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a b s t r a c t

In this study, the antiprotozoal activity of the sesquiterpene lactone psilostachyin C was investigated. This
natural compound was isolated from Ambrosia scabra by bioassay-guided fractionation and was identified
by spectroscopic techniques. Psilostachyin C exerted in vitro trypanocidal activity against Trypanosoma
cruzi epimastigotes, trypomastigotes and amastigotes, with 50% inhibitory concentration (IC50) values
of 0.6, 3.5 and 0.9 �g/mL, respectively, and displayed less cytotoxicity against mammalian cells, with a
50% cytotoxic concentration (CC50) of 87.5 �g/mL. Interestingly, this compound induced ultrastructural
alterations, as seen by transmission electron microscopy, in which vacuolisation and a structural appear-
rypanocidal activity
eishmanicidal activity

ance resembling multivesicular bodies were observed even at a concentration as low as 0.2 �g/mL. In an
in vivo assay, a significant reduction in the number of circulating parasites was found in T. cruzi-infected
mice treated with psilostachyin C for 5 days compared with untreated mice (7.4 ± 1.2 × 105 parasites/mL
vs. 12.8 ± 2.0 × 105 parasites/mL) at the peak of parasitaemia. According to these results, psilostachyin
C may be considered a promising template for the design of novel trypanocidal agents. In addition,

the g
�g/m
lsevie
psilostachyin C inhibited
(IC50 = 1.2 �g/mL and 1.5
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. Introduction

Chagas disease, caused by the protozoan parasite Trypanosoma
ruzi, is endemic in Latin America. Approximately 16–18 million
eople are infected in the Americas and ca. 100 million people
re at risk of contracting the disease [1]. Prophylactic and thera-
eutic vaccines have been pursued but sterilising immunity has
ot yet been achieved [2,3]. Leishmaniasis is a group of infections
aused by Leishmania spp. Annually, 1.5–2 million people around
he world are infected by the parasites and 350 million are at risk
f contracting the disease [4]. Chemotherapy for the treatment of
hese parasitoses, which are frequently found to co-infect patients

n endemic areas [5–7], has limited efficacy and is not innocuous,

ainly due to resistance phenomena and adverse effects. Conse-
uently, new drugs are needed.
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rowth of Leishmania mexicana and Leishmania amazonensis promastigotes
L, respectively).
r B.V. and the International Society of Chemotherapy. All rights reserved.

In previous work, we reported the in vitro trypanocidal activity
of several Argentine medicinal plant species [8]. We have isolated
two bioactive sesquiterpene lactones (STLs) from Ambrosia tenuifo-
lia presenting in vitro activity against T. cruzi epimastigotes and
Leishmania spp. promastigotes, one of which exerted a significant
in vivo trypanocidal effect [9].

Ambrosia scabra Hook. & Arn. (Asteraceae) is a closely related
species popularly known as ‘ajenjo del campo’ and traditionally
used against intermittent fevers and worm infections [8,10]. Here
we report the trypanocidal and leishmanicidal activities of the STL
psilostachyin C isolated from A. scabra by bioassay-guided fraction-
ation. In addition, the ultrastructural changes that this compound
produced in T. cruzi epimastigotes were evaluated.

STLs are C-15 terpenoid compounds and represent an important
and biogenetically homogeneous group of secondary metabolites
present in higher plants [11]. They display great diversity and
an enormously broad spectrum of biological activities, including
antiprotozoal activity [12–15]. The discovery of artemisinin (an

antimalarial STL isolated from the Chinese herb Artemisia annua)
has been a major breakthrough in the field of parasitic diseases
and has prompted the investigation of these kinds of compounds.
In particular, psilostachyin C is a dilactone of the ambrosanolide
type that was first isolated from Ambrosia psilostachya [16] and

otherapy. All rights reserved.
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ubsequently from other Ambrosia spp. [17]. It has been demon-
trated to have molluscicidal activity [18] and inhibitory activity
n the G2 DNA damage checkpoint [19]. However, this is the first
ime that this compound has been found in A. scabra and the first
eport of its trypanocidal and leishmanicidal activities.

