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A B S T R A C T

Some metallodrugs that exhibit interesting biological activity contain transition metals such as ruthenium, and
have been extensively exploited because of their antiparasitic potential. In previous study, we reported the
remarkable anti-Leishmania activity of precursor cis-[RuIICl2(dppm)2], where dppm=bis(diphenylphosphino)
methane, and new ruthenium(II) complexes, cis-[RuII(η2-O2CC10H13)(dppm)2]PF6 (bbato), cis-[RuII(η2-
O2CC7H7S)(dppm)2]PF6 (mtbato) and cis-[RuII(η2-O2CC7H7O2)(dppm)2]PF6 (hmxbato) against some Leishmania
species. In view of the promising activity of the hmxbato complex against Leishmania (Leishmania) amazonensis
promastigotes, the present work investigated the possible parasite death mechanism involved in the action of
this hmxbato and its precursor. We report, for the first time, that hmxbato and precursor promoted an increase in
reactive oxygen species production, depolarization of the mitochondrial membrane, DNA fragmentation, for-
mation of a pre-apoptotic peak, alterations in parasite morphology and formation of autophagic vacuoles. Taken
together, our results suggest that these ruthenium complexes cause parasite death by apoptosis. Thus, this work
provides relevant knowledge on the activity of ruthenium(II) complexes against L. (L.) amazonensis. Such in-
formation will be essential for the exploitation of these complexes as future candidates for cutaneous leishma-
niasis treatment.

1. Introduction

Protozoan parasites from more than 21 species of the Leishmania
genus cause a group of diseases known as leishmaniasis, which present
4 main clinical manifestations: visceral leishmaniasis (VL, also known
as kala-azar); post-kala-azar dermal leishmaniasis (PKDL); cutaneous
leishmaniasis (CL); and mucocutaneous leishmaniasis (MCL). These
different types of the diseases are present in 98 countries worldwide
and the cutaneous leishmaniasis is the most common form. The World
Health Organization (WHO) considers CL to be an emerging and un-
controlled disease, occurring mainly in tropical and subtropical regions.

Additionally, the presence of 200,000 new cases only in the year 2015
was reported by the same agency [1,2].
Current treatments for leishmaniasis present limited efficacy, be-

sides being associated with some limitations such as high cost, diffi-
culties in drug administration, moderate toxicity and occurrence of
parasitic resistance [3,4]. Moreover, there is still no effective vaccine
against the disease [5]. Thus, it becomes evident that new therapeutic
strategies must be developed against leishmaniasis.
Metallic complexes have been investigated as molecules for use as

therapeutic agents [6,7]. Among these, the ruthenium complexes have
been highlighted mainly due to their chemical characteristics and
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biological applications, such as antitumor [8–10] and antiparasitic ac-
tivities [8,11,12]. The advantages associated with the use of ruthenium
include: (i) possibility of coordination with target molecules due to its
octahedral geometry, (ii) versatility of coordination promoted by the
different stages of oxidation, (iii) slow ligand-exchange kinetics and (iv)
participation in the transport of important therapeutic agents due to the
possibility of interaction with proteins present in human blood, such as
transferrin and albumin [13–16].
Considering the similarities between the metabolic pathways of

trypanosomatids and tumor cells, besides the high replicability of both
cells, ruthenium complexes with antitumor activities are being eval-
uated for their antiparasitic activity [17–19]. Some studies have shown
that ruthenium complexes induced apoptotic and/or autophagic effects
on different tumor cell lines [20–22]. Despite the investigation of death
mechanisms in trypanosomatid protozoa such as Trypanosoma cruzi and
Leishmania spp. are growing, little is known about the mechanisms in-
duced by ruthenium complexes in these protozoa. Knowledge on the
death mechanism involved in a drug's action would elucidate the cel-
lular response, thus enabling the prospection of more effective ther-
apeutic agents [23–24]. Despite this context, death mechanisms of the
drugs currently available for leishmaniasis treatment are not yet fully
understood.
Apoptosis in multicellular organisms is described as a series of

biochemical processes that lead to controlled cellular self-destruction,
being characterized mainly by rounding of the cell, condensation of the
chromatin, fragmentation of the nucleus (karyorrhexis), loss of the
mitochondrial membrane potential (ΔΨm) and blebbing of the plasma
membrane [24,25]. Although apoptosis has been described for the first
time in these organisms, experimental evidence shows that similar
mechanisms are present in trypanosomatids given that these parasites
also presented a basic machinery to carry out this death type [26–29].
In a previous study developed by our research group showed that

three new
ruthenium(II) complexes, cis-[RuII(η2-O2CC10H13)(dppm)2]PF6

(bbato), cis-[RuII(η2-O2CC7H7S)(dppm)2]PF6 (mtbato) and cis-[RuII(η2-
O2CC7H7O2)(dppm)2]PF6 (hmxbato) derived from the precursor com-
plex (cis-[RuIICl2(dppm)2], where dppm=bis(diphenylphosphino)me-
thane caused significant reductions in viabilities of Leishmania
(Leishmania) amazonensis, Leishmania (Viannia) braziliensis and
Leishmania (Leishmania) infantum promastigotes. Moreover, these com-
plexes promoted expressive inhibitions of parasite infectivity in murine
macrophage (RAW 264.7) [12]. Therefore, in view of the promising
results previously obtained and the remarkable anti-Leishmania activity
of the hmxbato complex against L. (L.) amazonensis promastigotes, the
complex was selected for the present study. This paper describes
through different assays the probable cell death mechanism involved in
the action of ruthenium(II) complexes (precursor and hmxbato) against
these parasites.

