@ -PLOS | FRSHE D iseases

OPEN 8 ACCESS Freely available online

Dolabelladienetriol, a Compound from Dictyota pfaffii
Algae, Inhibits the Infection by Leishmania amazonensis

Deivid Costa Soares’, Teresa C. Calegari-Silva®, Ulisses G. Lopes?, Valéria L. Teixeira®,
Izabel C. N. de Palmer Paixao®, Claudio Cirne-Santos®, Dumith Chequer Bou-Habib®, Elvira M. Saraiva’*

1 Departamento de Imunologia, Instituto de Microbiologia Paulo de Gées, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil, 2 Laboratério de Parasitologia
Molecular, Instituto de Biofisica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil, 3 Departamento de Biologia Marinha, Instituto de
Biologia, Universidade Federal Fluminense, Niteroi, Brazil, 4 Departamento de Biologia Celular e Molecular, Instituto de Biologia, Universidade Federal Fluminense, Niteroi,
Brazil, 5 Laboratério de Imunologia Clinica, Instituto Oswaldo Cruz/FIOCRUZ, Rio de Janeiro, Brazil, 6 Laboratério de Pesquisa sobre o Timo, Instituto Oswaldo Cruz/
FIOCRUZ, Rio de Janeiro, Brazil

Abstract

Background: Chemotherapy for leishmaniasis, a disease caused by Leishmania parasites, is expensive and causes side
effects. Furthermore, parasite resistance constitutes an increasing problem, and new drugs against this disease are needed.
In this study, we examine the effect of the compound 8,10,18-trihydroxy-2,6-dolabelladiene (Dolabelladienetriol), on
Leishmania growth in macrophages. The ability of this compound to modulate macrophage function is also described.

Methodology/Principal Findings: Leishmania-infected macrophages were treated with Dolabelladienetriol, and parasite
growth was measured using an infectivity index. Nitric oxide (NO), TNF-oo and TGF- production were assayed in
macrophages using specific assays. NF-kB nuclear translocation was analyzed by western blot. Dolabelladienetriol inhibited
Leishmania in a dose-dependent manner; the IC5o was 44 uM. Dolabelladienetriol diminished NO, TNF-o. and TGF-f
production in uninfected and Leishmania-infected macrophages and reduced NF-kB nuclear translocation. Dolabelladiene-
triol inhibited Leishmania infection even when the parasite growth was exacerbated by either IL-10 or TGF-. In addition,
Dolabelladienetriol inhibited Leishmania growth in HIV-1-co-infected human macrophages.

Conclusion: Our results indicate that Dolabelladienetriol significantly inhibits Leishmania in macrophages even in the
presence of factors that exacerbate parasite growth, such as IL-10, TGF-B and HIV-1 co-infection. Our results suggest that
Dolabelladienetriol is a promising candidate for future studies regarding treatment of leishmaniasis, associated or not with
HIV-1 infection.
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Introduction

Leishmaniasis, caused by the Leishmana protozoa, comprises a
broad spectrum of diseases in humans, characterized by lesions in
the skin, mucosa and visceral organs. The form and the severity of
the disease are determined by the parasite species and the
immunological status of the host [1]. Leishmaniasis affects more
than 12 million people in 88 countries in tropical and subtropical
areas, causes significant morbidity and mortality and is recognized
as one of the most neglected among tropical diseases for which
drug development has been encouraged by the Drugs for
Neglected Diseases Initiative [2].

Recently, the HIV/AIDS pandemic has contributed to the
exponential increase in the incidence of leishmaniasis in endemic
areas and, in France and Spain, leishmaniasis is the fourth most
prevalent opportunistic disease in the HIV-1-infected populations
[3,4]. These two pathogens infect macrophages and are synergistic;
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HIV-1 amplifies Leishmania multiplication and the severity of
leishmaniasis, and Leishmania promotes an increase in HIV-1
replication and hastens the progression to AIDS [5,6]. Importantly,
it has been reported that leishmaniasis treatment effectiveness is
reduced in Leishmania/HIV-1 co-infected patients [3,4,7].
Leishmania amazonensis is the causative agent of human cutaneous
leishmaniasis in the New World. A high proportion of these cases
progress to severe anergic diffuse cutaneous leishmaniasis and the
visceral form of the disease [8]. Contrary to Europe, mucosal and
muco-cutaneous plus cutaneous forms of leishmanisis account for
more than 60% of the HIV-Leishmania co-infections in Brazil [8].
The first treatment choice for leishmaniasis relies on pentavalent
antimonials, and amphotericin B and pentamidine are among the
few alternative drugs for resistant cases [1,7,9,10]. All of these
drugs have problems that limit their use, such as serious side
effects, the induction of parasite resistance, in-patient administra-
tion and high costs [9]. The novel drug miltefosine is an effective
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Author Summary

Leishmaniasis is a global disease, which is treated with
expensive compounds. Anti-leishmaniasis therapy causes
severe side effects, and parasite resistance is often
observed, which highlights the importance of discovering
new drugs against its causal agent, the protozoan parasite
Leishmania. Recently, the geographical overlapping distri-
bution of leishmaniasis and the infection by the human
immunodeficiency virus type 1 (HIV-1) has contributed to a
dramatic increase in the number of individuals infected
with Leishmania.

The dolabellene diterpene Dolabelladienetriol, purified
from the marine algae Dictyota pfaffii collected along the
northeast coast of Brazil, presents anti-HIV-1 activity. In this
paper, we report that Dolabelladienetriol reduces the
number of Leishmania amazonensis in host cells. We found
that Dolabelladienetriol decreased the Leishmania load
even in the presence of factors that exacerbate parasite
growth, such as cytokines and HIV-1 co-infection. Our data
may call attention to Dolabelladienetriol as a promising
candidate for future studies regarding the treatment of
leishmaniasis alone or in association with HIV-1 co-
infection.

treatment for visceral leishmaniasis in India. However, miltefosine
has shown limited efficacy in other countries and treating other
forms of leishmaniasis and is teratogenic [10,11]. All these findings
require the development of new therapeutic agents against
leishmaniasis. The picture is similar for the treatment of
Leishmania/HIV-1  co-infected patients, in whom leishmaniasis
clinical relapses are frequent, even in those who receive highly
active antiretroviral therapy [3,4,7].

Marine organisms constitute a promising source of biologically
active compounds [12]. However, few studies have searched for
leishmanicidal drugs in algae. Until recently, only ten reports
describe the effect of algae extracts against Leishmania, but the
majority of these studies have used the ability of the extracts to
inhibit axenic promastigote or amastigote growth as an endpoint
alone. Neither the leishmanicidal activity of the extracts on
Leishmania-infected macrophages nor their capacity to modulate
macrophage functions has been evaluated [13-22].

