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Abstract

The emergence of drug resistance in cutaneous leishmaniasis (CL) has become a major

problem over the past decades. The spread of resistant phenotypes has been attributed

to the wide misuse of current antileishmanial chemotherapy, which is a serious threat to

global health. Photodynamic therapy (PDT) has been shown to be effective against a wide

spectrum of drug-resistant pathogens. Due to its multi-target approach and immediate

effects, it may be an attractive strategy for treatment of drug-resistant Leishmania spe-

cies. In this study, we sought to evaluate the activity of PDT in vitro using the photosensi-

tizer 1,9-dimethyl methylene blue (DMMB), against promastigotes of two Leishmania

amazonensis strains: the wild-type (WT) and a lab induced miltefosine-resistant (MFR)

strain. The underlying mechanisms of DMMB-PDT action upon the parasites was focused

on the changes in the lipid metabolism of both strains, which was conducted by a quantita-

tive lipidomics analysis. We also assessed the production of ROS, mitochondrial labeling

and lipid droplets accumulation after DMMB-PDT. Our results show that DMMB-PDT pro-

duced high levels of ROS, promoting mitochondrial membrane depolarization due to the

loss of membrane potential. In addition, both untreated strains revealed some differences

in the lipid content, in which MFR parasites showed increased levels of phosphatidylcho-

line, hence suggesting this could also be related to their mechanism of resistance to milte-

fosine. Moreover, the oxidative stress and consequent lipid peroxidation led to significant

phospholipid alterations, thereby resulting in cellular dysfunction and parasite death.

Thus, our results demonstrated that DMMB-mediated PDT is effective to kill L. amazonen-

sis MFR strain and should be further studied as a potential strategy to overcome antileish-

manial drug resistance.
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Introduction

Cutaneous leishmaniasis (CL) is a complex of diseases caused by multiple species of Leish-
mania protozoan parasites, transmitted by infected female phlebotomine sandflies [1]. CL has

a worldwide distribution, and it has been estimated that over 600.000 to 1 million new cases

occur annually [1, 2]. Several countries in the Americas, Mediterranean basin, Central Asia,

and the Middle East account for nearly 95% of the global burden of CL [2].

The wide spectrum of clinical presentations ranges from a single nodule at the site of infec-

tion to disfiguring skin lesions [3]. It may also have a psychological impact on affected individ-

uals, causing disabilities and social stigmatization [4, 5]. In more severe cases, lesions can be

disseminated to other parts of the body either as ulcerative wounds or as multiple non-ulcera-

tive nodules, which are commonly related to immunocompromised patients [1, 3].

Although the introduction of new drugs has brought several breakthroughs over CL che-

motherapy, treatment options are still limited by their variable effectiveness over the different

Leishmania species [6]. Daily injections of pentavalent antimonials for over a month are the

current mainstay regimen of CL [6, 7]. Alternatively, amphotericin B can be applied as a sec-

ond-line drug; however, it has also been based on a long-course intravenous regimen [1, 7].

Miltefosine, an anticancer drug, has emerged as a promising oral anti-leishmanial agent. How-

ever, it has only been approved for use in a few countries, as its actual therapeutic mode of

action over CL is still unclear [7, 8]. In addition, because of long-term adverse effects, these

treatments are often associated with systemic toxicity, resulting in poor adherence of patients

to the strict therapeutic regimens [6, 7, 9]. This leads to the widespread misuse of drugs, and

consequently may significantly contribute to the development of drug-resistant phenotypes in

the field [10].

Moreover, given the wide variety of Leishmania species and different parasite-host interac-

tions, variations in the sensitivity of these parasites to current medications have been widely

reported [3, 10, 11]. Resistance to standard antileishmanial drugs has been a major concern

over the past few years, as it poses as a serious public health threat [10]. Therefore, CL urgently

needs more effective patient-compliant alternatives focused on non-toxic shorter regimens,

preventing drug resistance and treatment failure [1, 12].

In this regard, improved strategies to prevent the emergence of resistant phenotypes have

been proposed over the past decades [12]. On this basis, multiple target therapies hold promise

for the treatment of CL, particularly for unresponsive or refractory cases [10].

Photodynamic therapy (PDT) has been shown to promote antimicrobial activity against sev-

eral pathogens, including multidrug-resistant bacteria and some yeast species [13]. It is a light-

based technology involving a light source with an emission spectrum that matches the absorp-

tion of a photosensitizer in the presence of oxygen [14]. The photochemical reactions induced

by PDT may yield high amounts of reactive oxygen species (ROS) able to kill microbial cells

[14]. Due to PDT multi-target features, ROS may reach lipids, proteins, and nucleic acids,

thereby promoting a critical disruption of cellular homeostasis and functions [13, 14]. Thus,

pathogens are less likely to develop resistance, which may give an advantage over single-target

drugs. Additionally, PDT involves the use of a PS topically applied and light directly delivered

to the target, which also may help patients to complete the whole course of treatment [15].