. Methods

.1. Plant material

Ambrosia scabra was collected in Buenos Aires, Argentina, in
007 and was identified by Dr G. Giberti (Museo de Farma-
obotánica, Facultad de Farmacia y Bioquímica, Universidad de
uenos Aires, Buenos Aires, Argentina). A voucher specimen (BAF
50) was deposited at the Herbarium of the Museo de Farma-
obotánica.

.2. Bioassay-guided fractionation

Extraction of the aerial parts of A. scabra (500 g) was done
y maceration with dichloromethane:methanol (1:1) at room
emperature. The organic extract was subjected to open column
hromatography over silica gel 60 and was eluted successively
ith cyclohexane, cyclohexane:ethyl acetate (1:1), ethyl acetate

nd methanol to give 23 fractions of 500 mL each. According to their
rofile in thin-layer chromatography, these fractions were com-
ined into five final fractions (F1AS–F5AS) and were subsequently
ested for trypanocidal activity against T. cruzi epimastigotes. Frac-
ion F5AS was chromatographed on a silica gel column eluted
ith a cyclohexane:CH2Cl2 gradient (100:0 to 0:100), CH2Cl2:ethyl

cetate gradient (100:0 to 0:100) and 100% methanol to obtain 150
ractions (F5AS 1–150) of 10 mL each. Of these fractions, F5AS (75–77)
ssentially contained one pure compound that crystallised from
thyl acetate.

.3. Spectrometric analyses

The isolated compound was identified by proton nuclear mag-
etic resonance (1H NMR) and carbon NMR (13C NMR) (Inova NMR
pectrometer; Varian, Palo Alto, CA) (500 MHz in CDCl3), heteronu-
lear single quantum correlation (HSQC), heteronuclear multiple
ond correlation (HMBC), correlated spectroscopy (COSY), electron

mpact-mass spectrometry (EI-MS) (Agilent 5973) and infrared
pectroscopy (Bruker FT-IR IFS25).

.4. Cell cultures

Trypanosoma cruzi epimastigotes (RA strain) were grown
n biphasic medium. Leishmania mexicana promastigotes
MNYC/BZ/62/M strain) and Leishmania amazonensis promastig-
tes (IFLA/BR67/PH8 strain) were grown in liver infusion tryptose
LIT) medium. Trypanosoma cruzi and Leishmania spp. cultures
ere routinely maintained by weekly passage at 28 ◦C and 26 ◦C,

espectively.
Trypanosoma cruzi bloodstream trypomastigotes were obtained

rom infected CF1 mice by cardiac puncture at the peak of para-
itaemia on Day 15 post infection. Trypomastigotes were routinely
aintained by infecting 21-day-old CF1 mice.

.5. Animals
Inbred male CF1 and female C3H/HeN mice were nursed at the
epartamento de Microbiología, Facultad de Medicina (Universi-
ad de Buenos Aires). Mice were housed in groups of five per cage.
ice were kept in a conventional room at 24 ± 1 ◦C with free access

o a standard commercial diet and water ad libitum under a 12 h
timicrobial Agents 37 (2011) 536–543 537

light/12 h dark cycle. All procedures were approved by the Ethics
Review Board of the Instituto de Estudios de la Inmunidad Humoral
(IDEHU-CONICET) and were conducted in accordance with the
guidelines established by the National Research Council [20].

