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Abstract 

Background: The in vitro activity of the brown seaweed Dictyota spiralis against both Leishmania amazonensis and 
Trypanosoma cruzi was evaluated in a previous study. Processing by bio‑guided fractionation resulted in the isolation 
of three active compounds, classified as diterpenes. In the present study, we performed several assays to detect clini‑
cal features associated to cell death in L. amazonensis and T. cruzi with the aim to elucidate the mechanism of action 
of these compounds on parasitic cells.

Methods: The aims of the experiments were to detect and evaluate specific events involved in apoptosis‑like cell 
death in the kinetoplastid, including DNA condensation, accumulation of reactive oxygen species and changes in ATP 
concentration, cell permeability and mitochondrial membrane potential, respectively, in treated cells.

Results: The results demonstrated that the three isolated diterpenes could inhibit the tested parasites by inducing 
an apoptosis‑like cell death.

Conclusions: These results encourage further investigation on the isolated compounds as potential drug candidates 
against both L. amazonensis and T. cruzi.
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Background
Kinetoplastid parasites are responsible for a wide vari-
ety of infectious diseases, including Leishmania spp. and 
Trypanosoma spp., which are causative agents of tropi-
cal diseases classified as neglected by the World Health 
Organization. These diseases affect mainly countries 
with limited resources. The appearance of resistance to 
existing treatments as well as the side effects of these 
treatments motivate the search for new molecules as 
therapeutic alternatives [1, 2]. In this context, seaweeds 

could represent a good candidate as a source of new com-
pounds. These marine organisms are well known to pro-
duce a wide variety of secondary metabolites and have 
been investigated in several studies and shown to exhibit 
various biological activities. Seaweeds have been source 
material for the production of a variety of major metabo-
lites that can be classified in different groups according 
to their structure, such as polyphenols, polysaccharides, 
carotenoids, vitamins, lipids and terpenoid compounds, 
among others [3].

Terpenes are secondary metabolites with two or more 
five-carbon units of isopentenyl [4]. This class of mol-
ecules has been identified as being biologically active, 
with a proven efficiency as anticancer, antioxidant, 
anti-inflammatory and antimicrobial properties. They 
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are also known to represent the major class of metabo-
lites produced by marine algae [5].

Investigations on marine metabolites keep leading 
the discovery of new structures and new activities. 
Over 170 diterpenoids, included in 32 patterns of car-
bon backbones, have been found to exhibit biological 
activities, such as ichtyotoxicity, phytotoxicity, cyto-
toxicity, antiviral, antifungal, insecticidal or antifeeding 
properties [6–8].

The potential of these marine organisms to be a 
source of new biologically active molecules has inspired 
several investigations in drug discovery, including one 
on the screening of seaweed species collected from 
the Tunisian coast for antioxidant and antiprotozoal 
activities [9]. The results of this investigation allowed 
us to focus on the species Dictyota spiralis and its 
crude organic extract that exhibited promising results 
in terms of antikinetoplastid capacity. A further inves-
tigation employing bio-guided fractionation resulted 
in the isolation of specific compounds possessing this 
activity [10]. In this context, the research presented 
here focuses on the evaluation of the potential of these 
compounds as drug candidates. Therefore, the main 
objective was to identify the mechanism of action of 
these compounds on parasites at a molecular level and 
to characterize the cell death pathway they induce as 
the latter is a determinant parameter in drug selection 
as a prospective treatment. Cell death can be induced 
in two main forms: regulated or accidental. The first 
form is a modulated mechanism and the second form is 
instantaneous and catastrophic. Both pathways can be 
identified through the detection of macroscopic, mor-
phological and molecular events [11].

The aim of the present work was to detect the vari-
ous events induced by exposing the kinetoplasts of cells 
to three different metabolites isolated from the crude 
extract of D. spiralis and to determine the cell death 
pathway induced by these molecules.

Methods
Biological material and molecules identification
The brown seaweed Dictyota spiralis was collected in 
April 2017, and specimen identification was performed 
by the National Institute for Marine Sciences and Tech-
nologies in Tunisia. A crude extract of the collected 
specimens was demonstrated to exhibit antikinetoplastid 
activity and was used to perform bio-guided fractiona-
tion to isolate the active compounds. Several methods 
of separation and identification were used, including 
column chromatography, high-performance liquid chro-
matography, nuclear magnetic resonance, mass spec-
trometry, among others  (Additional file  1). Compound 
1 was identified as pachydictyol C [12], and compounds 
2 and 3 were characterized as dictyol E [12–14] and 
3,4-epoxy-7,18-dolabelladiene [10], respectively. Stock 
solutions of these compounds were prepared in dimethyl 
sulfoxide (DMSO) (Merck KGaA, Darmstadt, Germany), 
protected from light, at − 20 °C. The structure as well as 
the chemical names of the three diterpenes obtained are 
shown in Fig. 1.

Parasites strain, cytotoxicity and activity assays
Experiments including in vitro activity assays of isolated 
compounds 1–3 were performed against the promastig-
ote and amastigote stages of Leishmania amazonensis 
(MHOM/BR/77/LTB0016) and the epimastigote stage of 
Trypanosoma cruzi (Y strain). Promastigotes of L. ama-
zonensis were cultured in Schneider’s medium (Sigma-
Aldrich, St. Louis, MO, USA). Typanosoma cruzi strain 
Y was cultured in liver Infusion tryptose (LIT) medium.

In vitro antileishmanial evaluation
Anti‑promastigotes assay
The bioassay was performed using the AlamarBlue® 
method as previously described [23]. Promastigotes 
of L. amazonensis  were grown at 26  °C in RPMI 1640 
modified medium (Gibco BRL Life Technologies Inc., 
Gaithersburg, MD, USA) and supplemented with 10% 

Fig. 1 Chemical structure of three natural diterpenes isolated from Dictyota spiralis crude extract
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heat-inactivated fetal bovine serum (FBS). Cultures in the 
logarithmic phase were seeded in sterilized 96-well micr-
otiter plates (Corning™, Corning, NY, USA)  (106  para-
sites/ml) containing the samples dissolved in 1% DMSO 
at the suitable concentration to be tested in serial dilu-
tions, and  Leishmania  medium (RPMI 1640) was used 
to reach a final volume of 200  μl per well; then 10% of 
AlamarBlue® was added to the entire plate. After an 
incubation of 72 h, the plate was checked visually using 
an inverted microscope, then analyzed using an Enspire 
multimode plate reader (PerkinElmer, Inc., Waltham, 
MA, USA) at excitation and emission wavelengths of 570 
and 585  nm, respectively. Dose–response curves were 
plotted, and the concentration at which one half of the 
maximal inhibitory effect was obtained  (IC50) was deter-
mined. The analyses were performed in triplicate.

