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Dihydroartemisinin, an active metabolite of artemisinin, interferes
with Leishmania braziliensis mitochondrial bioenergetics
and survival
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Abstract
Leishmaniasis is one of the most neglected parasitic infections of the world and current therapeutic options show several
limitations. In the search for more effective drugs, plant compounds represent a powerful natural source. Artemisinin is a
sesquiterpene lactone extracted from Artemisia annua L. leaves, from which dihydroartemisinin (DQHS) and artesunic acid
(AA)/artesunate are examples of active derivatives. These lactones have been applied successfully on malaria therapy for
decades. Herein, we investigated the sensitivity of Leishmania braziliensis, one of the most prevalent Leishmania species that
cause cutaneous manifestations in the New World, to artemisinin, DQHS, and AA. L. braziliensis promastigotes and the stage
that is targeted for therapy, intracelular amastigotes, weremore sensitive to DQHS, showing EC50 of 62.3 ± 1.8 and 8.9 ± 0.9μM,
respectively. Cytotoxicity assays showed that 50% of bone marrow-derived macrophages cultures were inhibited with 292.8 ±
3.8 μM of artemisinin, 236.2 ± 4.0 μM of DQHS, and 396.8 ± 6.7 μM of AA. The control of intracellular infection may not be
essentially attributed to the production of nitric oxide. However, direct effects on mitochondrial bioenergetics and H2O2 pro-
duction appear to be associated with the leishmanicidal effect of DQHS. Our data provide support for further studies of
artemisinin and derivatives repositioning for experimental leishmaniasis.
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Introduction

Leishmaniasis is among the top ten neglected tropical diseases
with more than 12 million infected people and 0.9 to 1.6
million new cases each year. Also, 350 million people are at
risk of infection worldwide (Alvar et al. 2012; WHO 2020a).

Cutaneous leishmaniasis (CL) is a typical manifestation most-
ly caused by Leishmania amazonensis, L. mexicana,
L. braziliensis, L. guyanensis, L. panamensis, and
L. peruviana in the New World. Localized skin lesions that
may disappear spontaneously characterize the main clinical
form; however, a spectrum of cutaneous manifestations is rec-
ognized, such as the mucocutaneous form caused by
L. braziliensis and L. guyanensis, a condition that affects the
oral and/or nasal mucosa (Amato et al. 2007).

There are no ideal drugs to treat leishmaniasis, especially
for complicated CL manifestations. Current therapy is mainly
based on intramuscular injections of pentavalent antimonials
for at least 20 days, which may cause serious systemic adverse
effects. In addition, treatment with pentavalent antimonials
presents variable efficacy (Oliveira et al. 2011; Alcântara
et al. 2018). Second-line treatment options (amphotericin B
deoxycholate, pentamidine mesylate/isethionate, and
paromomycin) also share several drawbacks with antimonials,
including long periods of treatment and serious side effects
(Alcântara et al. 2018). Besides that, no vaccines for humans
are available to prevent leishmaniasis.
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In this scenario, the search for new antileishmanial drugs is
a pressing need. One of the sources for novel leishmanicidal
agents is based on bioactive compounds from medicinal
plants (Brito et al. 2013). Artemisia annua L. is an
Asian herb that has been used in tea form for centuries
in Chinese medicine to treat malaria (Klayman 1985;
Ansari et al. 2013). Artemisinin (ART) is a sesquiter-
pene lactone with very low toxicity and no mutagenic
effects that is obtained from A. annua leaves. Several
ART derivatives, such as dihydroartemisinin (DQHS)
and artesunic acid/artesunate (AA), have been extensive-
ly studied in terms of antiplasmodial activity. Their syn-
thesis occurs from sodium borohydride reduction of
ART, generating DQHS as a reaction intermediate.
ART and its derivatives contain an endoperoxide group,
which is crucial for the generation of free radical inter-
mediates that may kill malarial parasites via oxidative
stress (Luo and Shen 1987; Balint 2001; Pandey and
Ray 2016).