2.6. In vitro evaluation of antiprotozoal activity

Growth inhibition of T. cruzi epimastigotes as well as L. mex-
icana and L. amazonensis promastigotes was evaluated by a [3H]
thymidine uptake assay according to Sülsen et al. [21]. Fractions
F1AS–F5AS were tested at 10 �g/mL and 100 �g/mL, and the pure
compound and fraction F5AS were tested at concentrations rang-
ing from 0.3 �g/mL to 100 �g/mL. Cell density was adjusted to
1.5 × 106 parasites/mL and cells were cultivated in the presence of
each fraction or the pure compound for 72 h or 120 h. Benznidazole
(1.3–20.8 �g/mL) (Roche, Rio de Janeiro, Brazil) and amphotericin
B (0.025–0.8 �g/mL) (ICN, Costa Mesa, CA) were used as controls
for T. cruzi and Leishmania spp. growth inhibition, respectively.
Percentage inhibition was calculated as 100–{[(cpm of treated par-
asites)/(cpm of untreated parasites)] × 100}, and 50% inhibitory
concentration (IC50) values were estimated by the Alexander
method [22].

To determine whether the parasites could recover after
treatment, T. cruzi epimastigotes were incubated with the iso-
lated compound (0.2–2.5 �g/mL) for 24 h. Parasites were then
centrifuged at 6000 rpm for 10 min, washed once with phosphate-
buffered saline (PBS) (NaCl 0.15 M, NaH2PO4 0.02 M, NaOH 0.017 M,
pH 7.2) and were incubated in fresh medium for 6 days.

The pure compound was also tested on bloodstream trypo-
mastigotes as previously described [9]. Parasite concentration was
adjusted to 1.5 × 106 parasites/mL by diluting mouse blood con-
taining trypomastigotes in complete LIT medium. Parasites were
seeded (150 �L/well) in duplicate in a 96-well microplate and 2 �L
of the compound (0.1–100 �g/mL) or control drug (benznidazole)
(0.4–900 �g/mL) was added per well. Plates were incubated for 24 h
and the remaining live parasites were counted in a haemocytome-
ter. Percentage inhibition was calculated as 100–{[(live parasites
in wells after compound treatment)/(live parasites in untreated
wells)] × 100}.

To evaluate the effect of the isolated compound on intracellular
forms of T. cruzi, 96-well plates were seeded with murine peri-
toneal macrophages at 5 × 103 per well in 100 �L of culture medium
and were incubated for 2 h at 37 ◦C in a 5% CO2 atmosphere. Cells
were washed and infected with transfected blood trypomastig-
otes expressing �-galactosidase [23] at a parasite:cell ratio of 10:1.
After 2 h of co-culture, plates were washed twice with PBS to
remove unbound parasites and the pure compound was added at
0.01–10 �g/mL per well in 150 �L of fresh complete RPMI medium
without phenol red (Gibco, Rockville, MD). Controls included
infected non-treated cells (100% infection control) and uninfected
cells (0% infection control). The assay was developed by addi-
tion of chlorophenolred-�-d-galactopyranoside (CPRG) (100 �M)
and 1% Nonidet P40, 48 h later. Plates were incubated for 4–6 h
at 37 ◦C. Wells with galactosidase activity turned the media from
yellow to red and this reaction was quantified at 570 nm in a
microplate reader (Bio-Rad Laboratories, Hercules, CA). Percentage
inhibition was calculated as 100–{[(absorbance of treated infected
cells)/(absorbance of untreated infected cells)] × 100} and the IC50
value was estimated.

2.7. Cytotoxicity assay
Murine peritoneal macrophages were assayed for determina-
tion of cell viability by the MTT method. Cells (5 × 105) were
settled at a final volume of 150 �L in a flat-bottom 96-well
microtitre plate and were cultured at 37 ◦C in a 5% CO2 atmosphere
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Table 1
Effect of fractions F1AS–F5AS from Ambrosia scabra on the growth of Trypanosoma
cruzi epimastigotes.

Fraction % Growth inhibition (mean ± S.E.M.)