Anti‑amastigotes assay
The three molecules 1-3  were tested against the intra-
macrophagic stage of L. amazonensis as previously 
described [15]. Briefly, in a 96-well, flat-bottom plate, 
macrophages of the J774A.1 cell line (American Type 
Culture Collection #TIB-67) were cultured at a density 
of 2 ×  105 cells/ml in RPMI 1640 medium supplemented 
with 10% heat-inactivated FBS and incubated for 1 h 
at 37  °C in a 5%  CO2 atmosphere to allow almost com-
plete attachment of the cells. The macrophages were 
then infected with  L. amazonensis  promastigotes in the 
stationary phase (7-day-old culture) at a ratio of 1:10 
(macrophage:parasite) at a concentration of 2 ×  106 cells/
ml and incubated at 37 °C in 5%  CO2 for 24 h. Wells were 
washed with medium to remove external promastig-
otes. Thereafter, the infected macrophages were treated 
with the serially diluted concentrations of the pure 
compounds for 24  h, following which the medium was 
removed carefully and replaced by 30 μl of new medium 
containing 0.05% sodium dodecyl sulfate and the plate 
shaken for 30  s. Subsequently, 170  μl of Schneider’s 
medium was added to each well to give a final volume of 
200 μl, and 20 μl of AlamarBlue® was added to the plate; 
the plate was then incubated at 26 °C for 72 h, following 
which the plates were analyzed using the same protocol 
as for the promastigotes assay.

In vitro evaluation on T. cruzi epimastigotes
The three molecules 1-3 were tested against epimastig-
otes of T. cruzi. Briefly, the molecules were dissolved in 
DMSO in 96-well plates and a serially diluted concentra-
tion was made in 100  μl of LIT medium supplemented 
with 10% heat-inactivated FBS. In all tests, a maximum 
of 1% DMSO was used to dissolve the highest dose of the 
compounds without inducing any effects on the para-
sites; epimastigotes in the logarithmic growth phase were 

then counted, adjusted to 5 ×  105  cells/ml, distributed 
on the previous 96-well plate and incubated at 27 °C for 
72  h. The plate was observed under an inverted micro-
scope after 72  h of incubation and analyzed statistically 
as described for the leishmanicidal test.

Assessment of cytotoxicity on macrophages
Cytotoxicity of the tested molecules was evaluated after 
24  h using macrophages of the murine cell line J774.
A1 (American Type Culture Collection #TIB-67). The 
cells were maintained in DMEM medium at 37 ˚C in a 
5%  CO2  humidified incubator. The viability of the mac-
rophages was determined with the AlamarBlue assay 
and the emitted fluorescence was assayed in an Enspire 
microplate reader (PerkinElmer Inc.) at 570/585  nm. 
Briefly, 50 µl of macrophages was placed in a 96-well flat 
bottom plate at a density of 2 ×  105/ml in RPMI medium 
supplemented with 10% FBS without phenol. Cells were 
allowed to adhere for 15  min, and their progress was 
checked using a Leika inverted microscope (Leika Cam-
era AG, Wetzlar, Germany). At the same time, a seri-
ally dilution of the test compounds was made in a deep 
96-well plate with the same medium, and then 50  µl of 
each serially diluted molecule was added to each well 
of the 96-well flat bottom plate. Finally, 10% of Alamar-
Blue was added to each well. The plates were incubated 
at 37 °C in 5%  CO2 for 24 h. Dose–response curves were 
plotted and the 50% cytotoxic concentrations  (CC50) were 
obtained. The analyses were performed in triplicate.

DNA condensation assay
Hoechst dye is a blue-fluorescent dye that stains con-
densed chromatin of apoptotic cells. To detect DNA 
condensation, the chromatin condensation/dead cell 
apoptosis kit was used (Invitrogen, Thermo Fisher Sci-
entific, Waltham, MA, USA). Cells were incubated in 
the presence of the compounds to be tested at  IC90. The 
 IC90 values were determined using nonlinear regression 
of the AlamarBlue® curve. After 24 h of incubation, cells 
were harvested and resuspended in medium, following 
which 1  μl of Hoechst 33342 stock solution was added 
to parasites and incubated for 20 min. Results were ana-
lyzed by cell imaging using the Evos FL cell imaging sys-
tem (Thermo Fisher Scientific). The experiments were 
repeated using a double-stain apoptosis detection kit 
(Hoechst 33342/PI; Thermo Fisher Scientific). This kit 
allows the identification of three groups in a cellular pop-
ulation: (i) dead cells, which exhibit high-red and low-
blue fluorescence (as propidium iodide stain enters the 
nucleus); (ii) apoptotic cells, which will show high-blue 
fluorescence (as chromatin condenses); and (iii) healthy 
cells with only a low level of fluorescence. A positive 
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control was also tested: miltefosine (L. amazonensis) and 
benznidazole (T. cruzi).

Analysis of mitochondrial membrane potential
Promastigotes of L. amazonensis (2 ×  106 cells/ml) and 
epimastigotes (5 ×  105cells/ml) of T. cruzi were incu-
bated for 24  h in the presence of the compounds to be 
tested, at  IC90 and 26 °C, following which the cells were 
centrifuged, resuspended and transferred to black bot-
tom 96-well plate. A 10-μl aliquot of JC-1 reagent (JC-1 
Mitochondrial Membrane Potential Assay Kit; Cayman 
Chemical, Ann Arbor, MI, USA) was added to each well 
and the plates were incubated for 30 min. The switch of 
fluorescence from red to green emitted by both forms of 
the dye (monomer and aggregate) was measured using 
the Enspire microplate reader (PerkinElmer) at excita-
tion/emission wavelengths of 560/595 and 485/535 for 
red and green, respectively; the decrease of the ratio was 
calculated as the percentage relative to the negative con-
trol. Cells images were captured using the Evos cell imag-
ing system (Thermo Fisher Scientific), which is a fully 
integrated digital inverted microscope, at a magnification 
of ×40 and ×100. Untreated cells are used as the negative 
control, and miltefosine and benznidazole were used as 
the positive control.

Analysis of adenosine triphosphate levels
The CellTiter-Glo® luminescent cell viability assay (Pro-
mega, WI, USA) was used to quantify the adenosine 
triphosphate (ATP) concentration. Cells of the kineto-
plastid strains (for both L. amazonensis [2 ×  106 cells/ml] 
and T. cruzi [5 ×  105cells/ml]) were incubated for 24  h 
with the compounds to be tested, at  IC90 and 26 °C. After 
incubation, the cells were centrifuged and resuspended in 
100 μl. To this volume, we added 100 μl of the reactive in 
white 96-well plates. After incubation, the luminescence 
signal was measured using the Enspire multimode plate 
reader. The decrease in ATP level was expressed as a per-
centage relative to the negative control. Miltefosine and 
benznidazole were tested as the positive control for L. 
amazonensis and T. cruzi, respectively.