2. Material and methods

2.1. Chemicals

Dimethyl sulfoxide (DMSO), penicillin, streptomycin, Rhodamine
123 (Rh 123), monodansylcadaverine (MDC) and glutamine were
purchased from Sigma Chemical Co. (St. Louis, USA) and heat-in-
activated fetal bovine serum (FBS) from Cultilab (São Paulo, Brazil). All
other reagents were of analytical or superior grade.

2.2. Synthesis of ruthenium(II) complexes

The precursor complex was synthesized as described in the litera-
ture [30], whereas hmxbato was synthesized and purified by appro-
priate chemical methods as previously described [12]. Ruthenium
complexes were dissolved in DMSO to obtain a 10mM stock solution of
complex and stored at 4 °C. For experiments, new dilutions were

prepared in culture medium to ensure that the DMSO concentration in
culture medium did not exceed 0.1%. Concentrations of complexes used
in assays were based on the concentration that is cytotoxic to 50% of
promastigotes (IC50) as previously described [12].

2.3. Promastigote culture

L. (L.) amazonensis (IFLA/BR/67/PH8 strain) promastigotes were
cultured in liver infusion tryptose (LIT) medium, pH 7.4, supplemented
with 10% FBS, 1% penicillin (10,000 UI·mL−1) and streptomycin
(10mg·mL−1), 2% glucose – complete LIT - at 23 ± 0.5 °C.
Promastigotes used in all experiments were isolated from the stationary
growth phase.

2.4. Antiproliferative assay

In order to evaluate the effects of hmxbato and precursor on the
proliferation of L. (L.) amazonensis promastigotes, parasites
(5×106 cells·mL−1) were cultured in 25 cm2 cell culture flasks con-
taining complete LIT in the absence (control) or presence of hmxbato or
precursor at respective concentrations of 0.52 μM and 15.48 μM (IC50
values). The promastigote concentrations were monitored at times of 6,
12, 24, 48 and 72 h after fixation of parasites with 1% paraformalde-
hyde in cacodylate buffer and blind counts in a Neubauer Chamber.
This assay was carried out in triplicate and three independent experi-
ments were performed.

2.5. Cell cycle analysis

Promastigotes (5×106 cells·mL−1) were incubated for 24 h in the
absence (control) or presence of hmxbato (IC50) or precursor (IC50).
After incubation, parasites were washed in phosphate buffered saline
(PBS) and resuspended in a solution of 70% ice-cold ethanol in PBS and
fixed for 18 h at 4 °C. Subsequently, the parasites were incubated with
10 μg·mL−1 propidium iodide (PI) and 100 μg·mL−1 RNAse A in PBS for
45min at 37 °C under light protection. The cell population analyses
were performed with a flow cytometer (FACSCanto II, BD); a total of
10,000 events were acquired in the region previously established as
corresponding to parasites. The software FlowJo was employed to
analyze the parasite percentages in each cell cycle phase: sub-G1, G1, S
and G2-M.

2.6. Analysis of DNA fragmentation by the TUNEL assay

To detect in situ DNA fragmentation, the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) technique was carried out
by the Apoptosis Detection System, Fluorescein kit (Promega). Briefly,
promastigotes (5×106), cultured in the absence (control) or presence
of hmxbato (IC50) or precursor (IC50) for 24 h, were washed in PBS and
fixed with 1% paraformaldehyde in cacodylate buffer for 15min. Fixed
cells were washed with PBS and permeabilized by the addition of 0.1%
Triton X-100 for 5min at 25 °C; the TUNEL assay was performed ac-
cording to the manufacturer's protocol. VECTASHIELD® Mounting
Medium with 4,6′‑diamidino‑2‑phenylindole dilactate (DAPI) (Vector
Labs) was added to serve as an anti-fade mounting solution and to stain
nuclear DNA. Negative and positive controls were the internal controls
of the assay. For negative control, TUNEL reaction was carried out
without TdT enzyme. For positive control, parasites were pretreated
with 1 unit·mL−1 of DNase I for 10min. Cells were analyzed using an
Olympus Bx51 fluorescent microscope (100× oil objective) attached to
an EXFO Xcite series 120Q lamp and a digital Olympus XM10 camera
with the camera controller software Olympus Cell F (Olympus, Japan).
Fluorescent images were obtained via the software Olympus - Cell F.
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2.7. Evaluation of mitochondrial damage (∆Ψm)

Rhodamine 123 (Rh 123), a specific fluorescent dye that accumu-
lates within active mitochondria, was used to assess mitochondrial
membrane potential (∆Ψm) of promastigotes. Parasites
(5× 106 cells·mL−1) cultured in the absence (control) or presence of
hmxbato (IC50) or precursor (IC50) for 24 and 48 h were incubated with
Rh 123 (15 μg·mL−1) for 15min at 25 °C under light protection.
Subsequently, the parasites were washed in PBS, fixed with 1% paraf-
ormaldehyde in cacodylate buffer and washed again in PBS. The cell
population analysis was performed in a flow cytometer (FACSCanto II,
BD); a total of 10,000 events were acquired in the region previously
established as corresponding to the parasites. This assay was performed
in triplicate and the data shown in the graphs represent the average
values. The software FlowJo was employed to analyze the fluorescence
intensity. Alternatively, parasites incubated with Rh 123 were observed
in a confocal microscope (Zeiss LSM510 Meta) and captured images
were processed using the software Adobe Photoshop 5.5 (Adobe
Systems, Inc., Mountain View, CA, USA).