In fact, ART and a number of analogs/derivatives are
antimalarial drugs that have been used in the clinical
practice for several years, representing a substantial im-
pact in reducing malaria deaths worldwide (WHO
2020b). Their well-documented safety profiles (Ansari
et al. 2013) propelled us to investigate whether ART,
DQHS, and/or AA could be ef fec t ive agains t
L. braziliensis, the most relevant species that causes
localized/muco-CL in the New World. Moreover, exper-
iments using the active metabolite DQHS were also
conducted in order to investigate possible leishmanicidal
mechanisms of action involving the control of the par-
asite’s mitochondrial bioenergetics and reactive oxygen
species generation.

Material and methods

Artemisinin extraction and dihydroartemisinin and
artesunic acid’s synthesis

Artemisinin (ART) was extracted from the leaves of
Artemisia annua L., grown in the Experimental Field
of CPQBA-UNICAMP, Paulínia, São Paulo, Brazil
(22° 47′ 52.4″ S 47° 06′ 48.4″ E 590 m.; voucher
#1246) and used as raw material for derivatives semi-
synthesis reactions. Dihydroartemisinin (DQHS) and
artesunic acid (AA) were synthesized and characterized
by spectroscopic methods as previously described (Li
et al. 1981; Brossi et al. 1988; Haynes et al. 2002;
Kardono et al. 2014). Purity analysis for DQHS and
AA were pe r fo rmed as p r ev ious ly desc r i bed
(Boaventura-Júnior 2015), and minimum purity values
obtained were 81 and 95%, respectively.

Parasites

Leishmania (Viannia) braziliensis (MHOM/BR/75/2903)
promastigotes were cultured at 25 °C in M-199 culture medi-
um supplemented with 10% heat-inactivated fetal bovine se-
rum, 100 mM adenine, 40 mM Hepes, pH 7.4, 0.0001% bio-
tin, 0.0005% hemin, 2% human male-sterile urine, 50 mg/mL
penicillin, and 50 mg/mL streptomycin (Kapler et al. 1990).
All reagents were purchased from Sigma-Aldrich - Merck
KgaA, Darmstadt, Germany; CultiLab, Campinas, SP,
Brazil; EconoLab, Sao Paulo, Brazil; ThermoFisher
Scientific, Waltham, MA, USA.

L. braziliensis promastigotes in vitro assays

The MTT assay was performed as previously described
(Miguel et al. 2011). Briefly, 2.5–5 × 106 log-phase
promastigotes were grown in culture medium in the presence
or absence (control) of increasing concentrations of ART or its
derivatives DQHS and AA. After 24 h, 30 μL of 5 mg/mL
MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazo-
lium bromide; Sigma-Aldrich - Merck KgaA) was added to
each well and the 96-well plate was incubated for an addition-
al 3 h. The reaction was stopped by the addition of 50 μL 20%
sodium dodecyl sulfate (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) to each well. Absorbance of formazan, the product
of MTT reduction, was determined in a spectrophotometer
AgileReader™ Elisa Plate Reader (AvansBio, Taipei City,
Taiwan) with a reference and test wavelength of 650 and
600 nm, respectively. The viability percentages were calculat-
ed in relation to untreated control cells (100%). Amphotericin
B (Sigma-Aldrich –Merck KgaA) was used as leishmanicidal
control drug and prepared as previously described (Minori
et al. 2020). Fifty percent effective concentrations (EC50)
and 95% confidence intervals were determined from sigmoi-
dal regression of the concentration-response curves using the
GraphPad Prism 8.0 Software (San Diego, CA, USA).