Plasma membrane permeability assay
This assay was performed to evaluate the cell’s membrane 
permeability. Following the manufacturer’s recommenda-
tions, promastigotes of L. amazonensis and epimastig-
otes of T. cruzi were incubated in phosphate saline buffer 
in the presence of 1 μM of SYTOX® Green nucleic acid 
stain (Life Technologies, Waltham, MA, USA) and the 
 IC90 of the different test compounds to be tested. Varia-
tion in fluorescence was measured every 15 min for 6 h 
using the Enspire multimode plate reader at excitation/
emission wavelengths of 485/520. The percentage of 

relative permeabilization was calculated in reference to 
complete permeabilization realized by adding Triton 
X-100 (Sigma-Aldrich). In addition, both L. amazonen-
sis and T. cruzi cells were incubated for 24 h with com-
pounds 1–3, miltefosine and benznidazole, and images 
were captured using the Evos cell imaging system.

Oxidative stress
The reagent used for this assay was a fluorogenic probe to 
measure cellular oxidative stress upon oxidation by reac-
tive oxygen species (ROS). To perform the test, cells were 
incubated with the compounds to be tested, at  IC90 for 
24  h. The cells were centrifuged and resuspended in a 
volume of 50  μl, following which CellROX™ Deep Red 
oxidative stress reagent (Thermo-Fisher Scientific) was 
added to 96-well plates at 5  mM. The plates were then 
incubated for 30  min at 37  °C. After incubation, the 
results were analyzed by cell imaging using the Evos cell 
imaging system. Cells treated with different compounds 
were compared with untreated control cells and the posi-
tive control. Fluorescence intensity was also measured 
using the Enspire multimode plate reader at excitation/
emission wavelengths of 640/665 nm.

Statistical analysis
All data are expressed as the mean ± standard deviation 
of at least three independent experiments. A statistical 
comparison was conducted using one-way analysis of 
variance. All analyses and the graphics were done using 
GraphPad Prism version 8.0 (GraphPad Software Inc., 
San Diego, CA, USA). Statistical significance was set at 
P < 0.05.

Results
In vitro activity and selectivity index
The cytotoxicity of compounds 1–3 was evaluated 
in vitro against the murine macrophage cell line and the 
 CC50 was calculated and expressed in millimoles (µM). 
Leishmanicidal assays were also performed to determi-
nate the  IC50 of the three diterpenes under study against 
both the amastigote and promastigote stages of L. ama-
zonensis. Values of  IC50 against amastigotes and  CC50 
against murine macrophages allow the determination of 
the Selectivity Index (SI) on compounds 1–3. The results 
are summarized in Table 1. Regarding cytotoxicity,  CC50 
values were found to range from 36.96 µM for compound 
1 to 69.98 µM for compound 3. Compared to miltefosine 
and benznidazole, the three isolated diterpenes exhibited 
a higher toxicity.

The in vitro activity of compounds 1–3 was evaluated 
against both the amastigote and promastigote stages of 
L. amazonensis. The results showed that their activity 
against the promastigote stage was lower than that of the 
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reference drug. The  IC50 value obtained for miltefosine 
was 6.47  µM and that of the compounds isolated from 
the D. spiralis’ extract exhibited  IC50 values ranging from 
18.89 to 36.81  µM. The amastigote stage of L. amazon-
ensis showed a greater sensitivity to compounds 1–3, as 
presented in Table 1. Compounds 1 and 2 had a signifi-
cantly stronger activity than miltefosine, with  IC50 values 
of 0.97 and 2.03 µM for compounds 1 and 2, respectively, 
and 3.11  µM for the reference drug. The SI values, cal-
culated as the ratio between cytotoxicity and activity 
against the intracellular form of L. amazonensis, suggest 
that compounds 1 and 2, which showed a higher selectiv-
ity to the parasite than miltefosine (reference drug), are 
of potential interest.

In vitro evaluation of trypanocidal activity exhibited 
 IC50 values ranging from 13.11 to 35.28  µM for com-
pounds 1–3; in comparison benznidazole is active at an 
 IC50 of 6.95 µM.

Table 2 summarizes the  IC90 values obtained for each 
compound and for miltefosine and benznidazole. These 
concentrations were then used in the cell death mecha-
nism assays.

DNA condensation
DNA condensation is an important cellular event, pro-
viding evidence of apoptotic cell death. Hoechst dye is a 
blue-fluorescent dye that stains condensed chromatin. 
In this assay, a normally functioning live cell exhibits a 
light-blue color and early apoptotic cells show a bright-
blue fluorescence that indicates the presence of con-
densed chromatin. Also, using propidium iodine (PI), 
it is possible to distinguish dead cells, which stain red 
when PI penetrates the nucleus. The results of staining 
were evaluated using cell imaging. Different microscopy 
images are regrouped in Fig.  2 (for L. amazonensis) 
and Fig. 3 (for T. cruzi). As observed in Fig. 2A, com-
pared to the negative control, all compounds induced 
an increase in blue fluorescence after incubation with 
promastigotes of L. amazonensis cells. A clear reduc-
tion in cell number is also evident. Similar results were 
obtained with T. cruzi and the Hoechst dye, as shown 
in Fig. 3A.

A magnification of ×100 associated to the use of PI 
enabled the images shown in Fig. 2B of double-stained 
L. amazonensis cells incubated with the negative con-
trol, compounds 1–3 and the positive control (miltefos-
ine). Cells exhibiting no fluorescence (negative control) 
are healthy cells; those showing a superposition of blue 
and red fluorescence, such as cells treated with com-
pounds 2 and 3, suggest a late apoptotic stage; and cells 
with only red fluorescence are dead cells, somewhat 
like the image taken after exposure to miltefosine. The 
same results are observed in Fig. 3B where epimastigote 
stage T. cruzi are incubated with compounds 1–3 and 
benznidazole is the positive control.

As shown in Figs. 2 and 3, the results for both para-
sites are similar, suggesting that the tested compounds 

Table 1 Summary of in vitro leishmanicidal, trypanocidal and cytotoxic activity of compounds 1–3 isolated from the crude extract of 
Dictyota spiralis, and the Selectivity Index, compared to the positive controls miltefosine and benznidazole

Values in table are presented as the mean ± standard deviation (SD). Means within compounds (rows) with different lowercase letters (a–d) are significantly different 
(P < 0.05) for each test

IC50, Inhibitory concentration that inhibits 50% of the growth of the tested parasite;  CC50, cytotoxic concentration that reduces 50% of the murine macrophages’ 
viability; Selectivity Index (SI),  CC50/IC50)

Compound CC50: murine 
macrophages (μM)

Leishmania amazonensis Trypanosoma cruzi

IC50: promastigote (µM) IC50: amastigote (μM) Selectivity index IC50: epimastigote (μM)

1 36.96 ± 2.74a 18.89 ± 5.28b 0.97 ± 0.13a 37.76 13.11 ± 3.62b

2 52.05 ± 6.63b 18.95 ± 0.42b 2.03 ± 0.22b 25.56 18.32 ± 0.91c

3 69.98 ± 0.13c 36.81 ± 5.19c 3.88 ± 0.17c 18.02 35.28 ± 4.09d

Miltefosine (positive 
control for Leishma-
nia amazonensis)

72.18c 6.47 ± 0.58a 3.11c 23.16 –

Benznidazole (positive 
control for Trypano-
soma cruzi )

400d – – – 6.95a

Table 2 Summary of  IC90 values obtained in vitro

Compound Leishmania amazonensis: 
promastigote (μM)

Trypanosoma cruzi: 
epimastigote (μg/M)

1 39.47 75.43

2 34.94 104.08

3 74.87 139.90

Miltefosine 9.63 –

Benznidazole – 25.59
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behave in the same way toward cells of these two 
kinetoplastids.