2.8. Measurement of reactive oxygen species

To quantify the reactive oxygen species (ROS) production, pro-
mastigotes (5×106 cells·mL−1) cultured in the absence (control) or
presence of hmxbato (IC50) or precursor (IC50) for 24 h were collected
by centrifugation at 2500g for 5min, washed in PBS and incubated with
2 μM 5‑(and‑6)‑chloromethyl‑2′,7′dichlorodihydrofluorescein diacetate
acetyl ester (CM-H2DCFDA) (Invitrogen) for 30min at 23 ± 0 .5 °C. For
this assay 10,000 cells were analyzed in each group (control and
treated) using a BD FACSCanto II flow cytometer (BD Biosciences). The
fluorescence was measured and represented by histogram
(counts× FL1-A). The software FlowJo was utilized to analyze the
fluorescence intensity. This assay was performed in triplicate and the
values shown in the graphs represent the average values.

2.9. Cellular morphology and ultrastructure of L. (L.) amazonensis
promastigotes

L (L.) amazonensis promastigotes (5× 106·mL−1) were cultured in
the absence (control) or presence of hmxbato (IC50) or precursor (IC50)
at 23 ± 0 .5 °C for 24 h. The parasites were washed in PBS, fixed with
1% paraformaldehyde in cacodylate buffer and resuspended in PBS
(pH 7.4). The suspensions of fixed parasites were placed on glass cov-
erslips and stained with 50 μg·mL−1 fluorescent phalloidin conjugate
(phalloidin-Atto 565) and To-pro solution in PBS for 50min at 25 °C in
a humidified chamber according to the manufacturer's instructions. The
cell morphology was analyzed in a confocal microscope (Zeiss LSM510
Meta) and captured images were processed using the software Adobe
Photoshop 5.5 (Adobe Systems, Inc., Mountain View, CA, USA).
Alternatively, the phalloidin fluorescence intensity and single-cell area

were manually measured by the software ImageJ (National Institutes of
Health, USA). For ultrastructural analysis, promastigotes were treated
(hmxbato and precursor) or not (control) for 24 h. After incubation or
not with complexes, parasites were fixed for 12 h at 4 °C in a solution
containing 2.5% glutaraldehyde diluted in 0.1M PBS, pH 7.2, washed
in PBS and post-fixed for 1 h in a solution containing 1% osmium
tetroxide (OsO4) and 0.8% potassium ferrocyanide in PBS. The cells
were washed in PBS, dehydrated in a graded acetone series and em-
bedded in resin. Ultrathin sections were contrasted with uranyl acetate
and lead citrate then observed under a transmission electron micro-
scope (HITACHI HT7700).

2.10. Formation of autophagic vacuoles

The monodansylcadaverine (MDC) labeling was carried out to
evaluate the formation of autophagic vacuoles. Promastigotes
(5×106 cells·mL−1) cultured in the absence (negative control) or
presence of hmxbato (IC50) or precursor (IC50) for 24 h were incubated
with 200 μM MDC for 1 h under light protection. Parasites treated with
1 μM Rottlerin for 24 h served as the positive control. In the next step,
the parasites were washed in PBS, fixed with 1% paraformaldehyde in
cacodylate buffer and washed again in PBS. Parasites were placed on
glass coverslips for mounting on microscope slides and analyzed in a
fluorescence microscope (Zeiss LSM510, Germany) at excitation wa-
velength 358 nm and emission wavelength 463 nm. The fluorescence
intensity was quantified by the software ImageJ version 1.48.

2.11. Statistical analysis

Data are expressed as mean ± standard deviation of experiments
performed at least three times in triplicate. All data were first checked
for normal distribution. Significant differences were determined by one-
way ANOVA and Tukey's multiple comparisons test (GraphPad Prism
Software version 6.01). Data were considered statistically significant at
p ˂ 0.05 (*). Higher significance values p ˂ 0.01 (**), p ˂ 0.001 (***) and
p ˂ 0.0001 (****) are also indicated.

3. Results

3.1. Ruthenium(II) complexes induce antiproliferative effect on
promastigotes

The treatment with precursor and hmxbato caused statistically
significant reductions in the proliferation of L. (L.) amazonensis pro-
mastigotes when compared to the control (untreated group) (Fig. 1).
The antiproliferative effect caused by the ruthenium complexes could
be observed just after 6 h of cultivation, when reductions of approxi-
mately 36% (p ˂ 0.001) and 45% (p ˂ 0.001) were observed in parasite
growth for the precursor and hmxbato, respectively. Expressive anti-
proliferative effects were observed throughout the parasite culture in

Fig. 1. Antiproliferative effect caused by ruthenium(II) com-
plexes on L. (L.) amazonensis promastigotes. The concentra-
tion-response curves showed the parasite concentration in
culture after 6, 12, 24, 48 and 72 h treatment with precursor
and hmxbato. The promastigote concentrations were de-
termined by direct counting of fixed cells in a Neubauer
Chamber. The data are expressed as the means ± standard
deviations of experiments performed in triplicate. Significant
differences were determined using one-way ANOVA, Tukey's
multiple comparisons test. Differences were regarded as
higher significant when p ˂ 0.001 (***).
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the presence of ruthenium complexes. After 24 h, treated parasites
showed a reduction in the promastigote concentration in culture
medium, evidencing that there was no proliferation after this time.
Control parasites, cultured in the absence of ruthenium complexes,
exhibited exponential growth characteristic of normal parasites.