72 h 120 h

100 �g/mL 10 �g/mL 100 �g/Ml 10 �g/mL

F1AS 13.5 ± 0.6 0.3 ± 0.8 33.5 ± 2.4 17.2 ± 8.7
F2AS 5.9 ± 1.8 4.0 ± 5.6 7.2 ± 4.9 0.5 ± 3.7
F3AS 59.3 ± 1.4 9.4 ± 3.9 63.8 ± 0.1 41.9 ± 4.0
F4AS 69.6 ± 1.9 3.1 ± 1.5 68.9 ± 3.0 13.8 ± 1.4
F5AS 97.8 ± 0.4 94.4 ± 0.4 96.6 ± 0.2 51.4 ± 0.9

S.E.M., standard error of the mean.
38 V.P. Sülsen et al. / International Journa

n the absence or presence of increasing concentrations of the
ure compound (1–100 �g/mL). After 48 h, 3-(4,5-dimethylthiazol-
yl)-2,5-diphenyltetrazolium bromide (MTT) was added at a final
oncentration of 1.5 mg/mL. Plates were incubated for 2 h at 37 ◦C.
he purple formazan crystals were completely dissolved by adding
50 �L of ethanol and the absorbance was detected at 570 nm in
microplate reader. Results were calculated as the ratio between
ptical density in the presence and absence of the compound mul-
iplied by 100. The selectivity index (SI) was calculated as the 50%
ytotoxic concentration (CC50) divided by the IC50 of the compound
or T. cruzi trypomastigotes and amastigotes.

.8. Effect of the compound in the presence of glutathione

Trypanosoma cruzi epimastigotes (2 × 106 parasites/mL) were
reated with 1 �g/mL of the pure compound alone or in the pres-
nce of 2 mM of the reducing agent glutathione (GSH). Controls
ere performed with LIT medium alone or with the addition of
SH. Parasite concentration was determined at 24, 48 and 72 h by
ounting the cells in a Neubauer haemocytometer.

.9. In vivo assays

Groups of five female C3H/HeN mice (6–8 weeks old; weight
3.8 ± 2.6 g) were infected with 5 × 103 bloodstream T. cruzi trypo-
astigotes by intraperitoneal injection [24–27]. Mice were treated

aily with either 1 mg/kg body weight/day of the pure compound
r benznidazole for five consecutive days (Days 5–10 post infec-
ion). Parasitaemia was individually monitored following red cell
ysis by direct microscopic counting of parasites in 5 �L of blood
sing a haemocytometer. Mice mortality was recorded daily and
he results were expressed as percentage of surviving animals [9].

In addition, three groups of uninfected mice were treated as
escribed above in order to evaluate possible toxicity of the com-
ound. On Day 13 post treatment, serum samples were collected
y bleeding mice from the tail vein. Serum activities of alanine
minotransferase (ALT) and lactate dehydrogenase (LDH) were
etermined as markers of hepatic damage. Assays were carried out
y ultraviolet spectrophotometry following the kit manufacturer’s
pecifications (Wiener Lab, Buenos Aires, Argentina).

.10. Transmission electron microscopy

Trypanosoma cruzi epimastigotes were treated with 0.2, 1.0
r 2.5 �g/mL of the purified compound for 24 h. Parasites were
xed with 3% glutaraldehyde and were subsequently washed three
imes with PBS and post-fixed with 2% osmium tetroxide (OsO4)
vernight. After washing twice in PBS, cells were stained with
% uranyl acetate [27]. Samples were dehydrated sequentially in
thanol and acetone and were embedded in Epon 812. Ultrathin
ections were examined in a Siemens Elmiskop I microscope.

.11. Statistical analysis

Statistical analysis was carried out using GraphPad Prism 3.0
oftware (GraphPad Software Inc., San Diego, CA) using one-way
nalysis of variance (ANOVA). The log-rank test was used for sur-
ival curves. All comparisons were referred to the control group.
-values of <0.05 were considered significant.