Host cells and infection assays

Bone marrow-derived macrophages (BMDM) were obtained
as previously described (Miguel et al. 2011). Briefly, bone
marrow contents, from both femur and tibia of BALB/c mice,
were flushed out with 5.0 mL of RPMI 1640 medium (Sigma-
Aldrich - Merck KgaA) supplemented with 20% L929 fibro-
blasts culture supernatant, 20% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 μg/mL) (Cultilab,
Campinas, SP, Brazil). BMDM were plated in Petri dishes
for 7 days at 37 °C, 5% CO2. After 3 days, 5.0 mL of RPMI
(20% L-929 and 20% FBS) was added to each plate. In total,
5 × 105 BMDM were incubated in the presence of different
concentrations of ART and derivatives for 24 h. Cell viability
was determined by the MTT assay, essentially as described
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above. Cytotoxic concentrations (CC50) were calculated as
described for the anti-promastigote assay. Fifty percent effec-
tive concentrations were used to determine the selectivity in-
dex (SI = CC50/EC50). The protocol was approved by the
Ethics Committee on Animal Use of the University of
Campinas (CEUA/UNICAMP #4535-1/2017).

In parallel, BMDM samples were infected with
L. braziliensis stationary phase promastigotes (MOI = 5) at
34 °C for 24 h, 5% CO2. Upon removing non-internalized
promastigotes with warm PBS 1X, fresh culture medium
RPMI was added followed by the addition or not (control)
of different concentrations of DQHS. After 24 and 48 h, in-
fection rates (%) and the number of amastigotes were deter-
mined by counting at least 300 methanol-fixed and stained
(InstantProv, Pinhais, PR, Brazil) BMDM per coverslip in
triplicates using Leica LAS Core microscope system (Leica,
Wetzlar, Germany).

Nitrite determination in infected and non-infected
BMDM supernatants

About 150 μL of culture supernatants of BMDM infection
assays, in the presence of distinct concentrations of DQHS
for 24 and 48 h, were collected for nitrite quantification fol-
lowing the manufacturer’s Griess reagent protocol (Griess
Reagent kit, Invitrogen - ThermoFisher Scientific). Optical
densities at 548 nm were determined using a Multiskan Sky
Microplate reader (ThermoFisher Scientific). Additional
groups of BMDM incubated with LPS (BMDM + LPS) at
10 ng/mL were included in the experiments.

Plasma membrane permeabilization

Ethidium bromide (EtBr) was used to assess plasma mem-
brane permeabilization as previously described (Cohen et al.
1990; Mendes et al. 2019). In total, 5 × 107 L. braziliensis
promastigotes were incubated with 0, 31.15 (EC50/2), and
62.30 μM (EC50) of DQHS. After 24 h, parasites were washed
in PBS 1X (pH 7.2) and resuspended in this buffer in the
presence of 100 μM EtBr. Digitonin (1.6 mM) was added in
order to allow total cell permeabilization and maximal EtBr
incorporation. Fluorescence was monitored at the excitation
and emission wavelengths of 590 and 560 nm, respectively,
using a Hitachi F2500 fluorescence spectrophotometer
(Chiyoda, Tokyo, Japan). EtBr and digitonin were purchased
from Sigma-Aldrich - Merck KgaA.

O2 consumption rates

O2 consumption rates were determined in a computer-
interfaced Clark-type oxygen electrode with continuous stir-
ring at 28 °C (Hansatech® Systems Inc., Norfolk, UK) as
described (Peloso et al. 2011). Promastigotes (107/mL) were

previously incubated in culture medium or with EC50/2 and
EC50 DQHS for 24 h. After this period, viable parasites were
counted and the same number of promastigotes for each con-
dition was resuspended in a standard intracellular reaction
medium (SRM) (125 mM sucrose, 65 mM KCl, 2 mM
KH2PO4, 0.5 mM MgCl2, 10 mM HEPES pH 7.2, 1 mM
EGTA, and 1 mg/mL BSA; Sigma-Aldrich - Merck KgaA)
in the presence of 27.5 μM digitonin and 5 mM succinate.
Respiratory control ratio (RCR) (state 3/state 4) was deter-
mined by the addition of 400 μM ADP (state 3) followed by
1 μg/mL oligomycin (state 4); Sigma-Aldrich - Merck KgaA).