Diterpenes derived from Dictyota pfaffir, a brown marine alga of
the Dictyotaceae family, are described as having anti-viral,
antifungal and antimalarial properties [23]. Moreover, leishmani-
cidal activity has been demonstrated for Dictyota sp. extracts using
L. mexicana promastigotes and L. donovami axenic amastigotes
[13,14]. Recently, dolabellene diterpene 8,10,18-trihydroxy-2,6-
dolabelladiene (Dolabelladienetriol) was described as a potent
inhibitor of HIV-1 replication in primary human cells i vitro [24]
by inhibiting the HIV-1 reverse transcriptase enzyme [25].

In this study, we evaluated whether Dolabelladienetriol possess
leishmanicidal properties using promastigotes and intramacropha-
gic amastigotes of Leishmania amazonensis as targets of the
compound activity. We also analyzed whether Dolabelladienetriol
could inhibit parasite survival even in conditions in which its
growth is exacerbated, such as in Leshmania-infected murine
macrophages treated with IL-10 or TGF-B or in human
macrophages co-infected by Leishmania and HIV-1. We found
that Dolabelladienetriol significantly inhibited the multiplication of
all L. amazonensis forms even when associated with HIV-1 and that
Dolabelladienetriol modulated cytokines and nitric oxide produc-
tion in macrophages.
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Materials and Methods

Ethics Statement

All of the animal experiments were performed in strict
accordance with the Brazilian animal protection law (Lei Arouca
number 11.794/08) of the National Council for the Control of
Animal Experimentation (CONCEA, Brazil). The protocol was
approved by the Committee for Animal Use of the Universidade
Federal do Rio de Janeiro (Permit Number: IMPPG 001). The
human macrophages were obtained from bufly coats from
anonymous normal blood donors and were approved by the
Institutional Ethics Committee of the Oswaldo Cruz Foundation
(protocol number 397/07).

Parasites, Virus and Animals

L. amazonensis (WHOM/BR/75/Josefa) promastigotes were
cultured at 26°C in Schneider insect medium (Sigma) supple-
mented with 10% fetal calf serum (FCS; Crypion, Sdao Paulo,
Brazil) and 40 ug/mL of gentamycin (Schering—Plough, Rio de
Janeiro, Brazil).

The monocytotropic, CCR5-dependent isolate HIV-1p, 1, was
used for the co-infection assays and was expanded in phytohe-
magglutinin-activated peripheral blood mononuclear cells as
described [5]. BALB/c mice (average weight: 25-30 g) were
maintained at 25%£5°C on a 12-h day/night cycle and fed a
standard pellet diet and water ad lbitum in our animal facility.

Dolabelladienetriol

The compound (1R*,2E,4R* 6E,85%,10S*,115*%,12R*)-8,10,18-
trihydroxy-2,6-dolabelladiene (Dolabelladienetriol) (Figure 1) was
obtained by reducing the dolabellane diterpene 10,18-diacetoxy-8-
hydroxy-2,6-dolabelladiene as described [23]. The reference
specimens of D. pfaffic are deposited at the herbarium of the Rio
de Janeiro State University (HR] 9117).

Dolabelladienetriol effect on L. amazonensis

promastigotes survival

The promastigotes were incubated in Schneider insect medium
supplemented with 10% FCS and 40 ug/mL of gentamycin. The
promastigotes were either treated with different Dolabelladiene-
triol concentrations that were added once to the cultures or
untreated. The parasite survival was estimated by counting the
viable/motile forms using a hematocytometer during the 5 days of
culture at 26°C. The results are expressed as the number of live
Dolabelladienetriol-treated parasites, and those maintained in the
culture medium and DMSO (Dolabelladienetriol diluents) repre-
sented the controls.

wy

Figure 1. Chemical structure of Dolabelladienetriol (Cirne-
Santos et al., 2006).
doi:10.1371/journal.pntd.0001787.9001
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Dolabelladienetriol effect on L. amazonensis amastigotes
survival

Mouse peritoneal macrophages were stimulated with 3%
thioglycolate during 4 days, harvested in RPMI, plated on 13-
mm” coverslips inside 24-well plates and allowed to adhere for 2 h
at 37°C in 5% COs. The non-adherent cells were removed by
washing, and the macrophages were incubated overnight in RPMI
supplemented with 10% FCS (Hyclone) at 37°C in 5% CO,. The
adhered macrophages were then infected with L. amazonensis
promastigotes (stationary growth phase) at a ratio of 10 parasites:1
macrophage and incubated for 1 h at 35°C in 5% CO,. The free
parasites were removed by washing with PBS (pH 7.2), and the
cultures were maintained for 24 h at 35°C in 5% CO, in RPMI
supplemented with 10% FCS. Dolabelladienetriol was added to
the cultures and, after a 24 h incubation as described above, the
cells were washed, fixed and stained with Giemsa. The number of
amastigotes and the percentage of the infected macrophages were
determined by counting at least 200 cells in triplicate cultures. The
infectivity index was obtained by multiplying the percentage of the
infected macrophages by the mean number of amastigotes per
infected macrophage as described elsewhere [26].

Nitric oxide production

Thioglycolate-stimulated mouse peritoneal macrophages were
obtained as described above (5x10° cells/well in 24-well plates), or
a murine macrophage RAW-264-7 cell line were incubated with
50 uM of Dolabelladienetriol concomitant with 10% IFN-y (a 4-
day culture of the supernatant of an L1210 cell line transfected
with the IFN-y gene) and/or 100 ng/mL of LPS (E. coli O111:B4)
as described [26]. After 24 h at 37°C in 5% CO,, the nitrite
concentration in the cell culture supernatants was determined
using the Griess method [27]. The reaction was read at 540 nm,
and the nitrite concentration determined with reference to a
standard curve using sodium nitrite. The results are expressed as
micromolar concentrations of nitrite.

Nitric oxide-trapping capacity

To evaluate the capacity of Dolabelladienetriol to trap nitric
oxide, the compound S-nitroso-N-acetyl-D,L-penicillamine
(SNAP, Sigma) was used in a cell-free system. SNAP in solution
liberates nitric oxide, which is transformed to nitrite [28]. The
addition of an NO scavenger to the SNAP solution results in a
decay in the supernatant nitrite accumulation. Using this
procedure, 50 uM Dolabelladienetriol was incubated with 1 mM
SNAP. The positive controls include SNAP and rutin (1 mM,
Sigma). After 6-h incubation, media were removed, and the
accumulated nitrite was determined using the Griess reaction [27].
The results are expressed as WM of nitrite and compared with the
sodium nitrite standard curve.