3.2. Ruthenium(II) complexes promote cell cycle alterations

In order to verify the effect of complexes on promastigote replica-
tion and confirm possible alterations in the cell cycle, control and
treated parasites were incubated with PI and analyzed by flow cyto-
metry (Fig. 2A, B). The results indicate that both precursor and
hmxbato promoted alterations in the cell cycle when compared with
control parasites, with statistically significant decrease in cell percen-
tages being observed in the S phase (from 11.4 to 3.9 and 4.2%, re-
spectively) and in the G2/M phase (from 26 to 14.1 and 14.8%, re-
spectively). Remarkably, a significant percentage of hmxbato-treated
cells and a lower percentage of precursor-treated cells were arrested in
the sub-G1 phase (Fig. 2B).

3.3. Ruthenium(II) complexes cause DNA fragmentation

DNA fragmentation provides further evidence of death by apoptosis.
Thus, to verify the effect of ruthenium complexes and their possible
action on DNA fragmentation, we carried out the TUNEL assay. Fig. 3
shows representative fluorescence images of the parasites in different
conditions analyzed: negative control (parasites in which TUNEL re-
action was carried out without TdT enzyme), positive control (parasites
pretreated with 1 unit·mL−1 of DNase I), control (parasites without
treatment), precursor (parasites treated with precursor), and hmxbato
(parasites treated with hmxbato). The DIC (differential interference
contrast) column shows the contrast of the cells under white-light ex-
posure, which evidences the altered morphology after precursor and
hmxbato treatments. The merged column shows the overlay between
DAPI (used to stain DNA) and DNA frag (used to capture green fluor-
escence emitted by TUNEL-positive cells, which represents the DNA

fragmentation). The white dashed squares highlight representative cells
from each condition, while their decomposition (in DAPI and DNA frag)
is represented on the right side of the figure. The green fluorescence
exhibited by promastigotes treated with precursor or hmxbato, as well
as the fluorescence presented by the positive control (+ DNase I), in-
dicated strong DNA fragmentation in treated parasites. Furthermore, it
was observed that the hmxbato caused a more high DNA fragmentation
when compared to the precursor, given that the fluorescence images of
parasites treated with hmxbato did not show the organelles containing
well defined DNA (nucleus and kinetoplast). Of note, the DNA frag-
mentation was so intense that it was not possible to quantify the per-
centage of cells showing DNA fragmentation treated with hmxbato or
its precursor.

3.4. Ruthenium(II) complexes cause a marked change in mitochondrial
membrane potential (∆Ψm)

Parasites of the Leishmania genus present a single mitochondrion,
which is essential to ensure their survival. Therefore, changes in the
mitochondrial potential may imply in the activation of intrinsic apop-
totic pathways [31,32]. In order to verify the effect of complexes on
∆Ψm, control and treated promastigotes were stained with Rh 123, a
fluorescent dye that accumulates inside mitochondria with polarized
membrane, resulting in a fluorescence emission. Analysis by fluores-
cence microscopy revealed that after 24 h both precursor and hmxbato
caused a decreased in Rh 123 fluorescence (Fig. 4A, panels F and J).
Flow cytometry analysis performed after 24 h also showed significant
reductions in Rh 123 fluorescence intensity for treated parasites
(Fig. 4B, 24 h). Taken together, these results indicate that ruthenium
complexes cause mitochondrial membrane depolarization. This depo-
larization was even more pronounced after treatment with complexes
for 48 h since no fluorescence was detected by microscopy (Fig. 4A,
panels H and L). At this 48 h measurement, a discrete fluorescence was
detected only by flow cytometric analysis. As expected, control para-
sites exhibited high fluorescence intensity at both 24 and 48 h (Fig. 4A,
panels B and D; Fig. 4B).

Fig. 2. Ruthenium(II) complexes caused a cell cycle arrest in
the sub-G1 phase, followed by decreased of cells in the S and
G2/M phases. L. (L.) amazonensis promastigotes were culture
for 24 h in the absence (control) or presence of precursor
(IC50) or hmxbato (IC50) and then submitted to cell-cycle
analysis (A) The histograms show the distribution of cells
according to parasite DNA content after staining with PI. The
fluorescence was measured by flow cytometry. (B) The graph
shows the percentages of cells from each subpopulation in the
cell-cycle phases: sub-G1, G1, S, G2/M. The data are ex-
pressed as the means ± standard deviations of experiments
performed in triplicate and in each replicate 10,000 cells were
analyzed. Significant differences were determined using one-
way ANOVA, Tukey's multiple comparisons test (B).
Differences were regarded as highly significant when
p ˂ 0.001 (***) or p ˂ 0.0001 (****).
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3.5. Ruthenium(II) complexes increase ROS production

Alterations in ∆Ψm may occur due to an increase of ROS production.
Thus, in order to analyze the ROS production, control and treated
parasites were incubated with CM-H2DCFDA fluorescent dye and sub-
mitted to flow cytometry analysis. The software FlowJo was employed
to analyze the parasite percentage positive for ROS. Both precursor and
hmxbato, after 24 h of treatment, promoted an increase of parasite ROS
levels when compared with control parasites (Fig. 5). The quantitative
analysis of ROS-positive parasites performed according to the histogram
result showed statistically significant increase (p ˂ 0.0001) after treat-
ment with precursor (21% positive cells) and hmxbato (42% positive
cells) when compared to the control (8% positive cells) (Fig. 5B).