Determination of H2O2 production

Approximately, 107 promastigotes/mL were incubated in cul-
ture medium alone or in the presence of EC50/2 and EC50

DQHS for 24 h. Next, cells were resuspended in PBS/1 mM
MgCl2 in the presence of 5 mM succinate, 27.5 μM digitonin,
1 U/mL horseradish peroxidase (HRP); Sigma-Aldrich -
Merck KgaA), and 25 μM Amplex Red (Molecular
Probes®; Eugene, OR, USA). Fluorescence was monitored
at the excitation and emission wavelengths of 563 nm and
587 nm, respectively, using a Hitachi F2500 fluorescence
spectrophotometer. Correlation between fluorescence and
concentration of H2O2 was determined through a calibration
curve were known quantities of a freshly prepared H2O2 so-
lution was added in the presence of Amplex Red and HRP
(Peloso et al. 2011).

Superoxide production

Superoxide production was assayed using a mitochondrial-
targeted probe, MitoSOX (3,8-phenanth-ridinediamine,
5-(60-triphenylphosphoniumhexyl)-5,6-dihydro-6-phenyl;
Molecular Probes®) as described (Peloso et al. 2012). Briefly,
108 promastigotes/mL that was previously exposed to medi-
um alone, EC50/2 or EC50 DQHS for 24 h were loaded with
5μMMitoSOX inKrebs-Henseleit buffer (KH buffer: 15mM
NaCO3, 5 mM KCl, 120 mM NaCl, 0.7 mM Na2HPO4,
1.5 mM NaH2PO4, Sigma-Aldrich - Merck KgaA) at 28 °C
for 10 min. Next, parasites were washed and resuspended in
KH buffer. The detection of oxidized MitoSOX (oxMitoS-
OX) was performed in this buffer in the presence of
27.5 μM digitonin and 5 mM succinate. The fluorescence
was detected using a Hitachi F2500 fluorescence spectropho-
tometer with excitation and emission wavelengths of 510 and
580 nm, respectively.

Statistical analysis

Data represent the average ± standard errors (SE) or standard
deviation (SD) of at least three independent experiments per-
formed in duplicates or triplicates. Statistical analysis were
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performed using the appropriate test for each experiment with
theGraphPad Prism 8.0 Software. A p value of less than 0.05
was considered statistically significant.

Results

Anti-promastigote effect of ART and derivatives

Aliquots of ART, DQHS, and AA were diluted in DMSO and
used in 96-well plate assays for evaluation of logarithmic-
phase promastigotes’ viability after 24 h. Leishmania
braziliensis was more sensitive to DQHS (EC50: 62.3 ±
1.8 μM) than to ART and AA, as their EC50 values were
approximately 4 to 4.5 times higher (Fig. 1). Cells that re-
ceived amphotericin B were used as a positive control, show-
ing low EC50 values (0.33 ± 0.13 μM). In parallel, cytotoxic-
ity was determined for BALB/c bone marrow-derived macro-
phages (BMDM), in order that ideal concentrations could be
defined for subsequent in vitro infection assays. Cytotoxic
concentrations (CC50) ranged from 292.8 to 396.0 μM for
ART and derivatives (Fig. 1). Selectivity indexes were calcu-
lated [CC50/EC50], for which DQHS showed the highest index
among all compounds: ~ 4.7 versus 1.4 and 1.3 for ART and
AA, respectively.