Cell viability assays

The murine peritoneal macrophages adhered to 24-well plates
and were treated with 100 uM Dolabelladienetriol for 24 h at
37°C in 5% COs. The macrophages were then washed with PBS,
incubated with 0.03% Trypan blue solution and scored for viable
cells. The effect of Dolabelladienetriol on the mouse peritoneal
macrophage, RAW 264-7 cell line and human monocyte-derived
macrophage viabilities were determined using the reduction of 2,3-
bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxya-
nilide inner salt (XT'T, Sigma) assay as described [29]. Macro-
phage phagocytosis ability was tested using fluorescein isothiocy-
anate (FITC)-conjugated zymosan particles (Invitrogen). FITC-
zymosan was added to the macrophages, either untreated or
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treated with either Dollabedienetriol or cytochalasin D (positive
control) at a ratio of 4 particles:]1 macrophage. The cultures were
incubated at 37°C in 5% COj. After 1 h, the monolayers were
washed, and the cells were collected in PBS/BSA 1%. To
distinguish between the internalized and surface-bound FITC-
zymosan, 0.02% Trypan blue in 0.01 M citrate buffer (pH 4.4)
was used for quenching the surface-bound fluorescence. The data
were collected in a BD FACSCalibur® and analyzed using
Summit V4.3 (Dako Colorado, USA). A total of 10,000 gated
events were harvested from each sample.

Cytokine production

The ability of Dolabelladienetriol to induce the production of
the cytokines TNF-o0 and TGF-B was tested using RAW-264-7
cells. These cells were cultured in 24-well plates, either infected
with L. amazonensis at a ratio of 10 parasites:1 cell or not and
incubated for 1 h at 35°C in 5% COy. The free parasites were
removed by washing with PBS (pH 7.2), and the cultures were
maintained in RPMI supplemented with 5% FCS (Hyclone) for
24 h at 35°C in 5% CO,. After a 24-h incubation, the cell
monolayers were treated with 50 uM Dolabelladienetriol, and
48 h after treatment, TNF-oo and TGF-B production was
measured in the cell culture supernatants using a specific sandwich
ELISA and capture and detection antibodies obtained from
PeproTech (Colonia Portales, Mexico, DF) and Ebioscience (San
Diego, CA), respectively, according to the manufacturer’s instruc-
tions. The assays were performed in duplicate.

NF-kB Activation

The effect of Dolabelladienetriol on the activation of the
transcription factor NF-kB was evaluated by western blot.
Accordingly, RAW 264-7 macrophages were either unstimulated
or stimulated with LPS (100 ng/ml) and either were untreated or
treated with 50 uM Dolabelladienetriol for 1 h. Nuclear extracts
were obtained, washed twice with ice-cold PBS and lysed in 50 pL
of lysis buffer (50 mM Tris HCL, pH 7.5; 5 mM EDTA; 10 mM
EGTA; 50 mM NaF; 20 mM B-glycerophosphate; 250 mM
NaCl; 0.1% Triton X-100; 1 pg/mL BSA and 1:500 of protease
inhibitor cocktail II [Calbiochem]) for isolating the total protein.
The total nuclear proteins (10 ng) were subjected to electropho-
resis in 10% SDS-polyacrylamide gels and electrophoretically
transferred to a mnitrocellulose membrane (Amersham). After
blocking with 5% non-fat dry milk in TBS containing 0.15%
Tween-20 (TBS-T), the blots were incubated with 1 pg/mL anti-
p65 antibody (SC372, Santa Cruz), followed by horseradish
peroxidase-anti-rabbit IgG (1:3000, Sigma) treatment and detect-
ed using an ECL chemiluminescent detection system (Amersham).

Macrophage infection with HIV-1 and Leishmania

These assays were performed using human monocyte-derived
macrophages (MDMs), which can be infected by Leishmania and
HIV-1 [3]. Initially, MDMs were obtained from peripheral blood
mononuclear cells (PBMCs), which were isolated using density
gradient centrifugation (Histopaque, Sigma) from bufly coat
preparations of healthy blood donors as described [5]. Briefly,
1x10° PBMCs were seeded in Permanox chamber slides (8 wells;
Nalge Nunc) in DMEM with 10% human serum (Sigma). The
cells were cultured for 6-8 days for monocyte differentiation in the
macrophages. The non-adherent cells were removed, and the
remaining macrophages were nourished with DMEM as described
[5]. The macrophage purity was greater than 90% as determined
using flow cytometry analysis (FACSCalibur flow cytometer,
Becton Dickinson, San Jose, CA) using anti-CD3 (Caltag
Laboratories Inc., Burlingame, CA) and anti-CD16 (Southern
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Figure 2. Leishmanicidal activity of Dolabelladienetriol against Leishmania amazonensis promastigotes. Promastigote cultures were
treated with Dolabelladienetriol, and parasite viability was counted daily. Dolabelladienetriol 50 uM (open circle) and 100 uM (black diamond);
control (open square) and DMSO vehicle (black triangle). The data represent the mean+SEM of three independent experiments. p<<0.05 for the
control vs. Dolabelladienetriol 50 uM and 100 uM and for Dolabelladienetriol 50 uM vs. Dolabelladienetriol 100 uM.

doi:10.1371/journal.pntd.0001787.g002

Biotech, Birmingham, AL) monoclonal antibodies. The macro-
phages were infected with the HIV-1 R5 isolate Ba-L using 5 to
10 ng/mL HIV-1 p24 antigen. After an overnight incubation, the
excess virus was removed by washing, and fresh medium was
added; the infected macrophages were maintained under standard
culture conditions. After 7 to 8 days of HIV-1 infection, the
macrophages were infected with L. amazonensis stationary phase
promastigotes using a ratio of 3 parasites:1 cell at 34°C for 16 h.
The non-internalized promastigotes were removed by washing,
and fresh medium was added. The cultures were treated either
with Dolabelladienetriol or amphotericin B or were untreated and
maintained at 37°C in 5% CO, for 4 to 5 days. The supernatants
were collected, and to measure HIV-1 production, the HIV-1 p24
antigen levels were assessed using a commercial ELISA kit
(ZeptoMetrix Co., Buffalo, NY). The slides were then fixed with
methanol and stained with Giemsa. To evaluate Leishmania
replication, amastigote forms of Leishmania inside the infected-
macrophages were counted using light microscopy. The results are
expressed as infectivity index, which was calculated by multiplying
the percentage of infected macrophages by the average number of
parasites per macrophage. Because the infectivity index values
varied between experiments, these values were normalized.