. Results
.1. Bioassay-guided fractionation and structure elucidation

Bioassay-guided fractionation of the active organic extract of
. scabra yielded five fractions (F1AS–F5AS) that were evaluated
Fig. 1. Chemical structure of psilostachyin C isolated from Ambrosia scabra.

for in vitro trypanocidal activity against T. cruzi epimastigotes
by a [3H] thymidine uptake assay. Fraction F5AS was the most
active, inhibiting epimastigote growth by 94.4 ± 0.4% at 10 �g/mL
at 72 h (Table 1). An IC50 value of 4.5 �g/mL was determined by
further testing F5AS at concentrations ranging from 0.3 �g/mL to
100 �g/mL (Supplementary Fig. 1). Purification of this fraction by
chromatographic techniques yielded a STL that was identified by
spectroscopic methods (Supplementary Fig. 2) as psilostachyin
C [4,5-seco-11(13)-pseudoguaien-4,5:12,6-diolide] (Fig. 1). The
high purity of psilostachyin C (>95%) was confirmed by high-
performance liquid chromatography (HPLC).

3.2. In vitro antiprotozoal activity

The in vitro activity of psilostachyin C against T. cruzi epi-
mastigotes is shown in Fig. 2A. Percentage growth inhibitions
of 86.7 ± 1.6% (72 h) and 81.2 ± 3.5% (120 h) were observed at
10 �g/mL. IC50 values on epimastigotes were 0.6 �g/mL and
0.8 �g/mL after 72 h and 120 h of incubation, respectively. After 24 h
of treatment with 2.5 �g/mL of the compound, the parasites could
not recover their replication rate (Fig. 2B). Moreover, psilostachyin
C showed trypanocidal activity against trypomastigotes, with an
IC50 value of 3.5 �g/mL (Fig. 3).

To evaluate properly the ability of psilostachyin C to inhibit the
intracellular amastigote forms of T. cruzi, peritoneal macrophages

were infected with transfected blood trypomastigotes expressing
�-galactosidase (kindly provided by Frederick S. Buckner) [28] and
the activity of the enzyme was quantified after cell disruption. Fig. 4
shows a concentration-dependent inhibition of parasite growth,
with an IC50 value of 0.9 �g/mL.
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Fig. 2. Effect of psilostachyin C on the growth of Trypanosoma cruzi epimastigotes. (A) Inhibition of parasite growth by psilostachyin C. Parasites were incubated in triplicate
in the presence of 0.3–100 �g/mL of the compound (solid line) or with 1.3–20.8 �g/mL benznidazole (dotted line). Parasites were cultured for 72 and 120 h, with the addition
of [3H] thymidine for the last 16 h. (B) Residual effect of psilostachyin C (P-C) on the growth of T. cruzi epimastigotes. Parasites were incubated in the absence or presence of
0.2–2.5 �g/mL psilostachyin C for 24 h. The medium was replaced with fresh medium without the compound and the parasites were allowed to grow for 1, 2, 3 or 6 days.
Symbols represent the mean ± standard error of the mean from three independent experiments.

Fig. 3. Effect of psilostachyin C on Trypanosoma cruzi trypomastigotes. Bloodstream
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Fig. 5. Effect of psilostachyin C on the growth of Leishmania mexicana and Leishmania

rypomastigotes were cultured in duplicate in the presence of 0.1–100 �g/mL of the
ompound or 0.4–900 �g/mL benznidazole. Cultures were done in 96-well plates
mploying 1.5 × 106 parasites/mL over 24 h and the remaining live parasites were
ounted in a Neubauer chamber. Symbols represent the mean ± standard error of
he mean.
When psilostachyin C was tested against two species of Leishma-
ia promastigotes, similar inhibitory effects were observed. After
2 h treatment, IC50 values were 1.2 �g/mL and 1.5 �g/mL for L.
exicana and for L. amazonensis, respectively (Fig. 5).