3.6. Ruthenium(II) complexes drastically alter the promastigote morphology

Alterations in cell morphology may generate important additional
information regarding the effects of a treatment on the parasite. Thus,
promastigotes cultured for 24 h with ruthenium complexes were stained
with fluorescent phalloidin conjugate and To-pro and submitted to
morphological analysis by confocal microscopy. Both precursor and
hmxbato promoted changes in parasite morphology (Fig. 6A). However,
more pronounced alterations were observed after treatment with
hmxbato (Fig. 7, panels E and F), as follows: (1) rounding of the pro-
mastigote body (indicated by white arrows), (2) loss of cell volume and
(3) alteration in number of flagella (indicated by black arrows) and (4)
altered pattern of actin polymerization. Additionally, the fluorescence

intensity of phalloidin and the area of the parasite were quantified by
the software Image J. Our results showed that both the precursor and
hmxbato led to a hyperpolarization of actin filaments (Fig. 6B) in ad-
dition to a decrease in the parasite area (Fig. 6C). These changes were
more pronounced for hmxbato than precursor. Ultrastructural analysis
revealed more details about the damage that the treatment promoted in
parasites. Drastic alterations were observed (Fig. 7), such as: pro-
nounced mitochondrial swelling, alteration in chromatin condensation
pattern/DNA fragmentation, presence of lipid bodies and acidocalci-
somes, vacuolization and blebbing in the membrane (precursor). For
hmxbato, the same changes were observed, but with the addition of
more acidocalcisomes. In both treatments, not only did the kinetoplast
remain intact, but also the cell membrane continued to present sub-
pellicular microtubules.

3.7. Ruthenium(II) complexes induce the formation of autophagic vacuoles

Control and treated parasites were incubated with MDC, a fluor-
escent dye that is able to detect the presence of autophagic vacuoles.
Both precursor and hmxbato induced the formation of autophagic va-
cuoles in parasites (Fig. 8A). As expected, control parasites did not
exhibit fluorescence whereas parasites treated with Rottlerin, an au-
tophagy inducer, showed fluorescence. The quantification of MDC
fluorescence intensity showed that hmxbato produced a more intense
effect on the parasite when compared with the precursor. However,
both precursor and hmxbato promoted statistically significant increases
in the MDC fluorescence intensity when compared to control parasites

Fig. 3. Ruthenium(II) complexes induced DNA fragmentation of L. (L.) amazonensis promastigotes. L. (L.) amazonensis promastigotes were cultured for 24 h in the
absence (control – without treatment) or presence of precursor (IC50) or hmxbato (IC50). Internal controls of the assay were included [negative control (without Tdt
enzyme) and positive control (pre-treated with DNase I)]. The TUNEL assay was performed as previously described in order to evaluate the DNA fragmentation. DIC
column evidences the morphology of the cells. Merged column represents the overlay between DAPI-stained organelles (blue field) and DNA fragmentation (green
field). The white dashed squares highlight cells representative of each condition and their decomposition (in DAPI and DNA frag) is present on the right side of the
figure. This assay was carried out in triplicate. K= kinetoplast, N= nucleus, ?= undefined organelles. The bar corresponds to 10 μm. Merged images were generated
using the software Olympus - cell F.
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(Fig. 8B).

3.8. Potential death mechanisms induced by ruthenium complexes

Our results suggest that the ruthenium complexes may be acting as
oxidizing agents that lead to increased ROS generation in the
Leishmania parasite. The ROS level elevation generated a cell stress that
would induce the effects described below: (1) depolarization in ∆Ψm, as
revealed by the decrease in Rh123 dye; (2) DNA cleavage, as observed
by the TUNEL assay and detection of pre-apoptotic peak by the cell
cycle analysis; (3) alterations in the parasite morphology which began
to show a rounded shape, loss in cell volume and altered pattern of
actin polymerization; (4) formation of autophagic vacuoles, as detected
by MDC labeling, through which the parasite attempts to remodel and
fight against the stress generated. Taken together, these findings on the

effect of ruthenium complexes against the Leishmania parasite lead us to
propose a cytotoxic mechanism involving apoptosis-like death (Fig. 9).

4. Discussion

Leishmaniasis is a neglected disease whose current therapy still
presents a series of disadvantages. Several studies have been carried out
in order to discover new candidates for anti-Leishmania agents, which
would contribute to improving the efficacy of the disease treatment
[11,33–35]. In this sense, the metal complexes have been extensively
exploited mainly due to their evidenced antiparasitic activity.
Our group has investigated some therapeutic alternatives for leish-

maniasis treatment [12,36]. We report in a previous study the anti-
Leishmania action of 3 new ruthenium complexes: bbato, mtbato and
hmxbato, which promoted remarkable cytotoxic effects on L. (L.)

Fig. 4. Mitochondrial damage induced by hmxbato or precursor against L. (L.) amazonensis promastigotes. (A) Images obtained by confocal microscopy showing
parasites cultured in the absence (control, panels A–D) or presence of precursor (IC50 – panels E–H) or hmxbato (IC50 – panels I–L) for 24 h or 48 h and submitted to
staining with Rhodamine 123 for detection of mitochondrial membrane potential (∆Ψm). The depolarization of mitochondrial potential is represented by the decrease
of green fluorescence. Bars: 20 μm. (B) Alternatively, parasites submitted to the same treatments described above were used for fluorescence intensity quantification
emitted by flow cytometry. The data are expressed as the means ± standard deviations of experiments performed in triplicate and 10,000 cells were analyzed in
each replicate. Significant differences were determined using one-way ANOVA, Tukey's multiple comparisons test (B). Differences were regarded as highly significant
when p ˂ 0.0001 (****).
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amazonensis, L. (V.) braziliensis and L. (L.) infantum promastigotes,
showing IC50 values ranging from 12.59 to 0.52 μM, depending on the
species analyzed. In addition, all ruthenium complexes significantly
inhibited the parasite infection, yielding infectivity inhibition of up to
85%. The hmxbato was the most effective against three Leishmania
species, mainly against Leishmania (L.) amazonensis promastigotes [12].
As to the results presented in this paper, the growth curve of the

promastigote indicated that both hmxbato and precursor caused a
strong antiproliferative effect with statistically significant inhibitions of
parasite growth starting after 6 h of incubation with the complexes and
extending until the end time of the assay. Verçoza et al. [28] recently
demonstrated a similar antiproliferative effect after treatment of L. (L.)
amazonensis promastigotes with 5 μM of KH-TFMDI (6,7‑di-
chloro‑3‑[4‑(trifluoromethyl)benzylidene] indolin‑2‑one), a novel