Statistical analysis

The data were analyzed using either the Student’s t-test when
comparing two groups or a one-way ANOVA for more than two
groups using the GraphPad Program. p values of less than 0.05
were considered significant.

Results

Initially, we investigated the anti-Leishmania activity of Dola-
belladienetriol on stationary-phase promastigotes of L. amazonensis
exposed to this drug by counting viable parasites. Our results show
that concentrations of 50 uM and 100 uM of Dolabelladienetriol,
added once to the cultures, inhibited 84% and 95.5% of
promastigote growth, respectively, at 3 days after the treatment
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(Figure 2). Based on the efficacy of Dolabelladienetriol against
Leishmania promastigotes, we then evaluated the effectiveness of
Dolabelladienetriol against amastigote intracellular forms. There-
fore, peritoneal macrophages were infected with L. amazonensis for
24 h and then treated with different concentrations of Dolabella-
dienetriol. The parasite growth was measured at 24 h after the
treatment. We found that Dolabelladienetriol repressed the
amastigote multiplication in a dose-dependent manner, inhibiting
56% and 61% of growth at concentrations of 50 pM and 100 pM
of Dolabelladienetriol, respectively. The ICs5, of Dolabelladiene-
triol was 43.9 pM. Amphotericin B (1.1 pM) was used as a control
and inhibited 44.5% of the amastigote survival (Figure 3).
Altogether, these results demonstrate the potent leishmanicidal
activity of Dolabelladienetriol, regardless of the parasite form.

In parallel with the anti-leishmanial studies, we evaluated the
safety of administering Dolabelladienetriol to host cells using the
XTT method. Mouse peritoneal macrophages, RAW 264.7 cells
and human monocyte-derived macrophages were used to verify
whether this drug would induce mitochondrial cell damage
(Figures. 4A, 4B, 4C). Our results indicate that Dolabelladienetriol
cannot affect the mitochondrial activity of all of the cells tested. In
addition, Dolabelladienetriol did not affect the membrane integrity
of mouse peritoneal macrophages, as tested using the Trypan blue
exclusion assay (Figure 4D). Moreover, 100 uM of Dolabelladie-
netriol did not affect phagocytosis of the FITC-labeled zymosan
particles in the RAW 264.7 macrophages (Figure 4E). Cytocha-
lasin D, an inhibitor of actin polymerization, significantly
decreased the zymosan phagocytosis of the macrophages, as
expected (Figure 4E).

Considering that nitric oxide (NO) is a potent leishmanicidal
agent, we investigated whether Dolabelladienetriol could modulate
this mechanism in macrophages. Our results demonstrated that
Dolabelladienetriol could not stimulate NO production in
thioglicolate-elicited peritoneal macrophages and inhibited 63%
of the NO production when the macrophages were stimulated
with IFN-y and LPS (Figure 5A). Dolabelladienetriol also inhibited
67% of the basal NO production of the RAW macrophages
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(Figure 5B). To further investigate the ability of Dolabelladiene-
triol to inhibit NO production, the NO level was measured in the
supernatants of the Leshmania-infected RAW cells that were
untreated and Dolabelladienetriol-treated. A 50% reduction in
NO production was observed in the Leishmania-infected RAW cells
that were treated with 50 uM Dolabelladienetriol. The untreated
and Dolabelladienetriol-treated cell-free systems were used with S-
nitroso N-acetyl-D,L-penicillamine (SNAP) as the NO donor to
eliminate the NO scavenger effect. The addition of rutin, an NO
trapping substance, to the SNAP solution reduced the NO levels
by 69%, whereas the addition of 50 uM Dolabelladienetriol to
SNAP did not reduce the NO levels (Figure 5C), indicating that
Dolabelladienetriol was not an NO scavenger. Therefore, NO
might not participate in the Dolabelladienetriol-mediated leish-
manicidal effect.

It has been reported that macrophage-produced cytokines can
affect the intracellular growth of Leishmania. For example, TNIF-o
inhibits parasite multiplication [30], whereas TGF-B increases it
[31]. Therefore, to evaluate whether Dolabelladienetriol could
modulate the macrophage production of these cytokines, the TNF-
o and TGF-f levels were measured in supernatants from
uninfected or infected RAW macrophages, untreated or treated
with 50 pM Dolabelladienetriol. TNF-o production was inhibited
by 54% in the uninfected cells and 77% in the Leishmania-infected
RAW cells that were Dolabelladienetriol-treated (Figure 6A).
TGF-B production decreased by 73% in the uninfected Dolabel-
ladienetriol-treated cells. In parallel, we observed that the amount
of TGF-B present in the RAW cells cultured with 5% FCS was
4.5-fold higher than the amount present in the cell-free culture
medium with 5% FCS. This result demonstrates that Dolabella-
dienetriol inhibits de novo TGF-B production (data not shown).
Similarly, in the Leishmania-infected RAW macrophages, TGF-f3
levels declined by 47% in the Dolabelladienetriol-treated samples

100+
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compared with the untreated controls and by 58% compared with
the untreated and uninfected controls (Figure 6B). Although,
Dolabelladienetriol treatment did not induce an increased
production of the anti-Leishmania cytokine TINF-o, the inhibition
of TGF-P a Leishmania-enhancing cytokine, could partially explain
the effect of the treatment.

The transcription factor NF-kB is involved in conditions that
favor Leishmania growth [32]. Therefore, it is of interest to test if
Dolabelladienetriol prevents NF-kB activation. Therefore, nuclear
extracts from the RAW macrophages that were either non-
stimulated or stimulated with LPS and either untreated or treated
with Dolabelladienetriol were used to determine by blotting if the
NF-xB p65 subunit would translocate to the nucleus. The results
depicted in Figure 7 indicate that Dolabelladienetriol reduced the
nuclear translocation of NF-kB in macrophages stimulated by
LPS, a classical NF-kB activator.