Alteration of the mitochondrial membrane potential
Disruption of mitochondrial functions induced by the 
incubation of L. amazonensis and T. cruzi with com-
pounds 1–3 was evaluated using the mitochondrial 
membrane potential as a measure. JC-1 dye was used in 
this assay. In the case of normal mitochondrial mem-
brane potential, the reactive dye will form aggregates that 
emit red fluorescence; a collapsed potential induces the 
monomeric form with green fluorescence. This parame-
ter is expressed as the absolute red/green ratio of fluores-
cence. We considered the values of the negative controls 
to be the normal values, and therefore the collapse of 
mitochondrial membrane potential is expressed as a per-
centage (see Fig. 4a). This parameter is involved in energy 
storage and is an important indicator of cell health and 
viability [16].

The results demonstrate that exposing parasite cells 
to all tested compounds (1–3) induced an important 
decrease in mitochondrial membrane potential (ΔΨm) 
of both L. amazonensis and T. cruzi. These three diterpe-
nes isolated from the brown seaweed D. spiralis strongly 

affected T. cruzi, with a decrease in membrane potential 
of > 95%. The effect seems to be more moderated in L. 
amazonensis. Compound 3 had the strongest effect on 
L. amazonensis, effecting a decrease in mitochondrial 
potential of > 80% compared to compounds 1 and 2 that 
induced a decrease in mitochondrial potential of 34.0 and 
40.7%, respectively.

The measured results are also supported by cell imag-
ing with miltefosine added as a positive control for L. 
amazonensis and benznidazole as a positive control for 
T. cruzi. Microscopy images overlaying green, red and 
transmitted light at a magnification of ×100 of parasites 
incubated with positive control, negative control and 
compounds 1–3 are shown in Fig.  4B. The control was 
characterized by the domination of red fluorescence, 
thereby corroborating a high mitochondrial potential 
and healthy cells. In comparison, cells treated with com-
pounds 1–3 exhibited a predominance of green fluores-
cence in the case of T. cruzi and a mix between green 
and red (orange color) for L. amazonensis due to a lower 
effect on the latter, especially for compound 2.

Fig. 2 A Hoechst stain assay against promastigote stage Leishmania amazonensis incubated with  IC90 of compounds 1–3 for 24 h. Images (×40) 
obtained using the EVOS FL Cell Imaging System (Thermo Fisher Scientific). Overlay is represented with (a–d) and without (a′–d′) visible channel. 
Shown are negative control cells with DMSO (a and a′), compound 1 (b and b′), compound 2 (c and c′) and compound 3 (d and d′). B Double‑stain 
assay against promastigote stage Leishmania amazonensis incubated with  IC90 of compounds 1–3 for 24 h. Miltefosine is used as the positive 
control and DMSO as the negative control. Images (×100) were obtained using the EVOS FL Cell Imaging System with overlay of visible, blue 
and red channel. The presence of Hoechst stain corresponds to the presence of chromatin condensation (blue) in treated cells. Red fluorescence 
corresponds to the staining by propidium iodide (PI), indicating dead cells
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ATP concentration
Quantification of ATP level in control cells (for both T. 
cruzi and L. amazonensis) and in cells treated for 24  h 
with  IC90 of the different compounds isolated from D. 
spiralis are shown in Fig. 5. Miltefosine was used as the 
positive control for L. amazonensis and benznidazole 
as the positive control for T. cruzi. As can be observed, 
untreated cells (negative control) represent 100% of the 
ATP level. The effect induced by all compounds and the 
positive control was a decrease in ATP concentration for 
both parasites. Trypanosoma cruzi cells incubated with 
compounds 2 and 3 lost > 95% of their ATP concentra-
tion. The effects of compound 1 and benznidazole were 
more moderate, with a decrease in ATP concentration 
of > 70 and > 80%, respectively. For L. amazonensis, the 
effect was less important, especially for compound 2, 
with a loss of 26.6%. Regarding compound 3, the results 
obtained are similar to those obtained with miltefosine, 
with no significant difference between them.

Membrane permeability alteration
One of the detectable cellular events of a necrotic cell 
death is the rupture of the plasma membrane. This event 
can be detected by evaluating plasma membrane perme-
abilization. We performed the SYTOX Green dye assay 

to detect effect of compounds 1–3 on membrane perme-
ability. This green-fluorescence dye has a high affinity for 
DNA. Triton X-100 was used as a positive control in light 
of its known effect to cause 100% membrane permea-
bilization. Values of fluorescence were measured each 
15 min for 6 h. The results of this assay are summarized 
in Fig. 6 for L. amazonensis .

As can be observed, all of the tested molecules did not 
alter the membrane permeability for at least the first 6 h 
of incubation. Compound 3 exhibited the highest per-
centage of membrane permeabilization compared to the 
positive control, with increasing values reaching 35% 
after 6 h of incubation. For compounds 1 and 2, a slight 
fluctuation was noted, but always at values of < 20% com-
pared to Triton X-100 (100% permeabilization).

The measured values were supported by microscopy 
images, with miltefosine considered to be the reference 
drug and with a 24-h incubation. As can be observed in 
images regrouped Fig. 6b, the effect induced by the three 
diterpenes was very similar to that of miltefosine. No 
morphological changes of parasite can be distinguished, 
and cell shape is regular compared to negative untreated 
control.

Variations in membrane permeabilization induced by 
compounds 1–3 in T. cruzi cells are shown in Fig.  7a. 

Fig. 3 A Hoechst stain assay against epimastigote stage Trypanosoma cruzi incubated with  IC90 of compounds 1–3 for 24 h. Images (×40) obtained 
from the EVOS FL Cell Imaging System. Overlay is represented with (a to d) and without (a′ to d) visible channel. Shown are negative control cells 
with DMSO (a and a′), compound 1 (b and b′), compound 2 (c and c′) and compound 3 (d and d′). B Double‑stain assay against epimastigote stage 
Trypanosoma cruzi incubated with  IC90 of compound 1–3 for 24 h. Miltefosine is used as the positive control and DMSO as the negative control. 
Images (×100) were obtained using the EVOS FL Cell Imaging System with overlay of visible, blue and red channel. The presence of Hoechst stain 
corresponds to the presence of chromatin condensation (blue) in treated cells. Red fluorescence corresponds to staining by PI, indicating dead cells
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According to the results, compound 1 induced a slight 
increase of fluorescence after 2 h of incubation but this 
increase was followed with a decrease at the end of incu-
bation. For compounds 2 and 3, the evolution though 
incubation remained almost linear, and for all com-
pounds, the values of plasma membrane permeabiliza-
tion were < 20%

Images captured by the EVOS FL Cell Imaging Sys-
tem at ×100 magnification, 24-h incubation are grouped 
Fig.  7b. Compared to benznidazole (positive control for 
T. cruzi) a similar effect was induced by compounds 1–3 
on the plasma membrane. Morphological changes were 
more remarkable, with irregular parasite shape, rounded 
cells and no flagella in some cases.