Fig. 5. CM-H2DCFDA incorporation assay demonstrating an increase in intracellular reactive oxygen species (ROS) levels after treatment with ruthenium complexes.
L. (L.) amazonensis promastigotes were cultured for 24 h in the absence (control) or presence of precursor (IC50) or hmxbato (IC50). (A) The histogram represents ROS
levels produced by parasites after incubation with fluorescent dye CM-H2DCFDA and analysis by flow cytometry. (B) The graph shows the percentage quantification
of the ROS-positive cells in each treatment. The values exhibited in the graph were obtained from the histogram shown in (A). The assay was performed in triplicate
and 10,000 cells were analyzed in each replicate. The results represent the average of three independent assays. Differences were regarded as highly significant when
p ˂ 0.0001 (****).

Fig. 6. Morphological changes caused by ruthenium(II) complexes in L. (L.) amazonensis promastigotes. L. (L.) amazonensis promastigotes were cultured for 24 h in
the absence (control) or presence of precursor (IC50) or hmxbato (IC50) and then submitted to microscopic analysis. (A) Panels A, C and E showed contrast-phase of
parasites. Panels B, D and F showed parasites stained with phalloidin and To-Pro. The white arrows indicate promastigotes with a rounded body. The black arrows
indicate parasites with altered number of flagella. Images are representative of three independent experiments. Bars: 20 μm. (B) The graph shows the quantification
of the fluorescence intensity of phalloidin and (C) the area of the parasite. The data are expressed as the means ± standard deviations of experiments performed in
triplicate. Significant differences were determined using one-way ANOVA, Tukey's multiple comparisons test.
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histone deacetylase inhibitor. Another study using six new transition
metal complexes with a bioactive molecule (5,7‑dimethyl‑1,2,4‑triazolo
[1,5‑a]pyrimidine - dmtp) acting against L. (L.) infantum and L. (V.)
braziliensis promastigotes also revealed an antiproliferative effect. After
72 h of incubation, IC50 values were calculated and presented the fol-
lowing values: 27.7–97.7 μM and 10.0–45.1 μM against L. (L.) infantum
and L. (V.) braziliensis, respectively [37].
In order to investigate whether the antiproliferative effect was

correlated with interference in parasite cell division, the cell cycle assay
was performed. The results indicated changes in the cell cycle profile,
namely a percentage decrease of cells in the S phase and consequently
in the G2/M phase. These cell-cycle alterations account for the action of
ruthenium complexes on promastigote proliferation. Interestingly, the
cell-cycle analysis also revealed that an expressive percentage of pro-
mastigotes were located on the left of the G1 phase (sub-G1 peak). In
other words, a significant percentage of parasites did not enter the
mitotic phase.
The percentage increase of cells in the sub-G1 phase and their de-

crease in the S phase may indicate that fragmentation in genomic DNA
of promastigotes is so intense that it impairs their replication and thus

leads to cell death [38]. Similar changes in the cell-cycle profile were
observed in L. (L.) amazonensis promastigotes after their exposure not
only to ruthenium-clotrimazole complexes ([(p‑cymene)RuCl2(CTZ)] –
AM160 and [(p‑cymene)RuCl(acac) (CTZ)]BF4 (acac= acet-
ylacetonate) – AM162) for 24 h, but also to acute oxidative stress. In
these studies, the treatment promoted an increase and a decrease in the
cell populations in the sub G0/G1 and S phases, respectively [39,40].
More recently, parasites of the same species treated with a vanadium
complex ([VO(C20H16N4O2]·H2O – VOSalophen, where Salo-
phen=4‑acetamidofenil 2‑hidroxibenzoato), also for a period of 24 h,
showed the same cell-cycle profile [34].
DNA fragmentation is considered by some authors to be one of the

markers used to indicate apoptosis-like death [24,41,42]. Thus, the
DNA fragmentation of L. (L.) amazonensis promastigotes demonstrated
herein motivated the search to elucidate the type of cell death involved
in the action of ruthenium complexes. The DNA fragmentation analyzed
by the TUNEL assay showed that both precursor and hmxbato caused
DNA fragmentation after 24 h of treatment. The DNA damage was so
expressive that, as commented previously, it was not possible to per-
form the quantification of damaged cells, since the most parasites