Leishmania  replication in macrophages is reported to be
stimulated by TGF- and/or IL-10 [31]. Therefore, whether
Dolabelladienetriol could inhibit parasite growth stimulated by
either cytokine was analyzed. Infected macrophages were treated
with each cytokine and subsequently treated with Dolabelladiene-
triol to test this hypothesis. The results depicted in Figure 8 show
that Dolabelladienetriol decreased Leishmania replication even
when parasite growth was exacerbated by either IL-10 or TGF-
B. In our studies, adding either IL-10 (10 ng/mL) or TGF-B
(5 ng/mL) to infected macrophages increased parasite survival by
20% and 42%, respectively, compared with the non-stimulated
control. In contrast, when the infected macrophages were
stimulated with either IL-10 or TGF-B and were treated with
50 uM Dolabelladienetriol, the parasite survival decreased by 57%
and 38%, respectively, compared with the infected Dolabelladie-
netriol-untreated macrophages that were stimulated with either
IL-10 or TGF-B. The killing observed after Dolabelladienetriol
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Figure 3. Leishmanicidal activity of Dolabelladienetriol on intracellular amastigotes. L. amazonensis-infected mouse peritoneal
macrophages were treated with the indicated concentrations of Dolabelladienetriol (open bars) or 1.1 uM amphotericin B (grey bar). Amastigote
growth was assessed 24 h after Dolabelladienetriol treatment. The results from three experiments in duplicates are shown as a percentage of parasite

death+SEM compared with the untreated control. * p<<0.05.
doi:10.1371/journal.pntd.0001787.g003
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Figure 4. Dolabelladienetriol safety for macrophages. Adhered mouse peritoneal macrophages (A, D), RAW 264.7 cells (B, E) and human
monocyte-derived macrophages (C) were either treated with Dolabelladienetriol at the indicated concentrations or untreated (CTRL), and the cell
viability was measured using the XTT reduction assay (A, B, C), the Trypan blue exclusion test (D), and phagocytosis of FITC-labeled zymosan (E). The
results from two independent experiments performed in duplicate are expressed as a percentage of the viable cells+SEM (A-D). One representative
experiment of zymosan phagocytosis out of two experiments performed in duplicate is shown (E). *p<<0.05.
doi:10.1371/journal.pntd.0001787.g004

treatment in these assays (29%) was smaller than that observed in survival was measured after 48 h of Dolabelladienetriol treatment
the experiments depicted in the figure 3 (56%). This difference on (Figure 8).

Leishmania survival can be explained by the fact that the parasites We previously reported that Dolabelladienetriol inhibits HIV-1
that survived the exposure to Dolabelladienetriol during the first replication [24,25] in human primary macrophages. Therefore,
24 h (results shown in Figure 3) continued to multiply in infected we analyzed whether Dolabelladienetriol could inhibit Leishmania
cells, thus resulting in a smaller percentage of killings when the growth in macrophages that were simultaneously co-infected by
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Figure 5. Effect of Dolabelladienetriol on nitric oxide (NO) production. (A) Non-activated mouse peritoneal macrophages (open bars) and
IFN-y and LPS-activated macrophages (grey bars) were treated with 50 uM Dolabelladienetriol (DBT), which was added simultaneously with IFN-y and
LPS. (B) L. amazonensis (La) infected (grey bars) or uninfected (open bars) RAW 264.7 cells were treated or not with 50 uM Dolabelladienetriol 24 h
after infection. NO production in A and B was measured in the supernatants that were harvested 48 h after treatment using the Griess assay. (C)
Dolabelladienetriol scavenger activity. A cell-free system using SNAP as an NO donor was either incubated with 50 uM of Dolabelladienetriol (DBT) or
untreated. Rutin (1 mM), an NO scavenger, was used as a positive control. The nitrite concentration was determined using the Griess reaction. The
data represent the mean+SEM of two different experiments performed in triplicate. *p<<0.05.

doi:10.1371/journal.pntd.0001787.g005
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Figure 6. Cytokine production inhibition by Dolabelladienetriol. L. amazonensis (La) infected or non-infected RAW 264.7 cells were treated
or not with 50 uM of Dolabelladienetriol (DBT) 24 h after infection. (A) TNF-ot and (B) TGF- production was determined using ELISA assays 48 h after
DBT treatment. The data represent the mean of two experiments in triplicate+SEM. * p<<0.05.

doi:10.1371/journal.pntd.0001787.g006

HIV-1, a condition that induces exacerbated viral and protozoan
growth, as previously described [5]. Consequently, primary
human macrophages were infected by both pathogens and treated
with Dolabelladienetriol. Parasite load and virus replication were
assessed by determining the Leshmania infectivity index and
measuring the HIV-1 p24 antigen in the culture supernatant,
respectively. The parasite growth in Leishmania-HIV-1 co-infected

. p65

macrophages was reduced by 39% and 56% after Dolabelladiene-
triol treatment with 10 pM and 50 uM, respectively (Figure 9).
Amphotericin B, used for comparison, was much less potent in this
system and reduced the parasite load by 19% in the co-infected
cells (Figure 9). In agreement with our previous reports [5], HIV-1
doubled Leishmania growth. Additionally, Dolabelladienetriol
potently reduced the HIV-1 replication in the co-infected

— e e s —— Lamin A/C

Figure 7. Dolabelladienetriol inhibits NFkB nuclear translocation. RAW264.7 macrophages were left untreated (CTRL) or stimulated with LPS,
and additionally treated or not with 50 uM Dolabelladienetriol (DBT) for 1 h. The total nuclear proteins were detected by blotting using p65 and

lamina A/C specific antibodies.
doi:10.1371/journal.pntd.0001787.g007
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Figure 8. Leishmanicidal activity of Dolabelladienetriol in conditions of parasite exacerbated growth. L. amazonensis infected mouse
peritoneal macrophages were treated with IL-10 (10 ng/ml) or TGF-§ (5 ng/ml), and additionally treated or not with 50 uM Dolabelladienetriol (DBT).
The parasite growth was assessed at 48 h after the DBT treatment. The results from two independent experiments in duplicate for IL-10 and four
experiments in duplicate for TGF-B are shown as the percentage of parasite survivalH+SEM compared with the untreated control. * p<<0.05.

doi:10.1371/journal.pntd.0001787.g008

macrophages, reaching up to 99% inhibition with a 50 uM
treatment (data not shown), similarly to what we described
elsewhere [24,25].

Discussion

In the present study, we have shown for the first time that a
compound purified from Dictyota pfaffic algae possesses leishmani-
cidal activity. Dolabelladienetriol, a dolabellane diterpene, was
active against Leishmania amazonensis in an isolated infection and
during HIV-1 co-infection in primary murine and human
macrophages, respectively.