Oxidative stress
Accumulation ROS at the cellular level is a good indica-
tor of oxidative stress and is precursor to a chain reaction 
leading damage at the cellular level to proteins, nucleic 
acids, lipids, membrane and organelles. These cellular 
alterations can lead to activation of the cell death process. 
As such, ROS play an important role in cell signaling and 
the apoptosis pathway [17]. An intracellular excess of 
ROS can be detected by the cell-permeable CellROX™ 
Deep Red reagent, which is a fluorogenic ROS sensor. 
In its reduced state, the CellROX™ Deep Red reagent 
is nonfluorescent; however, upon oxidation by ROS, it 
exhibits bright near-infrared fluorescence that serves as a 
direct measurement of the ROS levels in live cells.

Fig. 4 a Bar graph showing changes in the mitochondrial membrane potential (ΔΨm) of L. amazonensis and T. cruzi after 24 h of incubation with 
the  IC90 of compounds 1–3 compared to the negative control (DMSO). Differences between the values were assessed using one‑way analysis of 
variance. Data are presented as the mean ± standard deviation (SD). Lowercase letters a–c or uppercase letters A–C indicate that means within 
compounds with different letters are significantly different (P < 0.05). b Images (×100) are representative of the parasites observed in the performed 
experiments using the EVOS FL Cell Imaging System
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To evaluate any variation in ROS accumulation, we 
measured fluorescence using the Enspire multimode 
plate reader. The results are shown Fig. 8a. The incuba-
tion of L. amazonensis cells with compound 2 induced a 
slight increase in fluorescence but the increase was not 
significant compared the negative control containing 
DMSO. The effect was more remarkable for compounds 
1 and 3 and miltefosine. For T. cruzi cells, there was a 
significant increase in fluorescence for all compounds 
tested, as well as for benznidazole, compared to the nega-
tive control.

The measured values are supported by microscopy 
images using the EVOS FL Cell Imaging System at a 
magnification of ×100. Images are regrouped in Fig. 8b. 
As can be seen in the microscopy images, an accumula-
tion of red fluorescence is present in all treated parasites 
due to the presence of ROS. This is indicator of oxida-
tive stress induced by compounds 1–3. A morphological 
modification of the parasite, which is associated to the 
effect of compounds on the cytoskeleton of both L. ama-
zonensis and T. cruzi, was also observed.

Fig. 5 Effect of compounds 1–3, miltefosine and benznidazole 
on ATP level of L. amazonensis and T. cruzi using the CellTiter‑Glo® 
luminescent cell viability assay. The results are given in percentage 
relative to the negative control (DMSO). Cells were treated by the  IC90 
concentration for 24 h. Values are given as mean ± SD. Lowercase 
letters a–c or uppercase letters A–C indicate that means within 
compounds with different letters are significantly different (P < 0.05)

Fig. 6 a Effect of compounds 1–3 on L. amazonensis’ plasma membrane permeability. Results are expressed as a percentage of membrane 
permeabilization compared to the total permeabilization obtained with Triton X‑100. Values are given as the mean of three repetitions with SD 
bars at each measurement point. b Images (×100) are representative of L. amazonensis cells observed in the performed experiments with 24 h 
incubation using the EVOS FL Cell Imaging System. DMSO was used as the negative control contains DMSO and miltefosine was used as the 
positive control. Fluorescence was measured at 15‑min intervals for 6 h (t24)
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Discussion
From a chemical point of view, the three compounds iso-
lated from the crude extract of D. spiralis can be divided 
into two main groups: compounds 1 and 2 with a dicty-
ane skeleton, and compound 3 with a dolabellane skel-
eton. All three metabolites belong to the diterpene group.

Brown seaweeds (phaeophyta) belonging to order Dic-
tyotales have emerged as an exceptionally rich source of 
terpenoid compounds, with more than 300 diterpenes 
from at least 35 species worldwide having been identified 
in the family Dictyotaceae [18].

Dolabellane-like compounds have been isolated from 
several marine organisms and have been associated to 
different biological activities, such as antiplasmodic [19] 
and antibacterial [20] activities and, as also shown in the 
present study, to leishmanicidal and trypanocidal capaci-
ties [10]. Other biological activities have also been asso-
ciated to compounds with a chemical structure based 
on the dictyane skeleton, such as the antifouling activ-
ity exhibited by dictyol E, dictyol C and pachydictyol A 
when tested against marine invertebrate larvae [21] and 
antimicrobial [12] and cytotoxic effects [22], as well as 
antikinetoplastid capacity, as proven in the present study.

Pachydictyol C (compound 1) was first isolated from 
the brown alga D. dichotoma collected along the coast of 
the Red Sea in Egypt. It has been shown to have in vitro 
cytotoxicity against breast carcinoma tumor cell line 
without showing any antitumoral or antimicrobial capac-
ity [12].

Dictyol E (compound 2) is a secondary metabolite 
found in Dictyota species and is used to defend the cell 
from herbivores [14]. This diterpenoid was first identi-
fied in 1987 from the brown seaweed D. dichotoma, and 
its capacity as herbivore repulsive was proven against 
fish and urchins [23]. Dictyol E has been also associated 
to some biological activities, such as moderate cytotoxic 
activity against some cancer cell lines [22] and as inhibi-
tor of diacyl glycerol transferase activity, a factor involved 
in triglyceride accumulation in organisms [24].

Compound 3, 3,4-epoxy-7,18-dolabelladiene, has been 
identified in D. dichotoma collected along the Italian 
coast and later in Dilophus spiralis (synonym D. spiralis) 
[20, 25, 26].

In the present study, the leishmanicidal and trypano-
cidal activities of compounds 1–3 were proven using the 
Alamarblue method, which allowed us to determinate 
both the  IC50 and  IC90 of these molecules. Pachydictyol 

Fig. 7 a Effect of compounds 1–3 on T. cruzi plasma membrane permeability. Results are expressed as a percentage of membrane permeabilization 
compared to the total permeabilization obtained with Triton X‑100. Values are given as the mean of three repetitions with SD bars at each 
measurement point. b Images (×100) are representative of T. cruzi cells observed in the performed experiments with 24 h incubation using an EVOS 
FL Cell Imaging System Negative control contains DMSO, Benznidazole is used as positive controls
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C, Dictyol E and 3,4-epoxy-7,18-dolabelladiene belong 
to the large group of terpenes showing antikinetoplas-
tid capacity. Although this study is the first to report the 
leishmanicidal and trypanocidal capacity of these mol-
ecules, other structures have been associated to these 
capacities. The majority of examples are associated to ter-
penes isolated from aromatic and medicinal plants. For 
example nerolidol, a sesquiterpene present in essential 
oils, is leishmanicidal against Leishmania spp. [27], and 
oleanolic and maslinic acids, both triterpenes extracted 
from the olive leaf, has been found to show interesting 
activity against Leishmania spp. Some terpenes extracted 
from seaweeds have also been tested for their antikineto-
plastid capacity.