Fig. 7. Ultrastructural and morphological alterations observed in L. (L.) amazonensis promastigotes treated with ruthenium(II) complexes. Transmission electron
microscopy (TEM): (A–D) control parasite: A–B. typical morphology with a single mitochondrion; C. intact membrane with subpellicular microtubules (white arrow);
D. single flagellum. (E–H) Precursor-treated parasites: E. mitochondrial swelling (black asterisk); F. lipid bodies (LB), altered chromatin condensation pattern (white
arrow); G. vacuolization, presence of acidocalcisomes and intact kinetoplast (black arrow); H. membrane blebbing (white arrow). (I–L). Hmxbato treated parasites: I.
mitochondrial swelling (black asterisk); altered chromatin condensation pattern (white arrow) and presence of acidocalcisomes; J. intense vacuolization; K. lipid
bodies (LB) and acidocalcisomes; L. mitochondrial swelling (black asterisk) and intact kinetoplast (black arrow). a=acidocalcisome; m=mitochondrion;
n=nucleous; v=vacuole.
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presented DNA fragmentation. This effect was also produced by Aza-
dirachta bioactive fractions against L. donovani promastigotes after
treatment for 72 h. In addition, other result indicated parasite death by
apoptosis [43], and similar effects were observed in L. amazonensis after
treatment with 2mM of hydrogen peroxide [40].
Mitochondrial dysfunctions produced by changes in ∆Ψm can be

seen as a consequence of apoptosis or as an initial requirement for the
occurrence of apoptosis [44]. The Leishmania parasite presents large
and unique mitochondria, which is responsible for most of the energy
supply, thus playing a critical role in the parasite's survival. This es-
sential role of mitochondria makes them a potential target for the de-
velopment of new therapeutic agents [45–47]. Some types of drugs or

stress in trypanosomatids have been associated with the occurrence of
alterations on ∆Ψm [48,49]. Our results indicate that both precursor
and hmxbato were able to induce alterations in parasite mitochondria,
leading to a depolarization of the ∆Ψm at all times analyzed (24 and
48 h). However, the most significant alteration was observed after
treatment with ruthenium complexes for 48 h, when both complexes
presented ∆Ψm decreases of more than 75%. Luque-Ortega et al. [50]
showed that L. infantum promastigotes exposed to benzophenone-de-
rived bisphosphonium salts exhibited dissipation in ∆Ψm that was at-
tributed to the compound's action on complex II of the respiratory
chain. Moreover, ∆Ψm alterations in the Leishmania parasite are asso-
ciated with augmented generation of ROS, which could result in

Fig. 8. Hmxbato and precursor induced the formation autophagic vacuoles in parasites. L. (L.) amazonensis promastigotes were cultured for 24 h in the absence
(control) or presence of precursor (IC50) or hmxbato (IC50). (A) After treatments, the parasites were incubated with MDC reagent and analyzed in a fluorescence
microscope (Zeiss LSM510, Germany) at excitation wavelength 358 nm and emission wavelength 463 nm. Parasites previously incubated with Rottlerin (autophagy
inducer) are included as positive control. (B) The graph shows the quantification of fluorescence intensity in images obtained by fluorescence microscopy. The data
are expressed as the means ± standard deviations of experiments performed in triplicate. Significant differences were determined using one-way ANOVA, Tukey's
multiple comparisons test. Differences were regarded as highly significant when p ˂ 0.0001 (****). Bars: 20 μm.

Fig. 9. Proposed mechanism of L. (L.) amazonensis death induced by ruthenium(II) complexes. Elevation of ROS induced depolarization in (∆Ψm); DNA cleavage;
alterations in the parasite morphology and increased formation of autophagic vacuoles. These features together indicate that our complexes are inducing apoptosis-
like death in L. (L.) amazonensis promastigotes.
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parasite death [42,51]. This would happen due to stress generation in
the cell and consequent ROS formation resulting in lipid peroxidation
that would influence the mitochondrial membrane fluidity causing the
loss of ∆Ψm [24]. Additionally, it has already been demonstrated that
respiratory chain inhibitors (complexes II and III) are associated with
apoptosis occurrence in Leishmania donovani promastigotes [52]. In this
work we demonstrated that both precursor and hmxbato significantly
increased ROS generation after 24 h of treatment. These results support
the hypothesis that ruthenium complexes may be causing apoptosis-like
death among L. (L.) amazonensis promastigotes.
The autophagy process, which is marked by the formation of

structures called autophagic vacuoles, is considered a cellular survival
response. This process can be activated in situations involving cellular
stress such as ROS production [53,54]. Low concentrations of ruthe-
nium(II) complexes caused an increase in the formation of autophagic
vacuoles in the parasite after 24 h of treatment, indicating that the
autophagy process is being stimulated by complexes. This cell survival
mechanism in promastigotes of the genus Leishmania has been produced
by other compounds as demonstrated in a recent study using an in-
novative thiosemicarbazone molecule (4-nitro benzaldehyde thiosemi-
carbazone derived from S-(-)- limonene - BZTS) with miltefosine, a drug
used in leishmaniasis treatment [32]. Similar results have also been
recently reported for the compound C5 (n‑benzyl 1‑(4‑methoxy)phe-
nyl‑9H‑β‑carboline‑3‑carboxamide) against L. (L.) amazonensis pro-
mastigotes. The C5 caused an elevation of ROS production, depolar-
ization of the mitochondrial membrane, DNA fragmentation and an
intense formation of autophagic vacuoles [27]. Chronic and/or un-
resolved stress can lead the cell to apoptotic events and consequently
cell death [53]. We demonstrated through the increase of ROS that the
ruthenium complexes produced a high-stress environment for the pro-
mastigotes. In response to this adverse environment and aiming to re-
establish, parasite cells induced the formation of autophagic vacuoles.
However, the response generated was probably insufficient, since
apoptotic events occurred culminating with cell death.
Considering that cell death by apoptosis may involve biochemical