Initially, we demonstrated that Dolabelladienetriol was active
against the parasite, significantly inhibiting promastigotes growth.
This result suggested that Dolabelladienetriol could directly kill the
parasite. Importantly, Dolabelladienetriol was active against
intramacrophagic amastigotes, the forms that maintain the
infection in mammalian hosts. Dolabelladienetriol anti-amastigote
activity was dose-dependent and lacked host cell toxicity, as
measured using three different methods. Dolabelladienetriol did
not cause toxicity in the murine macrophages even when tested at
a 1 mM concentration using the XTT assay (data not shown). No
toxicity was found in the human monocytes derived-macrophages
until a 200 pM dose of Dolabelladienetriol, as measured using the
XTT assay. As previously reported, no toxicity was found in the
human monocyte-derived macrophages until a 500 pM dose of

PLOS Neglected Tropical Diseases | www.plosntds.org

Dolabelladienetriol, as measured using the Trypan blue exclusion
test [24].

Of the few reports that have analyzed algae anti-Leishmania
activity, most of these studies have characterized the leishmani-
cidal effect of algae extracts in axenic promastigotes and
amastigotes [13-17,19,21]. The anti-leishmanial activity of a
pure, isolated drug from algae has been reported for elatol and
obtusol, obtained from the red seaweed Laurencia dendroidea [18,21].

Dolabelladienetriol is included in the large family of terpenes,
which contains other members possessing antileishmanial proper-
ties, including sesquiterpenes, diterpenoids and triterpenes. These
terpenes can affect the actions of Leishmania, for example, in the
cell cycle, protease activity, lipid synthesis or indirectly by
modulating macrophage activation [33-37]. Although the mech-
anism(s) responsible for the anti-leishmanial effect of Dolabella-
dienetriol is/are unknown, we demonstrate that this drug
modulates macrophage activity by inhibiting NO, TGF-B and
TNF-a production. TNF-a0 and NO are important mediators for
Leishmania killing in macrophages [38]. Dolabelladienetriol treat-
ment decreased TNF-o and NO production, both in infected and
uninfected macrophages. TNF- o is an important cytokine that
induces nitric oxide synthase expression, promotes NO production
and parasite death [39]; however, evidence of persistent
leishmaniasis caused by a strong inflammatory response induced
by high TNF-a levels were reported [39—42]. Moreover, the
clinical improvement of leishmaniasis patients treated with

September 2012 | Volume 6 | Issue 9 | e1787
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Figure 9. Leishmanicidal effect of Dolabelladienetriol in the LeishmanialHIV-1 co-infected macrophages. Human macrophages were
infected with HIV-1 for 7-9 days, followed by Leishmania (La) infection (a ratio of 3 parasites:1 cell). After 72 h, the macrophages were either treated
with 10 uM or 50 uM Dolabelladienetriol (DBT) or 1.1 uM amphotericin B (AMB) or untreated. The infectivity index of Leishmania was determined by
randomly counting at least 200 cells in each condition. The data represent the means+SEM of four different donors in the experiments performed in
duplicate. * p<<0.05 compared with Leishmania growth in the untreated co-infected macrophages. Viral production in the Leishmania-HIV-1 co-
infected macrophages: 48.96+16.05 ng/m.

doi:10.1371/journal.pntd.0001787.g009

pentoxifylline, a TNF-o inhibitor, has been shown [43-45]. Recently, we demonstrated that an indole alkaloid-enriched
Allenbach et al. [45] demonstrated self-healing leishmaniasis in fraction from Tabernaemontana catharinensis inhibited TGF-Bproduc-
soluble TNF-a knockout (KO) mice. However, the same phenotype tion and possessed anti-Leishmama amazonensis activity [26].
was not observed in soluble and membrane TNF-o knockout mice; Similarly, we detected that Dolabelladienetriol inhibited TGF-f3
these mice could not cure their infection. These findings suggest that production in normal or Leshmania-infected macrophages in
membrane TNF-oo plays an important role in leishmaniasis association with anti-leishmanial activity. The favorable role of
resolution. Similar to pentoxifylline, Dolabelladienetriol could be TGF-B on the development of Leishmania infection is well
an important tool for leishmaniasis control that occurs with high established in the literature. For example, the administration of
TNF-a levels through its capacity to inhibit this cytokine. Because exogenous TGF-B to Leshmania-infected mice leads to lesion

TNF-a gene expression is NF-kB controlled, NF-kB modulation by enhancement, whereas treatment with anti-TGF-B antibody has a
Dolabelladienetriol was investigated. Our results demonstrated that protective effect [48]. High TGF-B levels are involved in

Dolabelladienetriol could inhibit NF-kB activation in RAW 246-7 anthroponotic cutaneous leishmaniasis, which is caused by L.
macrophages that were either unstimulated or stimulated with LPS. tropica, and post-kala-azar dermal leishmaniasis, which is caused by
Marine natural products have been recognized as a promising L. donovani [31,49]. Additionally, the neutralization of TGF-f
source of NF-kB inhibitors; among the algae products tested, 75% reverses disease susceptibility in murine leishmaniasis, even in the
could inhibit NF-kB [46]. It has been demonstrated that natural sea presence of high IL-10 levels [50,51]. Importantly, our results
products can inhibit NF-kB activation by different mechanisms, show that Dolabelladienetriol was effective even when parasite
such as the modulation of the NF-kB inhibitor (IxB) or the IxB growth was exacerbated by TGF-B and IL-10.

kinase (IKK), NF-kB ubiquitination and 26S proteasome degrada- Dolabelladienetriol was also active against Leishmania in HIV-1
tion [47]. Although the mechanism is unknown, Dolabelladiene- co-infected human macrophages. We previously described that an
triol-mediated NF-kB inhibition includes this drug in a group of HIV-1 infection exacerbates the Leishmama load in human
molecules with anti-inflammatory properties. macrophages, an effect that is mediated by the HIV-1 transcrip-
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tional transactivator (Tat) protein through TGF-B production [5].
This effect was reversed by adding anti-TGF-f to the infected
macrophage cultures [5]. Thus, our present results indicate that
Dolabelladienetriol-mediated inhibition of TGF-B production
plays an important role in the activity of this compound against
Leishmania in the Leishmania/HIV-1 co-infected macrophages.

Overall, the leishmanicidal and anti-HIV-1 activities possessed
by Dolabelladienetriol support this compound as a promising
candidate for future studies regarding the treatment of Leishmania
infection, either in isolated episodes or in association with HIV-1,
a condition in which growth of both pathogens is exacerbated.
Because Leshmania-HIV-1 co-infection is an emerging health
problem in several countries, drugs that can inhibit both
pathogens should be developed.