DQHS activity against intracelular amastigotes and
nitrite quantification

Despite observing moderate in vitro selectivity to primary
macrophages, clinical safety data for ART and derivatives
encouraged us tomove forward with BMDM infection assays.
Thereby, infections were performed in the presence of DQHS,
the most effective ARTmetabolite at 0; 12.5; 25; 50; 100; and
200 μM for 24 and 48 h. Infection rates and numbers of
intracellular amastigotes were significantly reduced in a

dose-dependent manner for both time points (Fig. 2).
Approximately 90 to 99% reduction of the infection rates were
detected for 50, 100, and 200 μM DQHS after 24 h (Fig. 2a).
Infection rates after 48 h were slightly higher, but still signif-
icantly lower in the presence of 50, 100, and 200 μM DQHS
(Fig. 2b). In untreated control cells, amastigotes were ob-
served (Fig. 2c–e), which were rarely seen for infections that
received > 100 μM DQHS for 24 h and 200 μM DQHS for
48 h (Fig. 2c–f). EC50 of 8.9 ± 0.9 μM was calculated for
intracellular amastigotes, about sevenfold lower than that cal-
culated for promastigotes.

Some studies demonstrated that nitric oxide (NO) produc-
tion is inhibited by DQHS and AA in macrophages
(Konkimalla et al. 2008; Yu et al. 2012), which probably
indicates that the leishmanicidal effect observed in our
in vitro infections is not due to NO generation. In this case,
supernatants of infected- and uninfected-BMDMwere collect-
ed for nitrite (a product of NO oxidation) dosage by Griess
reagent protocol. Nitrite levels of infected BMDM exposed to
concentrations lower than 200 μM DQHS were similar to
those detected in untreated BMDM supernatants after 24 and
48 h. The only significant increase of nitrite was observed for
DQHS incubation at 200 μM, for which levels of nitrite were
comparable to BMDM previously stimulated with LPS
(Fig. 3).

Investigation of plasma membrane integrity upon
DQHS incubation

Based on our findings, the antileishmanial activity of DQHS
could not be attributed solely to BMDM activation. In this
sense, our next experiments focused on the investigation of
the direct effects of DQHS on promastigotes. We assessed
whether DQHS would be able to permeate the plasma mem-
brane and interfere with its integrity in two sub-lethal doses
(EC50/2 and EC50) (Fig. 4). Incubation with DQHS for 24 h

Fig. 1 Dose-response curves of L. braziliensis promastigotes and BALB/
c BMDM viability after ART and derivatives exposure. In total, 5 × 106

promastigotes (solid lines) and 5 × 105 BMDM (dashed lines) were incu-
bated with ART (black triangle), DQHS (red square), and AA
(blue circle) at increasing concentrations for 24 h at 25 °C and 37 °C,

respectively. Cell viability was determined by the MTT method and per-
centages were calculated in relation to untreated control cells (100%).
EC50 value ± standard error and (95% confidence interval) is shown for
each compound. Three independent experiments were performed in
triplicates
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Fig. 2 In vitro activity of DQHS against intracellular amastigotes of
L. braziliensis. BALB/c BMDM were infected with stationary-phase
L. braziliensis promastigotes (MOI = 5). After 24 h, cells were incubated
with culture medium alone; 12.5; 25; 50; 100, and 200 μMDQHS for 24
(a) and 48 h (b). Cell monolayers were fixed with methanol and stained
with Instant Prov for counting of infected cells every 300 cells per cov-
erslip per condition. The numbers above each bar indicate the percentage
of infection (a, b). (c, d): Number of amastigotes per 100 BMDM for 24

and 48 h, respectively. Results are representative of two independent
experiments carried out in triplicates. (e) and (f): Examples of photomi-
crographs showing untreated infected BMDM, in which arrows point to
intracellular amastigotes and infected cells incubated with 200 μM of
DQHS for 48 h, respectively. Bar = 8 μm. Student’s t test was applied
comparing each condition with the untreated control: *p < 0.05;
**p < 0.005); ****p < 0.0001

Fig. 3 Nitrite quantification in supernatants of BMDM infected with
L. braziliensis. BALB/c BMDM were infected with stationary-phase
L. braziliensis promastigotes at MOI = 5. After 24 h, cells were incubated
with culture medium alone (0); 12.5; 25; 50; 100; and 200 μMDQHS for
24 and 48 h. Nitrite levels (μM) were quantified in cultures’ supernatants
for each condition using the Griess reaction protocol and are presented as
mean ± standard deviation. “BMDM+LPS”: positive control for NO pro-
duction. Student’s t test was applied comparing each condition with the
untreated control and significant differences are indicated with asterisks