ig. 4. Effect of psilostachyin C on Trypanosoma cruzi amastigotes. Peritoneal
acrophages (5 × 103 per well in 100 �L of culture medium) were infected with

ransfected trypomastigotes expressing �-galactosidase (10:1 parasite:cell ratio).
fter washing the unbound parasites, psilostachyin C was added at concentra-

ions ranging from 0.01 �g/mL to 10 �g/mL. Two days post infection, Nonidet
40 and chlorophenolred-�-d-galactopyranoside (CPRG) were added and galac-
osidase activity was measured at an absorbance of 570 nm. Values represent the

ean ± standard error of the mean.
amazonensis promastigotes. Parasites were cultured in triplicate in the presence
of 0.3–100 �g/mL of the compound or 0.025–0.8 �g/mL amphotericin B. Parasites
were cultured for 72 h with the addition of [3H] thymidine for the last 16 h. Values
represent the mean ± standard error of the mean.

3.3. Effect of psilostachyin C on Trypanosoma cruzi epimastigotes
in the presence of glutathione

An important increase in the number of epimastigotes
was observed when parasites were incubated simultaneously
with GSH and psilostachyin C compared with those treated
with psilostachyin C alone (6.8 ± 0.3 × 106 parasites/mL vs.
2.5 ± 0.4 × 106 parasites/mL) (Fig. 6). However, the number of
parasites was significantly lower than that observed in controls
(9.5 ± 2.0 × 106 parasites/mL), indicating that the trypanocidal
activity of psilostachyin C was attenuated by the reducing agent
GSH.

3.4. Cytotoxicity assay

The in vitro cytotoxic effect of psilostachyin C on peritoneal
macrophages was evaluated by the MTT method and was expressed
as cell viability percentage. The results are shown in Fig. 7. When
cells were treated with psilostachyin C, the CC50 was 87.5 �g/mL,
indicating that the selectivity of psilostachyin C for T. cruzi trypo-
mastigotes (SI = 25.0) and amastigotes (SI = 97.2) is greater than that
for mammalian cells.
3.5. In vivo assays

Untreated mice infected with T. cruzi trypomastigotes dis-
played high levels of parasitaemia (Fig. 8A) and presented 100%
mortality on Day 22 post infection (Fig. 8B). On the other
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Fig. 6. Effect of psilostachyin C (P-C) on the growth of Trypanosoma cruzi epimastig-
otes in the presence of glutathione (GSH). Parasites were incubated in the presence
of 1 �g/mL P-C or 1 �g/mL P-C + 2 mM GSH for 24, 48 or 72 h. Values represent the
mean ± standard deviation of three experiments.

Fig. 7. Effect of psilostachyin C on peritoneal macrophages. Cells were cultured for
4
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8 h in the presence of different concentrations (1–100 �g/mL) of psilostachyin C.
ell viability was determined by the MTT method and was expressed as the ratio
etween viable cells in the presence and absence of the compound multiplied by
00. Bars represent the mean ± standard error of the mean of three experiments
arried out in duplicate.
and, animals treated with psilostachyin C presented lower
evels of circulating parasites and began to die on Day 20,

ith a survival rate of 20%. Considering the parasitaemia curve
hroughout the acute phase of infection, calculated as the area

ig. 8. (A) Parasitaemia levels and (B) survival curves during the acute infection period.
astigotes and were treated with psilostachyin C or benznidazole from Days 5–10 post inf
�L of fresh blood collected from the tail vein. Data represent the mean ± standard error o
f three independent experiments.
timicrobial Agents 37 (2011) 536–543

under the parasitaemia curve (AUC) [26], psilostachyin C-treated
animals presented a two-fold reduction in the number of para-
sites compared with untreated animals (6.0 × 106 and 1.3 × 107,
respectively). More importantly, on Day 16, psilostachyin C-
treated mice presented a significant reduction in parasitaemia
with respect to untreated mice (7.4 ± 1.2 × 105 parasites/mL vs.
12.8 ± 2.0 × 105 parasites/mL; P < 0.05). Interestingly, the number
of circulating parasites in benznidazole-treated and psilostachyin
C-treated animals was not significantly different (AUC 6.0 × 106 and
7.9 × 106, respectively), but all animals treated with benznidazole
died by Day 30 after infection whilst 20% of psilostachyin C-treated
mice survived by the same time (Fig. 8).