References

1. Murray HW, Berman JD, Davies CR, Saravia NG (2005) Advances in
Leishmaniasis. Lancet 366:1561-1577.

2. Singh S, Sivakumar R (2009) Challenges and new discoveries in the treatment of
leishmaniasis. ] Infect Chemother 10:307-315.

3. Alvar J, Aparicio P, Aseffa A, Den Boer M., Canavate C. et al. (2008) The
relationship between leishmaniasis and AIDS: the second 10 years. Clin
Microbiol Rev 21:334-359.

4. Pozio E, Morales MA (2005) The impact of HIV-protease inhibitors on
opportunistic parasites. Trends Parasitol 21:58-63.

5. Barreto-de-Souza V, Pacheco GJ, Silva AR, Castro-Faria-Neto HC, Bozza PT,
et al. (2006) Increased Leishmania replication in HIV-1-infected macrophages is
mediated by tat protein through cyclooxygenase-2 expression and prostaglandin
E2 synthesis. ] Infect Dis 194:846-854.

6. Zhao C, Papadopoulou, B Tremblay MJ (2004) Leishmania infantum enhances
human immunodeficiency virus type-1 replication in primary human macro-
phages through a complex cytokine network. Clin Immunol 113: 81-88.

7. World Health Organization, Report of the Fifth Consultative Meeting on
Leishmania/ HIV Coinfection, Addis Ababa, Ethiopia, 20-222 March 2007.

8. Barral A, Pedral-Sampaio D, Grimaldi Junior G, Momen H, Mcmahon-Pratt D,
et al. (1991) Leishmaniasis in Bahia, Brazil: evidence that Leishmania amazonensis
produces a wide spectrum of clinical disease. Am J Trop Med Hyg 44:536-546.

9. Berman JD (2003) Current treatment approaches to leishmaniasis. Curr. Opin.
Infect. Dis 16:397-401.

10. Croft SL, Barrett MP, Urbina JA (2005) Chemotherapy of trypanosomiases and
leishmaniasis. Trends Parasitol 21:508-512.

11. Sindermann H, Engel J (2006) Development of miltefosine as an oral treatment
for leishmaniasis. Trans R Soc Trop Med Hyg 100 Suppl 1:517-S20.

12. Haefner B (2003) Drugs from the deep: marine natural products as drug
candidates. Drug Discov Today 8:536-544.

13. Orhan I, Sener B, Atici T, Brun R, Perozzo R, et al. (2006) Turkish freshwater
and marine macrophyte extracts show in vitro antiprotozoal activity and inhibit
Fabl, a key enzyme of Plasmodium falciparum fatty acid biosynthesis. Phytome-
dicine 13:388-393.

14. Freile-Pelegrin Y, Robledo D, Chan-Bacab M]J, Ortega-Morales BO (2008)
Antileishmanial properties of tropical marine algae extracts. Fitoterapia 79:374—
377.

15. Genovese G, Tedone L, Hamann MT, Morabito M (2009) The Mediterranean
red alga Asparagopsis: a source of compounds against Leishmania. Mar Drugs
7:361-366.

16. Allmendinger A, Spavieri J, Kaiser M, Casey R, Hingley-Wilson S, et al. (2010)
Antiprotozoal, antimycobacterial and cytotoxic potential of twenty-three British
and Irish red algae. Phytother Res 24:1099-1103.

17. De Felicio R, De Albuquerque S, Young MC, Yokoya NS, Debonsi HM (2010)
Trypanocidal, leishmanicidal and antifungal potential from marine red alga
Bostrychia tenella J. Agardh (Rhodomelaceae, Ceramiales). J Pharm Biomed Anal
52:763-769.

18. Dos Santos AO, Veiga-Santos P, Ueda-Nakamura T, Filho BP, Sudatti DB,
et al. (2010) Effect of elatol, isolated from red seaweed Laurencia dendroidea, on
Leishmania amazonensis. Mar Drugs 8: 2733-2743.

19. Spavieri J, Kaiser M, Casey R, Hingley-Wilson S, Lalvani A, et al. (2010)
Antiprotozoal, antimycobacterial and cytotoxic potential of some British green
algae. Phytother Res 24:1095-1098.

20. Spavieri J, Allmendinger A, Kaiser M, Casey R, Hingley-Wilson S, et al. (2010)
Antimycobacterial, antiprotozoal and cytotoxic potential of twenty-one brown
algae (Phacophyceae) from British and Irish waters. Phytother Res 24:1724
1729.

21. Da Silva Machado FL, Pacienza-Lima W, Rossi-Bergmann B, De Souza
Gestinari LM (2011) Antileishmanial sesquiterpenes from the Brazilian red alga
Laurencia dendroidea. Planta Med 77:733-735.

22. Siizgeg-Selguk S, Mericli AH, Giiven KC, Kaiser M, Casey R, et al. (2011)
Evaluation of Turkish seaweeds for antiprotozoal, antimycobacterial and
cytotoxic activities. Phytother Res 25: 778-783.

PLOS Neglected Tropical Diseases | www.plosntds.org

Leishmanicidal Activity of Dolabelladienetriol

Acknowledgments

We thank the Hemotherapy Service of the Hospital Clementino Fraga
Filho (Universidade Federal do Rio de Janeiro) for providing bufty coats
and the NIH AIDS Research and Reference Reagent Program (Division of
AIDS, NIAID, Bethesda, MD) for providing the HIV-1 isolate Ba-L;
Wilton Ferreira (Universidade Federal Fluminense) provided technical
assistance.

Author Contributions

Conceived and designed the experiments: DCS UGL VLT DCBH EMS.
Performed the experiments: DCS TCCS CCS. Analyzed the data: DCS
UGL DCBH EMS. Contributed reagents/materials/analysis tools: VLT
ICNPP. Wrote the paper: DCS DCBH EMS.

23. Barbosa JP, Pereira RC, Abrantes JL, Cirne Dos Santos CC, Rebello MA, et al.
(2004) In vitro antiviral diterpenes from the Brazilian brown alga Dictyota pfaffi.
Planta Med 70:1-5.

24. Cirne-Santos CC, Teixeira V, Castello-Branco LR, Frugulhetti ICPP, Bou-
Habib DC (2006) Inhibition of HIV-1 Replication in Human Primary Cells by a
Dolabellane Diterpene Isolated from the Marine Algae Dictyola pfaffir. Planta
Med 72:295-299.