Fig. 4 Plasma membrane permeability of L. braziliensis promastigotes
incubated with DQHS. Approximately, 5 × 107 cells/mL were incubated
with 0, 31.15 (EC50/2), and 62.3 μM (EC50) of DQHS for 24 h. Ethidium
bromide (EtBr) at 100 μM was added to each group while fluorescence
signal was acquired in a fluorescence spectrophotometer (Hitachi F-2500)
for up to 600 s. A total of 1.6 mM digitonin was added after 550 s to
obtain the maximum signal of fluorescence after cellular perme-
abilization. This is a representative assay of two independent experiments
performed in duplicates
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did not trigger changes in the permeabilization of the para-
sites, since there was no change in the fluorescence signals
related to the uptake of ethidium bromide in relation to un-
treated promastigotes. In this case, this ART metabolite is
probably capable of being internalized without altering cell
permeability at concentrations ≤ EC50, causing intracellular
effects that could explain its leishmanicidal activity.

Interference of DQHS on mitochondrial bioenergetics
of promastigotes

Next, we decided to evaluate whether DQHS could alter basal
L. braziliensis functions, such as the mitochondrial bioener-
getics of promastigotes. Parasite’s in situ mitochondrial O2

consumption was evaluated after incubation with EC50/2 and
EC50 DQHS for 24 h. To stimulate the functioning of the
mitochondrial electron transport chain and, consequently,
measure the oxygen consumption rates of treated and untreat-
ed parasites, succinate was added in the experiments as an
electron donor for complex II of the respiratory chain.
Digitonin was also added to enable the permeabilization of
the plasma membrane and allow the substrates to access the

organelle. Figure 5a shows that promastigotes exposed to
EC50/2 or EC50 for 24 h present an increase of > 83% on O2

consumption rates (p < 0.05). In order to determine the cou-
pling between oxidative phosphorylation and the mitochon-
drial respiratory chain, the respiratory control rate (RCR) was
determined by addition of ADP (state 3) followed by
oligomycin, an inhibitor of FoF1-ATPase (state 4) (Fig. 5b).
Exposure to DQHS at EC50 led to a decrease of ~ 30% on
RCR (p < 0.05), as a result of an increase in state 4, indicating
uncoupling of mitochondria, which leads to a decrease in ATP
production. The increase in oxygen consumption rates ob-
served is probably a result of an attempt of mitochondria to
return to the resting potential in order to bring ATP production
to its basal levels.

Many compounds exert their cytotoxicity by inducing the
production of reactive oxygen species (ROS), with mitochon-
dria being an important source of O2∙- and H2O2, important
intracellular signaling components. Increase in H2O2 levels
plays an important role in the redox balance and can lead to
deleterious effects in biological molecules (Barreiros et al.
2006). To verify possible changes in the generation of these
ROS induced by DQHS, promastigotes were incubated with

Fig. 5 Leishmania braziliensis’ mitochondrial bioenergetics interference
and ROS production caused by DQHS. (a, b) Oxygen consumption and
respiratory control of L. braziliensis promastigotes incubated with 0,
31.15 (EC50/2), and 62.3 μM (EC50) of DQHS for 24 h, respectively.
Oxygen consumption was determined as described in the “Material and
Methods” section. Respiratory control (state 3/state 4) was measured in
the presence of 400 μMADP (state 3) and 1 μg/mL of oligomycin (state
4). (c) Detection of H2O2 production after incubation with DQHS. In

total, 5 × 107 untreated and treated promastigotes were resuspended in
PBS with 1 mM MgCl2 in the presence of 27.2 μM digitonin, 5 mM
succinate, 1 U/mL HRP, and 25 μM Amplex Red. (d) Production of
mitochondrial superoxide assessed with the MitoSox fluorescent probe.
Data represent the mean ± standard deviation of two independent exper-
iments in duplicates. Student’s t test was applied comparing each condi-
tion with the untreated control; *p < 0.05 and **p < 0.005
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EC50/2 and EC50 for later quantification of H2O2 and O2∙-
(Fig. 5c, d). Promastigotes incubated with half EC50 showed
an increased production of H2O2 in relation to untreated cells
(~ 46%), with a higher increase when exposed to EC50