Dos Santos et al. [28] studied 4-acetoxydolastane diter-
pene from the Brazilian brown alga Canistrocarpus cer-
vicornis as an antileishmanial agent. Dolabelladienetriol, 
which is structurally similar to compound 3, was isolated 
from the brown seaweed D. pfaffii and showed a capacity 

to inhibit infection by L. amazonensis [29] with an  IC50 of 
44 µM. These results highlight our interest in compounds 
isolated from the crude extract of D. spiralis: the  IC50 of 
compounds 1 and 2 was shown to be twofold lower than 
that of dolabelladienetriol. Investigations have also been 
performed on the trypanocidal effect of compounds iso-
lated from seaweeds. Eleganolone, a diterpene from the 
alga Bifurcaria bifurcate, is a compound isolated from 
seaweeds that has been associated to trypanocidal activ-
ity [30]. This molecule was active against T. cruzi with an 
 IC50 of 58 µM.

All of the examples associated above are associated 
to properties such as cytotoxicity against murine mac-
rophages, and the SI of compounds 1–3 suggests the 
need to elucidate their mechanism of action on parasite 
cells. To this end, we performed several assays to detect 
different events indicative of the cell death pathway. 
Miltefosine was taken as the reference drug for L. ama-
zonensis and benznidazole for T. cruzi. These molecules 

Fig. 8 a Reactive oxygen species accumulation assay. Bar graph represents means of fluorescence emission in relative fluorescence units (RFU) 
of L. amazonensis and T. cruzi after 24 h of incubation with the  IC90 of compounds 1–3 compared to the negative control (DMSO). Miltefosine and 
benznidazole were used as positive controls. Differences between the values were assessed using one‑way analysis of variance. Data are presented 
as the mean ± SD. owercase letters a–c or uppercase letters A–C indicate that means within compounds with different letters are significantly 
different (P < 0.05). b Images (×100) are representative of the parasites observed in the performed experiments using the EVOS FL Cell Imaging 
System
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are already known to induce an apoptotic-like cell death 
in this parasite [31, 32].

An apoptotic-like cell death in trypanosomatids (which 
include Leishmania spp. and Trypanosoma spp.) has 
been described based on apoptotic phenotype. Various 
events can be detected, such as caspase activation, DNA 
fragmentation and chromatin condensation, blebs in the 
plasma membrane, cell shrinkage, mitochondrial mem-
brane potential (ΔΨm) loss and phosphatidylserine expo-
sure, ROS generation, among others.

In the present study, we first analyzed DNA conden-
sation, an indicator of an apoptotic cell death, using the 
Hoechst stain assay, and the results obtained support the 
hypothesis of an apoptotic cell death. The behavior of the 
cells toward compounds 1–3 was very similar to that of 
miltefosine and benznidazole.

An apoptotic cell death in organisms belonging to kine-
toplastids is associated with mitochondrial dysfunction 
and involves the collapse of the mitochondrial membrane 
potential. This event was detected in L. amazonensis and 
T. cruzi using the JC-1 cell line. The results confirmed 
the decrease induced by all compounds for both para-
sites. Our investigation of ATP level in association with 
the collapse of the mitochondrial potential showed that 
mitochondrial dysfunction can be assigned to the intrin-
sic pathway via mitochondria [33]. The integrity of 
plasma membrane permeability was also evaluated, and 
the results suggested a moderate alteration of plasma 
membrane permeability; a similar effect was seen with 
benznidazole and miltefosine. To complete our elucida-
tion of the cell death mechanism induced by compounds 
1–3, in comparison to miltefosine and benznidazole, we 
detected the accumulation of ROS. ROS are involved 
in oxidative stress and their regulation is crucial for cell 
integrity. Our results highlight that compounds 1–3 as 
well as the positive controls induced the accumulation of 
ROS at the cellular level.

All of these events corroborate the hypothesis of an 
apoptotic-like cell death that is induced by the three 
compounds isolated from the crude extract of D. spira-
lis. As such, our results should encourage further assays 
and in vivo tests with the aim to evaluate the tolerance of 
living organisms to these molecules in the perspective of 
therapeutical application.

Conclusions
The results obtained in this study detail the effect of three 
diterpenes isolated from D. spiralis on parasitic cells of 
L. amazonensis and T. cruzi. The experiments revealed 
structural, morphological and metabolic changes in the 
parasitic cells treated with these compounds. We were 
able to highlight the collapse of the mitochondrial poten-
tial, accumulation of ROS, chromatin condensation, 

maintenance of membrane permeability, decrease in ATP 
concentration and change in the cell’s morphology.

Based on these results from the different assays per-
formed, we conclude that diterpenes 1–3, with dictyol 
and dolabellane skeletons, isolated from the brown algae 
D. spiralis induced, in the tested parasitic strains, events 
suggesting an apoptotic-like cell death. These prelimi-
nary results are promising and encourage further study 
of these compounds as therapeutic agents against both L. 
amazonensis and T. cruzi.

Abbreviations
ATP: Adenosine triphosphate; CC: Cytotoxic concentration; DMSO: Dimethyl 
sulfoxide; IC: Inhibitory concentration; ROS: Reactive oxygen species; SI: 
Selectivity Index.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071‑ 021‑ 04693‑7.

Additional file 1.  Collection site, biological material, and isolation and 
purification procedure for metabolites from Dictyota spiralis. 1H and 13C 
NMR spectra of compounds 1‑3.

Acknowledgements
None.

Authors’ contributions
OC, ARDM and JJF conducted the isolation, purification and identification of 
the chemical compounds. IS, JEP, OC, MM, MA and JLM contributed to the 
programmed cell death analysis and biological data compilation and their 
interpretation assays. All authors contributed equally to the final version of the 
manuscript. All authors read and approved the final manuscript.

Funding
This study was supported by the grants PI18/01380 (Fondo Europeo de 
Desarollo Regional, FEDER) and RICET (project no. RD16/0027/0001 of the 
programme of Redes Temáticas de Investigación Cooperativa, FIS), and Project 
PID2019‑109476RB‑C21 (BIOALGRI) (Spanish Ministry of Science, Madrid, 
Spain). IS and ARDM were funded by Agustin de Betancourt Programme, 
Cabildo de Tenerife, Tenerife 2030, FDCAN, MEDI. OC was funded by a grant 
from Proyección, Internacionalización y Cooperación 2020, Universidad de La 
Laguna and Tunisian Ministry of higher education.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Instituto Universitario de Enfermedades Tropicales y Salud Pública de 
Canarias, Universidad de La Laguna (ULL), Avda. Astrofísico Fco. Sánchez 
S/N, 38203 La Laguna, Tenerife, Spain. 2 Departamento de Obstetricia y 

https://doi.org/10.1186/s13071-021-04693-7
https://doi.org/10.1186/s13071-021-04693-7


Page 13 of 13Chiboub et al. Parasites Vectors          (2021) 14:198  

Ginecología, Pediatría, Medicina Preventiva y Salud Pública, Toxicología, 
Medicina Legal y Forense y Parasitología, Universidad de La Laguna (ULL), 
La Laguna, Tenerife, Spain. 3 Instituto Universitario de Bio‑Orgánica Antonio 
González, Universidad de La Laguna (ULL), Avda. Astrofísico Fco. Sánchez 
2, 38206 La Laguna, Tenerife, Spain. 4 Laboratoire Matériaux‑Molécules et 
Applications, University of Carthage, La Marsa, Carthage, Tunisia. 5 Red de 
Investigación Cooperativa en Enfermedades Tropicales (RICET), Madrid, Spain. 
6 Departamento de Química Orgánica, Universidad de La Laguna (ULL), Avda. 
Astrofísico Fco. Sánchez S/N, 38203 La Laguna, Tenerife, Spain. 