25. Cirne-Santos CC, Souza TM, Teixeira VL, Fontes CF, Rebello MA, et al.
(2008) The dolabellane diterpene Dolabelladienetriol is a typical noncompetitive
inhibitor of HIV-1 reverse transcriptase enzyme. Antiviral Res 77: 64-71.

26. Soares DC, Pereira CG, Meireles MA, Saraiva EM (2007) Leishmanicidal
activity of a supercritical fluid fraction obtained from Tabernaemontana catharinensis.
Parasitol Int 56:135-139.

27. Green SJ, Meltzer MS, Jr Hibbs JB, Nacy CA (1990) Activated macrophages
destroy intracellular Leishmania major amastigotes by an L — arginine-dependent
killing mechanism. J Immunol 144:278-283.

28. Field L, Dilts RV, Ravichandran R, Lenhert PG, Carnahan GE (1978) An
unusually stable thionitrite from MN-acetyl-D,L-penicillamine: X-ray crystal and
molecular structure of 2-(acetylamino)-2-carboxy-1,1 dimethylethylthionitrite.
JCS Chem Commun 6, 249-250.

29. Roehm NW, Rodgers GH, Hatfield SM, Glasebrook AL (1991) An improved
colorimetric assay for cell proliferation and viability utilizing the tetrazolium salt
XTT. J Immun Meth 142:257-265.

30. Souza AS, Giudice A, Pereira JM, Guimardes LH, De Jesus AR, et al. (2010)
Resistance of Leishmania (Viannia) braziliensis to nitric oxide: correlation with
antimony therapy and TNF-a production. BMC Infect Dis 10: 209-219.

31. Anderson CF, Lira R, Kamhawi S, Belkaid Y, Wynn TA, et al. (2008) IL-10
and TGF-B control the establishment of persistent and transmissible
infections produced by Leishmania tropica in C57BL/6 mice. J Immunol 180:
4090-4097.

32. Calegari-Silva TC, Pereira RM, De-Melo LD, Saraiva EM, Soares DC, et al.
(2009) NF-kB-mediated repression of iNOS expression in Leishmania amazonensis
macrophage infection. Immunol Lett 127:19-26.

33. Gray CA, De Lira SP, Silva M, Pimenta EF, Thiemann OH, et al. (2006)
Sulfated meroterpenoids from the Brazilian sponge Callyspongia sp. are inhibitors
of the antileishmaniasis target adenosine phosphoribosyl transferase. J Org
Chem 71:8685-8690.

34. Danelli MG, Soares DC, Abreu HS, Pecanha LM, Saraiva EM (2009)
Leishmanicidal effect of LLD-3 (1), a nor-triterpene isolated from Lophanthera
lactescens. Phytochem 70:608-614.

35. Tiuman TS, Ueda-Nakamura T, Garcia Cortez DA, Dias Filho BP, Morgado-
Diaz JA, et al. (2005) Antileishmanial activity of parthenolide, a sesquiterpene
lactone isolated from Tanacetum parthenium. Antimicrob Agents Chemother
49:176-182.

36. Kappor P, Sachdeva M, Madhubala R (1999) Effect of the microtubule stabling
agent taxol on Leishmanial protozoan parasites m vitro. FEMS Microbiol Lett
176: 429-435.

37. Doherty TM, Sher A, Vogel SN (1998) Paclitaxel (Taxol)-induced killing of
Leishmania major in murine macrophages. Infect Immun 66: 4553-4556.

38. Sharma U, Singh S (2009) Immunobiology of leishmaniasis. Indian J Exp Biol
47:412-423.

39. Bogdan C (2001) Nitric oxide and the immune response. Nature Immunol
2:907-916.

40. Blackwell JM (1999) Tumour necrosis factor alpha and mucocutaneous
leishmaniasis. Parasitol Today 15:73-75.

41. Karplus TM, Jeronimo SM, Chang H, Helms BK, Burns TL, et al. (2002)
Association between the tumor necrosis factor locus and the clinical outcome of
Leishmania chagasi infection. Infect Immun 70: 6919-6925.

42. Pirmez C, Yamamura M, Uyemura K, Paes-Oliveira M, Concei¢ao-Silva F,
et al. (1993) Cytokine patterns in the pathogenesis of human leishmaniasis. ] Clin
Invest 91:1390-1395.

September 2012 | Volume 6 | Issue 9 | e1787



43.

44.

46.

47.

Machado PR, Lessa H, Lessa M, Guimardes LH, Bang H, et al. (2007) Oral
pentoxifylline combined with pentavalent antimony: a randomized trial for
mucosal leishmaniasis. Clin Infect Dis 44:788-793.

Lessa HA, Machado P, Lima F, Cruz AA, Bacellar O, et al. (2001) Successful
treatment of refractory mucosal leishmaniasis with pentoxifylline plus antimony.
Am J Trop Med Hyg 65: 87-89.

. Allenbach C, Launois P, Mueller C, Tacchini-Cottier F. (2008) An essential role

for transmembrane TNF in the resolution of the inflammatory lesion induced by
Leishmania major infection. Eur J Immunol 38:720-731.

Folmer F, Jaspars M, Solano G, Cristofanon S, Henry E, et al. (2009) The
inhibition of TNF-o-induced NF-kB activation by marine natural products.
Biochem Pharmacol 78:592-606.

Folmer F, Jaspars M, Dicato M, Diederich M (2008) Marine natural products as tar-
geted modulators of the transcription factor NF-kB. Biochem Pharmacol 75: 603-617.

PLOS Neglected Tropical Diseases | www.plosntds.org

12

48.

49.

50.

51.

Leishmanicidal Activity of Dolabelladienetriol

Reed SG (1999) TGF-P in infections and infectious diseases. Microbes Infect 1:
1313-1325.

Saha S, Mondal S, Ravindran R, Bhowmick S, Modak D, et al. (2007) IL-10 and
TGF-B-mediated susceptibility in kala-azar and post-kala-azar dermal leish-
maniasis: the significance of amphotericin B in the control of Leishmania donovani
infection in India. J Immunol 179:5592-5603.

Sacks D, Anderson C (2004) Re-examination of the immunosuppressive
mechanisms mediating non-cure of Leishmania infection in mice. Immunol Rev
201:225-238.

Pinheiro RO, Pinto EF, Lopes JR, Guedes HL, Fentanes RF, et al. (2005) TGF-
B-associated enhanced susceptibility to leishmaniasis following intramuscular
vaccination of mice with Leishmania amazonensis antigens. Microbes Infect 7:1317—

1323.

September 2012 | Volume 6 | Issue 9 | e1787