(136%), perhaps explaining the decrease in promastigotes vi-
ability incubated with DQHS. Regarding the levels of super-
oxide generated, no significant difference between the control
group and EC50/2 and EC50 DQHS-incubated promastigotes
was detected.

Discussion

Combinatory therapies containing ART and derivatives have
been widely used worldwide to treat malaria patients (Ansari
et al. 2013). The importance of ART extraction and purifica-
tion is undeniable, leading the researcher Youyou Tu to re-
ceive part of the Nobel Prize in Physiology or Medicine in
2015 (Callaway and Cyranoski 2015). The widespread and
well-established clinical use allowed us to expand studies on
the activity of ART and some derivatives, such as DQHS (its
main active metabolite) and AA against Leishmania,
envisioning the potential for repositioning these sesquiterpene
lactones. In fact, the use of repositioned drugs for leishmani-
asis has been a reality for many decades (Alcântara et al. 2018;
Charlton et al. 2018).

In the present study, we demonstrated that L. braziliensis
promastigotes are sensitive to ART, DQHS, and AA in the
micromolar range (Fig. 1), in agreement with studies carried
out with ART and derivatives that showed EC50 values rang-
ing from 104 and 160 μM for different species that cause the
visceral form of the disease (L. donovani and L. infantum)
(Sen et al. 2010; Mutiso et al. 2011; Islamuddin et al. 2014;
Cortes et al. 2015; Sarkar et al. 2018) and varying from 83.7
and 177 μM for L. major, a causative species of CL in the Old
World (Ebrahimisadr et al. 2013; Esavand Heydari et al.
2013). It is worth mentioning that a study using A. annua L.
leaf extracts showed clinical improvement in experimental
treatment for L. panamensis, a very related species to the
one studied by our group (Mesa et al. 2017). AsDQHS proved
to be more effective in relation to ART and AA, our next step
focused on the inhibition tests of clinically relevant stages;
intracellular amastigotes. In fact, this metabolite was signifi-
cantly more active against amastigotes (EC50 = 8.9 ± 0.9 μM)
than promastigotes (EC50 = 62.3 ± 1.8 μM) (Figs. 1, 2). More
important, despite host cells being relatively sensitive, the
required amount of DQHS to inhibit 50% of their population
was > 32-fold greater than the concentration required to elim-
inate the same proportion of L. braziliensis amastigotes.

After demonstrating the anti-amastigote effect of DQHS,
we evaluated the role of nitric oxide (NO) as a possible effec-
tor in the control of in vitro infections, as it is a molecule of
paramount importance for cellular defense by helping to

eliminate invading pathogens (Das et al. 2010). There was a
significant increase in NO production (Fig. 3) only for
200 μM incubation after 24 and 48 h. DQHS did not increase
NO production by host cells at lower concentrations. It has
been reported in the literature that macrophages incubated
with DQHS show no increase in NO production, but the re-
lease of TNF-alpha and IL-6, which may result in downregu-
lation of iNOS (Yu et al. 2012). Aldiere and others also
showed that ART inhibits the synthesis of NO in human cells
after 24 h (Aldiere et al. 2003).

