can
alter these membranes. In mammalian cells, it has been shown

that the depletion of cholesterol leads to the profound alter-
ation of the de novo synthesis of sphingolipids, indicating that
this sterol is involved in the endocytic and secretory pathways,
probably in association with lipid raft formation and recycling
(31). The presence of vacuoles near the Golgi complex and
many vesicles inside the flagellar pocket in L. amazonensis cells
treated with the SQS inhibitors also suggest perturbations in
intracellular trafficking, mainly in the secretory pathway (14,
54, 55). In addition, some electron micrographs showed
changes in the flagellar pocket and the flagellar membrane, but
these were not associated with the subpellicular microtubules,
thus indicating that ergosterol and other 24-alkyl sterols are

FIG. 13. Ultrathin sections of promastigote forms of Leishmania amazonensis treated with 50 nM ER-119884 for 96 h (A), 50 nM E5700 for
48 h (B), 5 nM ER-119884 for 72 h (C), and 50 nM ER-119884 for 96 h (D). (A) Promastigote presenting three nuclei. (B) The presence of many
vesicles inside and in close association with the flagellar pocket (arrowheads). The image in panel B also shows the presence of a structure similar
to the contractile vacuole in the anterior region of the parasite (stars). (C) After treatment, many parasites presented a complete vacuolization of
the cytoplasm (arrows), in some cases appearing as structures similar to autophagosomes (A). (D) Some parasites also presented changes in the
chromatin condensation. As observed in panel A, the cell had two nuclei. A, autophagosome; F, flagellum; K, kinetoplast; N, nucleus. Bars, 0.5
�m (panels A to D) and 0.25 �m (panel B inset).
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essential for maintenance of the integrity of all cellular mem-
branes in this organism.

Finally, some electron micrographs indicated that the SQS
inhibitors were able to induce autophagic cell death or apop-
tosis processes (Fig. 13). However, more studies are necessary
to better describe the cell death phenotypes after treatment
with these ergosterol biosynthesis inhibitors.

In conclusion, this work found that ER-119884 and E5700
are potent inhibitors of the growth of L. amazonensis that
induce dramatic effects on the morphology and ultrastructure
of these unicellular organisms, most probably resulting from
inhibition of endogenous sterol biosynthesis at the level of SQS
and the resulting depletion of essential endogenous sterols.
However, some of our observations indicate that the
ER-119884 may also interfere with other cellular processes,
such as cytoskeleton organization and cytokinesis. The remark-
able potencies and selective anti-Leishmania activities of these
compounds in vitro warrant further studies with animal models
of the several forms of leishmaniasis, which are under way in
our laboratories.
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