To test the possible toxicity of psilostachyin C, uninfected mice
were treated with this compound, benznidazole and PBS for 5 days
and were monitored for signs of disease or mortality during 30 days.
On Day 13, ALT and LDH enzymes were determined in sera. No dif-
ferences between psilostachyin C-treated mice compared with PBS
control were recorded (ALT 6.2 ± 0.9 IU/L vs. 6.2 ± 1.0 IU/L; and LDH
906 ± 241 IU/L vs. 922 ± 250 IU/L). The tested compound appeared
to be well tolerated by the animals. No evident side effects could
be observed during the experiment and no death was observed in
the 30-day period, indicating that psilostachyin C is not toxic and
that the death of the infected animals was due to the parasites.

3.6. Transmission electron microscopy

At a concentration of 2.5 �g/mL, psilostachyin C altered the
ultrastructure of T. cruzi epimastigotes, inducing cytoplasmic vac-
uolisation (Fig. 9D). In addition, the compound promoted the
appearance of membranous structures resembling cytoplasmic
multivesicular bodies. The appearance of multilamellar structures
was also observed. Although some parasites exhibited redistribu-
tion of nuclear chromatin, the compound did not induce cellular
or nuclear morphological alterations. Interestingly, some parasites
(ca. 10%) exhibited abnormalities such as the presence of more
than two flagella and two kinetoplasts (Fig. 9B and C), suggesting a
possible effect of the compound on cytokinesis.

4. Discussion

We have previously reported that the organic extract of A. scabra
showed significant in vitro trypanocidal activity, inhibiting the
growth of T. cruzi epimastigotes [8]. Hence, this extract was selected

for further study to isolate and identify the active compound(s)
responsible for this activity. For this purpose, bioassay-guided
fractionation was carried out by conventional chromatographic
techniques. Amongst the tested fractions, F5AS showed the highest
in vitro inhibitory effect on T. cruzi epimastigotes (IC50 = 4.5 �g/mL)

C3H/HeN mice were infected with 5 × 103 Trypanosoma cruzi bloodstream trypo-
ection. Parasitaemia was determined by counting the number of trypomastigotes in
f the mean. Mortality was recorded every day. Results presented are representative
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ig. 9. Ultrastructural effects of psilostachyin C on Trypanosoma cruzi epimastigo
silostachyin C, (C) 1.0 �g/mL psilostachyin C or (D) 2.5 �g/mL psilostachyin C. N, n
tructures; mv, multivesicular bodies. Magnification ×2500.

nd was selected for further purification, leading to the isolation
nd identification of the STL psilostachyin C (Fig. 1).

When psilostachyin C was tested against T. cruzi epimastigotes,
he compound exerted marked in vitro activity (IC50 = 0.6 �g/mL)
Fig. 2A), showing that a progressive increase in trypanocidal
ctivity was gained during the purification process. Moreover, no
ecovery of the parasite replication rate was observed after removal
f the pure compound (2.5 �g/mL) from the medium (Fig. 2B). In
ddition, when psilostachyin C was assayed on the mammalian
tages of T. cruzi, it efficiently inhibited both its infective form (the
rypomastigote) and the replicative intracellular amastigotes, with
C50 values of 3.5 �g/mL and 0.9 �g/mL, respectively (Figs. 3 and 4).
silostachyin C also exerted in vitro leishmanicidal activity against
. mexicana and L. amazonensis promastigotes, with IC50 values of
.2 �g/mL and 1.5 �g/mL, respectively (Fig. 5).