Despite presenting known antiparasitic effects (Li 2012;
Loo et al. 2017), the mechanism of action of ART and deriv-
atives is only well established for Plasmodium, for which it is
known that these lactones are activated by different mecha-
nisms, may be explained by the reductive scission and/or open
peroxide models. The result will lead to the cleavage of the
endoperoxide bridge, a conserved structure in these
molecules—including DQHS—that generates free radical in-
termediates responsible for causing oxidative stress. This cas-
cade of events impairs several biological functions, such as
inhibition of parasite’s essential proteins, heme alkylation,
membrane damage, and covalent interaction with biomole-
cules (Greenwood et al. 2008; Pandey and Ray 2016).

Only a few studies have advanced in investigating the
mechanisms of action of ART for Leishmania parasites (Sen
et al. 2007; Sarkar et al. 2019), being scarcer in relation to its
main active metabolite DQHS. Therefore, we decided to in-
vestigate possible mechanisms that explain its activity against
L. braziliensis. Sun and Zhou demonstrated that both ART
and DQHS are permeable to cell plasma membrane (Sun
and Zhou 2016). Our results showed that promastigotes incu-
bated with 31.15 (EC50/2) and 62.3 μM (EC50) of DQHS for
24 h do not show changes in the incorporation of EtBr,
pointing out that membrane integrity is not affected under
these conditions (Fig. 4). Interference on biochemical intracel-
lular events was associated with ART’s effects, such as the
induction of apoptosis-like cell death in L. donovani
promastigotes (Sen et al. 2007). Sarkar and collaborators have
shown that the endoperoxide-mediated radical formation by
ART may represent a crucial step for triggering its anti-
promastigote activity (Sarkar et al. 2019). From that and in a
cascade of events, they observed an increase in ROS genera-
tion, depolarization of the mitochondrial membrane potential,
increase in cytosolic calcium concentration, and decrease in
ATP levels that led to apoptotic-like cell death (Sarkar et al.
2019). Recently, taking a step further on the mechanism of
ART activation in Leishmania, Geroldinger, and coworkers
used L. tarentolae promastigotes to show that activation of
ART is preferentially triggered by degradation of hemin-
derived products containing Fe2+, rather than low molecular
iron in the labile iron pool. Although no homologs of mam-
malian heme oxygenase have been identified in the
Leishmania genome so far, the hypothesis of the presence of
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a heme oxygenase-like system in these parasites has been
raised (Geroldinger et al. 2020). Apart from this enzymatic
mechanism, ART activation in Leishmania can also occur
via interaction with hemin and various cellular reductants
(Geroldinger et al. 2020).

In this context, we assessed the impairment of mitochon-
drial activity in L. braziliensis promastigotes exposed to
DQHS. Only one mitochondrion is present per Leishmania,
which provides ATP through coupling between the mitochon-
drial respiratory chain and oxidative phosphorylation.
Digitonin was used to selectively permeabilize the plasma cell
membrane to allow the study of mitochondrial functions in
situ, i.e., within its own intracellular environment. Results
presented in Fig. 5 led us to conclude that the increase in
succinate-supported respiration in DQHS-treated cells indi-
cates an attempt of mitochondrion to reestablish the mem-
brane potential in order to restore ATP production to its nor-
mal levels. In this sense, respiratory control was shown to be
compromised for parasites incubated with EC50 DQHS, due to
a higher respiratory state 4, resulting from an uncoupling of
the mitochondrial respiratory chain and oxidative phosphory-
lation and a probable depolarization of the mitochondrial inner
membrane, which leads to a decrease in ATP production as
previously demonstrated (Sarkar et al. 2019; Sun and Zhou
2016). Besides, an increase in H2O2 generation was also ob-
served. These results are in accordance with the ones obtained
for multiple myeloma cells where DQHS induced
mitochondria-dependent apoptosis, which resulted in in-
creased rates of oxygen consumption and ROS production,
explaining cell death (Chen et al. 2020).

Finally, our study demonstrated that L. braziliensis
promastigotes and amastigotes are sensitive to DQHS, being
the intracellular forms more sensitive than promastigotes. In
addition, DQHS promotes H2O2 production and mitochondri-
al dysfunction that may explain parasite’s loss of viability.
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