processes and morphological changes, the next step was to analyze
whether morphological changes also occurred due to treatment with
ruthenium(II) complexes. Some morphological changes including cell
shrinkage, as well as the loss of cell volume and plasma membrane
integrity in a metazoan, are seen as markers of the apoptotic process
[55,56]. The present work showed by morphological analysis that ru-
thenium(II) complexes at low concentrations, especially hmxbato,
caused the cell shrinkage and loss of cell volume. Additionally, the
round body shape presented by treated parasites and the strong labeling
with phalloidin, especially with hmxbato treatment, indicate that the
change in the actin polymerization pattern may be related to cell
rounding. Ultrastructural analysis revealed intense mitochondrial
swelling, increased numbers of acidocalcisomes, vacuoles and lipid
bodies as well as an altered pattern of chromatin condensation. How-
ever, the cell membrane and kinetoplast remained intact. Nuclear and
mitochondrial alterations are probably among the main factors under-
lying the potent anti-proliferative effect and the loss of viability in
Leishmania species [57]. Acidocalcisomes, organelles whose features
include acidic nature and high electron density, play a role in the sto-
rage of polyphosphates, calcium, magnesium and other elements [58].
Similar changes were observed in L. amazonensis promastigotes treated
with 5 or 10 μM KH-TFMDI for 48 h [28].
Several studies have shown that the action of ruthenium complexes

against tumor cells involves the induction of cellular death by apoptosis
[21,59–61]. Li et al. [62] demonstrated that a ruthenium(II) poly-
pyridyl complex denominated [(L1)2RuL2]·2ClO4 where L1= phen and
L2= (2‑trifloride‑phenyl) imidazo[4,5‑f][1,10]phenanthroline - o-
TFPIP inhibited the proliferation and induced the apoptosis of a human
liver cancer cell line (HepG2). Studies aiming to elucidate ruthenium-
induced death mechanisms reveal that these complexes act through

interactions with DNA, and may induce the generation of ROS [62,63].
Some similarities between the Trypanosomatidae family and tumor cell
metabolisms have been observed since both exhibit high replication
rates. Thus, both present a high energy demand [64]. The pro-apoptosis
activity related to organometallic compounds was previously demon-
strated for ruthenium(II) complexed with clotrimazole in L. (L.) ama-
zonensis promastigotes through an experiment that demonstrated mi-
tochondrial depolarization, DNA fragmentation, cell-cycle alteration
profile and plasma membrane phospholipid externalization [39].
Therefore, the results demonstrated herein confirm the involvement of
death by apoptosis in the action of ruthenium complexes on L. (L.)
amazonensis parasites.
Considering that there are few studies in the literature aimed at

elucidating the cytotoxic mechanism involved in the anti-parasite ac-
tion of ruthenium complexes, the results presented herein will provide
important knowledge on the action mechanism of this drug type. Our
study describes, in an original research study, a probable mechanism of
cell death whereby the hmxbato and precursor would be acting against
L. (L.) amazonensis promastigotes.
The determination of the mechanism of death of a given molecule is

only an initial step of the numerous steps for prospecting for a new
drug. Stability studies are extremely important to verify the behavior
molecular under different conditions, since a variety of factors may
influence its stability. Thus, important tests such as (i) solubility stu-
dies, (ii) stability of the molecule in different solutions, (iii) degradation
reactions and (iv) thermodynamic stability constitute a very important
phase in this process [65,66]. For these reasons studies related to the
stability of Hmxbato are part of our future prospects, as well as ver-
ifying anti-Leishmania action of this complex in an animal model by
means of in vivo studies.

Abbreviations

AM160 [(p‑cymene)RuCl2(CTZ)]
AM162 [(p‑cymene)RuCl(acac) (CTZ)]BF4 (acac= acetylacetonate)
Bbato cis-[RuII(ŋ2-O2CC10H13)(dppm)2]PF6
BZTS 4‑nitro benzaldehyde thiosemicarbazone derived from S-

(-)-limonene
CM-
H2DCFDA5‑(and‑6)‑chloromethyl‑2′,7′dichlorodihydrofluorescein dia-

cetate, acetyl ester
CL Cutaneous leishmaniasis
C5 n‑benzyl 1‑(4‑methoxy)phenyl‑9H‑β‑carboline‑3‑carboxamide
DAPI 4,6′‑diamidino‑2‑phenylindole dilactate
DIC Differential interference contrast
DMSO Dimethyl sulfoxide
Dppm bis(diphenylphosphino)methane
FBS Fetal bovine serum
Hmxbato cis-[RuII(ŋ2-O2CC7H7O2)(dppm)2]PF6
IC50 50% inhibition concentration
KH-TFMDI 6,7‑dichloro‑3‑[4‑(trifluoromethyl)benzylidene] indolin‑2‑one
L. (L.) amazonensis Leishmania (Leishmania) amazonensis
L. (L.) infantum Leishmania (Leishmania) infantum
L. (V.) braziliensis Leishmania (Viannia) braziliensis
LIT Liver infusion tryptose
MCL Mucocutaneous leishmaniasis
MDC Monodansylcadaverine
Mtbato cis-[RuII(ŋ2-O2CC7H7S)(dppm)2]PF6
o-TFPIP (2‑trifloride‑phenyl) imidazo[4,5‑f][1,10]phenanthroline
Precursor cis-[RuII(η2-O2CR)(dppm)2]PF6
PBS Phosphate buffer saline
PI Propidium iodide
PKDL Post-kala-azar dermal leishmaniasis
ROS Reactive oxygen species
Rh 123 Rhodamine 123
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Salophen 4‑acetamidofenil 2‑hidroxibenzoato
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end la-

beling
VOSalophen [VO(C20H16N4O2]·H2O
VL Visceral Leishmaniasis
WHO World Health Organization
∆Ψm Mitochondrial membrane potential
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