Received: 25 November 2020   Accepted: 19 March 2021

References
 1. Hotez PJ, Molyneux DH, Fenwick A, Kumaresan J, Sachs SE, Sachs JD, et al. 

Control of neglected tropical diseases. N Engl J Med. 2007. https:// doi. 
org/ 10. 1056/ NEJMr a0641 42.

 2. Hotez PJ, Pecoul B, Rijal S, Boehme C, Aksoy S, Malecela M, et al. Elimi‑
nating the neglected tropical diseases: translational science and new 
technologies. PLoS Negl Trop Dis. 2016. https:// doi. org/ 10. 1371/ journ al. 
pntd. 00038 95.

 3. Kolanjinathan K, Ganesh P, Saranraj P. Pharmacological importance of 
seaweeds: a review. World J Fish Mar SCI. https:// doi. org/ 10. 5829/ idosi. 
wjfms. 2014. 06. 01. 76195.

 4. Katerova Z, Todorova D, Tasheva K, Sergiev I. Influence of ultraviolet 
radiation on plant secondary metabolite production. Genet Plant Physiol. 
2012;2:113–44.

 5. Barbosa M, Valentão P, Andrade PB. Bioactive compounds from macroal‑
gae in the new millennium: implications for neurodegenerative diseases. 
Mar Drugs. 2014. https:// doi. org/ 10. 3390/ md120 94934.

 6. Zerrifi SEA, El Khalloufi F, Oudra B, Vasconcelos V. seaweed bioactive com‑
pounds against pathogens and microalgae: potential uses on pharmacol‑
ogy and harmful algae bloom control. Mar Drugs. 2018. https:// doi. org/ 
10. 3390/ md160 20055.

 7. Pérez MJ, Falqué E, Domínguez H. Antimicrobial action of compounds 
from marine seaweed. Mar Drugs. 2016. https:// doi. org/ 10. 3390/ md140 
30052.

 8. Chen J, Li H, Zhao Z, Xia X, Li B, Zhang J, et al. Diterpenes from the marine 
algae of the genus Dictyota. Mar Drugs. 2018. https:// doi. org/ 10. 3390/ 
md160 50159.

 9. Chiboub O, Ktari L, Sifaoui I, López‑Arencibia A, Reyes‑Batlle M, Mejri 
M, et al. In vitro amoebicidal and antioxidant activities of some Tunisian 
seaweeds. Exp Parasitol. 2017. https:// doi. org/ 10. 1016/j. exppa ra. 2017. 10. 
012.

 10. Chiboub O, Sifaoui I, Lorenzo‑Morales J, Abderrabba M, Mejri M, Fernán‑
dez JJ, et al. Spiralyde A, an antikinetoplastid dolabellane from the brown 
alga Dictyota spiralis. Mar Drugs. 2019. https:// doi. org/ 10. 3390/ md170 
30192.

 11. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. 
Molecular mechanisms of cell death: recommendations of the Nomen‑
clature Committee on Cell Death 2018. Cell Death Differ. 2018. https:// 
doi. org/ 10. 1038/ s41418‑ 017‑ 0012‑4.

 12. Abou‑El‑Wafa GSE, Shaaban M, Shaaban KA, El‑Naggar MEE, Maier A, 
Fiebig HH, et al. Pachydictyols B and C: new diterpenes from Dictyota 
dichotoma Hudson. Mar Drugs. 2013. https:// doi. org/ 10. 3390/ md110 
93109.

 13. Danise B, Minale L, Riccio R, Amico V, Oriente G, Piattelli M, et al. Further 
perhydroazulene diterpenes from marine organisms. Experientia. 1977. 
https:// doi. org/ 10. 1007/ BF019 22182.

 14. Ovenden SP, Nielson JL, Liptrot CH, Willis RH, Tapiolas DM, Wright AD, 
et al. Update of spectroscopic data for 4‑hydroxydictyolactone and 
dictyol E isolated from a Halimeda stuposa—Dictyota sp. assemblage. 
Molecules. 2012. https:// doi. org/ 10. 3390/ molec ules1 70329 29.

 15. Sifaoui I, López‑Arencibia A, Martín‑Navarro CM, Reyes‑Batlle M, Mejri M, 
Valladares B, et al. Selective activity of Oleanolic and Maslinic acids on the 
amastigote form of Leishmania Spp. Iran J Pharm Res. 2017;16:1190–3.

 16. Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas 
SS, et al. Mitochondrial membrane potential. Anal Biochem. 2018. https:// 
doi. org/ 10. 1016/j. ab. 2017. 07. 009.

 17. Kamogashira T, Fujimoto C, Yamasoba T. Reactive oxygen species, 
apoptosis, and mitochondrial dysfunction in hearing loss. Biomed Res Int. 
2015. https:// doi. org/ 10. 1155/ 2015/ 617207.

 18. De Clerck O, Leliaert F, Verbruggen H, Lane CE, De Paula JC, Payo DA, et al. 
A revised classification of the Dictyoteae (Dictyotales, Phaeophyceae) 
based on rbcL and 26S ribosomal DNA sequence analyses. J Phycol. 2006. 
https:// doi. org/ 10. 1111/j. 1529‑ 8817. 2006. 00279.x.

 19. Wei X, Rodriguez AD, Baran P, Raptis RG. Dolabellane‑type diterpenoids 
with antiprotozoan activity from a southwestern Caribbean gorgonian 
octocoral of the genus Eunicea. J Nat Prod. 2010. https:// doi. org/ 10. 1021/ 
np100 074r.

 20. Ioannou E, Quesada A, Rahman MM, Gibbons S, Vagias C, Roussis V. Dola‑
bellanes with antibacterial activity from the brown alga Dilophus spiralis. J 
Nat Prod. 2011. https:// doi. org/ 10. 1021/ np100 6586.

 21. Schmitt TM, Lindquist N, Hay ME. Seaweed secondary metabolites as 
antifoulants: effects of Dictyota spp. diterpenes on survivorship, settle‑
ment, and development of marine invertebrate larvae. Chemoecology. 
1998. https:// doi. org/ 10. 1007/ s0004 90050 017.