Most STLs contain a common functional structure of �-
ethylene-�-lactone, which is highly reactive with thiol groups

29]. We have therefore investigated whether this functional struc-
ure is responsible for the trypanocidal activity of psilostachyin C.
s shown in Fig. 6, the presence of GSH in the culture media atten-
ated the trypanocidal effect of the compound, indicating that the

-methylene-�-lactone moiety is not uniquely responsible for the
bserved activity [11].

To determine the specificity of the trypanocidal activity, an
n vitro cytotoxicity test on mammalian cells was carried out. When
eritoneal macrophages were treated with psilostachyin C, the
arasites were incubated with (A) Diamond medium alone or with (B) 0.5 �g/mL
s; K, kinetoplast; F, flagellum; Vac, vacuoles; mi, mitochondria; ms, multilamellar

CC50 value was >100 �g/mL (3 h; data not shown). At 48 h, the CC50
value was 87.5 �g/mL.

The SI was calculated to compare the toxicity to mammalian
cells and the activity against T. cruzi trypomastigotes and amastig-
otes. The values obtained were 25.0 and 97.2, respectively,
indicating that the selectivity of this compound for parasites is
greater than for mammalian cells.

In view of these results, psilostachyin C was also evaluated
in vivo in a murine model. In this assay, the compound induced
a significant decrease in parasitaemia compared with untreated
mice (6 × 106 vs. 13 × 106) and proved to be as effective as ben-
znidazole. Although treatments were administered for only 5 days,
the reduction in parasitaemia was observed throughout the evalu-
ation period and was reflected in the significant increase in survival
time of the animals.

Recently, many STLs have shown interesting in vitro activity
against different protozoa, including T. cruzi. Nevertheless, to the
best of our knowledge, no in vivo studies have been carried out
with these compounds, with the exception of the one previously
reported by our group [9].

Electron microscopy has proven to be a reliable and useful tool

to study morphological alterations and target organelles in the
investigation of new drugs for Chagas disease. In this study, it was
observed that psilostachyin C causes ultrastructural alterations in
T. cruzi epimastigotes, such as cytoplasm vacuolisation, the appear-
ance of multilamellar structures, and abnormalities such as the
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resence of multiple kinetoplasts and flagella. However, these mul-
iple structures were not accompanied by an increase in the number
f nuclei, indicating that the compound could act in a stage between
inetoplast segregation and nuclear division.

Recently, it has been shown that the flagellum begins to replicate
uring the G2 stage, and later the nucleus and kinetoplast segregate
lmost simultaneously during the T. cruzi cell cycle [30]. The new
agellum emerges from the flagellar pocket and remains short until
he kinetoplast segregates and mitosis occurs. However, the new
agellum reaches its final size during cytokinesis. The presence of
ultiple flagella and kinetoplasts induced by the compound could

e related to the inability of the parasite to synchronise replica-
ion of these structures with nuclear division. Synthesis of parasite
roteins or factors that synchronise these stages of the cycle might
e affected by the compound. Detailed molecular studies will be
eeded to explain this phenomenon better. The compound stud-

ed herein did not cause mitochondrial swelling as observed with
ther compounds that block parasite metabolism [31–33], indicat-
ng that it may act by other mechanisms. Moreover, the appearance
f multilamellar structures could be due to an autophagic process
nduced by the isolated compound [34].

According to Lee and Schneider [35], STLs of the ambrosanolide
ype are one of the promising scaffolds for the discovery or design
f new drugs, since these kinds of compounds are not present in
urrent trade drugs.

In conclusion, psilostachyin C showed both in vitro and in vivo
rypanocidal activity. Although the mechanism of action of this
ompound remains to be determined, it could be suggested that
t might act as a cytokinesis inhibitor, as an oxidative stress induc-
or, consequently or independently producing some ultrastructural
hanges in the parasite. These results make psilostachyin C a
romising template for the design of novel trypanocidal agents.
uantitative structure–trypanocidal activity relationship studies
mongst members of the STLs are currently being undertaken in
ur laboratories.
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