 22. Gedara SR, Abdel‑Halim OB, el‑Sharkawy SH, Salama OM, Shier TW, Halim 
AF. Cytotoxic hydroazulene diterpenes from the brown alga Dictyota 
dichotoma. Z Naturforsch C J Biosci. 2003. https:// doi. org/ 10. 1515/ 
znc‑ 2003‑1‑ 203.

 23. Potin P, Bouarab K, Küpper F, Kloareg B. Oligosaccharide recognition 
signals and defence reactions in marine plant‑microbe interactions. Curr 
Opin Microbiol. 1999. https:// doi. org/ 10. 1016/ S1369‑ 5274(99) 80048‑4.

 24. Choi BW, Lee HS, Lee KB, Lee BH. Isolation of diacyl glycerol acyl trans‑
ferase (DGAT) inhibitors from Pachydictyon coriaceum. Phytother Res. 
2011. https:// doi. org/ 10. 1002/ ptr. 3391.

 25. Amico V, Oriente G, Piattelli M, Tringali C, Fattorusso E, Magno S, et al. 
Diterpenes based on the dolabellane skeleton from Dictyota dichotoma. 
Tetrahedron. 1980. https:// doi. org/ 10. 1016/ 0040‑ 4020(80) 85055‑1.

 26. Piattelli M, Tringali C, Neri P, Rocco C. Stereochemistry and conformation 
of dolabellane diterpenes: an NMR and molecular mechanics study. J Nat 
Prod. 1995. https:// doi. org/ 10. 1021/ np501 19a007.

 27. Arruda DC, D’Alexandri FL, Katzin AM, Uliana SRB. Antileishmanial activity 
of the terpene nerolidol. Antimicrob Agents Chemother. 2005. https:// 
doi. org/ 10. 1128/ AAC. 49.5. 1679‑ 1687. 2005.

 28. Santos AO, Britta EA, Bianco EM, Ueda‑Nakamura T, Filho BPD, Pereira RC, 
et al. 4‑Acetoxydolastane diterpene from the Brazilian brown alga Can-
istrocarpus cervicornis as antileishmanial agent. Mar Drugs. 2011. https:// 
doi. org/ 10. 3390/ md911 2369.

 29. Soares DC, Calegari‑Silva TC, Lopes UG, Teixeira VL, de Palmer Paixão ICN, 
Cirne‑Santos C, et al. Dolabelladienetriol, a compound from Dictyota 
pfaffii algae, inhibits the infection by Leishmania amazonensis. PLoS Negl 
Trop Dis. 2012. https:// doi. org/ 10. 1371/ journ al. pntd. 00017 87.

 30. Gallé JB, Attioua B, Kaiser M, Rusig AM, Lobstein A, Vonthron‑Sénécheau 
C. Eleganolone, a diterpene from the French marine alga Bifurcaria bifur-
cata inhibits growth of the human pathogens Trypanosoma brucei and 
Plasmodium falciparum. Mar Drugs. 2013. https:// doi. org/ 10. 3390/ md110 
30599.

 31. López‑Arencibia A, Martín‑Navarro C, Sifaoui I, Reyes‑Batlle M, Wagner C, 
Lorenzo‑Morales J, et al. Perifosine Mechanisms of Action in Leishmania 
Species. Antimicrob Agents Chemother. 2017. https:// doi. org/ 10. 1128/ 
AAC. 02127‑ 16.

 32. Menna‑Barreto RFS. Cell death pathways in pathogenic trypanosoma‑
tids: lessons of (over)kill. Cell Death Dis. 2019. https:// doi. org/ 10. 1038/ 
s41419‑ 019‑ 1370‑2.

 33. Gannavaram S, Debrabant A. Programmed cell death in Leishmania: 
biochemical evidence and role in parasite infectivity. Front Cell Infect 
Microbiol. 2012. https:// doi. org/ 10. 3389/ fcimb. 2012. 00095.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1056/NEJMra064142
https://doi.org/10.1056/NEJMra064142
https://doi.org/10.1371/journal.pntd.0003895
https://doi.org/10.1371/journal.pntd.0003895
https://doi.org/10.5829/idosi.wjfms.2014.06.01.76195
https://doi.org/10.5829/idosi.wjfms.2014.06.01.76195
https://doi.org/10.3390/md12094934
https://doi.org/10.3390/md16020055
https://doi.org/10.3390/md16020055
https://doi.org/10.3390/md14030052
https://doi.org/10.3390/md14030052
https://doi.org/10.3390/md16050159
https://doi.org/10.3390/md16050159
https://doi.org/10.1016/j.exppara.2017.10.012
https://doi.org/10.1016/j.exppara.2017.10.012
https://doi.org/10.3390/md17030192
https://doi.org/10.3390/md17030192
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.3390/md11093109
https://doi.org/10.3390/md11093109
https://doi.org/10.1007/BF01922182
https://doi.org/10.3390/molecules17032929
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1155/2015/617207
https://doi.org/10.1111/j.1529-8817.2006.00279.x
https://doi.org/10.1021/np100074r
https://doi.org/10.1021/np100074r
https://doi.org/10.1021/np1006586
https://doi.org/10.1007/s000490050017
https://doi.org/10.1515/znc-2003-1-203
https://doi.org/10.1515/znc-2003-1-203
https://doi.org/10.1016/S1369-5274(99)80048-4
https://doi.org/10.1002/ptr.3391
https://doi.org/10.1016/0040-4020(80)85055-1
https://doi.org/10.1021/np50119a007
https://doi.org/10.1128/AAC.49.5.1679-1687.2005
https://doi.org/10.1128/AAC.49.5.1679-1687.2005
https://doi.org/10.3390/md9112369
https://doi.org/10.3390/md9112369
https://doi.org/10.1371/journal.pntd.0001787
https://doi.org/10.3390/md11030599
https://doi.org/10.3390/md11030599
https://doi.org/10.1128/AAC.02127-16
https://doi.org/10.1128/AAC.02127-16
https://doi.org/10.1038/s41419-019-1370-2
https://doi.org/10.1038/s41419-019-1370-2
https://doi.org/10.3389/fcimb.2012.00095

	Apoptosis-like cell death upon kinetoplastid induction by compounds isolated from the brown algae Dictyota spiralis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Biological material and molecules identification
	Parasites strain, cytotoxicity and activity assays
	In vitro antileishmanial evaluation
	Anti-promastigotes assay
	Anti-amastigotes assay
	In vitro evaluation on T. cruzi epimastigotes
	Assessment of cytotoxicity on macrophages

	DNA condensation assay
	Analysis of mitochondrial membrane potential
	Analysis of adenosine triphosphate levels
	Plasma membrane permeability assay
	Oxidative stress
	Statistical analysis

	Results
	In vitro activity and selectivity index
	DNA condensation
	Alteration of the mitochondrial membrane potential
	ATP concentration
	Membrane permeability alteration
	Oxidative stress

	Discussion
	Conclusions
	Acknowledgements
	References