Several reports have shown the great efficiency of PDT to target different Leishmania spe-

cies using a wide range of photosensitizers [16–18]. Among them, phenothiazine-based dyes

have shown to be attractive for their low cost and generating large amounts of ROS over a

short period, promoting immediate effects. In addition, they absorb light in the red region of

the spectrum, and the light that is not absorbed could be scattered forward and penetrate

deeper into tissue than shorter wavelengths [19, 20].
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Recently, we have reported that the phenothiazine dye 1,9-dimethyl methylene blue

(DMMB) was highly effective against different Leishmania species without toxicity to mamma-

lian cells [21, 22]. Therefore, aiming to further assess the potential of this promising photosen-

sitizer, we evaluated for the first time the susceptibility factors involving DMMB-mediated

PDT (DMMB-PDT) against promastigotes of L. amazonensis using the wild-type (WT) and

miltefosine-resistant (MFR) strains. In our current study, parasites were exposed to

DMMB-PDT and various cellular processes were investigated to give insight into the possible

underlying mode of action. These included oxidative stress conditions, as assessed by detection

of intracellular levels of ROS; mitochondrial potential and lipid body content as determined by

immunofluorescence staining; and quantitative lipidomics analysis using electrospray-mass

spectrometry.

Experimental section

Light source and photosensitizer

Here we used a red LED (660 nm peak wavelength, 25 nm full width at half maximum,

660 ± 12.5 nm) at an irradiance of 20 mW/cm2. The light source illuminates the wells from

underneath, with distance of 4 mm from the bottom of the well. Two light doses were used: i)

lethal condition (50 J/cm2, t = 2500 s); ii-) sublethal condition (8 J/cm2, t = 400 s). The absor-

bance of the photosensitizer 1,9-dimethyl methylene blue (DMMB) was measured using a

plate-reader (SpectraMax 83 M4, Molecular Devices, USA).

Parasites

L. amazonensis WT (MHOM/BR/73/M2269) promastigotes were grown at 28˚C in M199

medium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS;

Gibco™ Invitrogen Corporation), 40 mM HEPES pH 7.4 (Sigma-Aldrich), 2.5 mg/mL hemin

(Sigma-Aldrich) and 10 mM Adenosine (Sigma-Aldrich) [23]. L. amazonensis MFR was

selected from the reference strain M2269 (MF 150.3–1 line) as previously reported [24]. MFR

parasites were grown in the same media as WT, but in the presence of 150 μM of miltefosine

(Sigma-Aldrich).

Miltefosine and DMMB-PDT activity against WT and MFR L. amazonensis
promastigotes

Miltefosine activity for the WT and MFR L. amazonensis promastigotes was assesed by the

addition of serial dilutions (dilution factor 1:2) of 100 μL of MF (0–500 μM) into a 96-well

plate. Then, 100 μL of Leishmania promastigotes were seeded at a density of 1×106 per well to

obtain a final volume of 200 μL. Miltefosine was incubated for 24 h at 28˚C.

PDT activity against both strains was determined by the addition of serial dilutions (dilu-

tion factor 1:2) of 100 μL of DMMB (0–3000 nM) into a 96-well plate. Parasites were then

seeded at 1×106 per well in a final volume of 200 μL. Before irradiation, DMMB was incubated

for 10 min (pre-irradiation time) to allow the photosensitizer uptake. Then, cells were irradi-

ated using the red LED for 2500 s to deliver a dose of 50 J/cm2. Untreated parasites were used

as a negative control in a different plate. Incubation of parasites with varying concentrations of

DMMB without light was also assessed to evaluate the cytotoxicity of the photosensitizer in the

dark.

For both assays, cell viability was assessed after treatment (24 h for miltefosine and directly

after DMMB-PDT). Briefly, 10 μL of a stock solution of resazurin (1.1 mg/mL) (Alamar blue,

Sigma-Aldrich) was added to each well and incubated for 5 h at 28˚C. Fluorescence intensity
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was determined by using a plate reader (Gen5 Reader, BioTek) at λex = 530 nm and λem = 590

nm. The half-maximal effective concentration (EC50) was obtained by sigmoidal regression

analysis using GraphPad Prism 7.0 software.

Detection of reactive oxygen species (ROS)

ROS production was measured using the indicator 2’-7’-dichlorodihydrofluorescein diacetate

(DCFH-DA) (Abcam), a dye that evaluates total ROS in live cells [23]. Both Leishmania strains

at a density of 1×106 per well were seeded into 96-well plates. Cells were treated with

DMMB-PDT at 750 nM, delivering a light dose of 50 J/cm2. Parasites were also incubated in

the presence of DMMB at 750 nM without light. Untreated cells were used as a negative control

and 25 μM H2O2 as a positive control. After treatment, 2 μL of a stock solution of DCFH-DA

(1 mM) was added to each well and incubated for 45 min. Fluorescence intensity was deter-

mined using a plate reader (Gen5 Reader, BioTek) at λex = 485 nm and λem = 530 nm.

Immunofluorescence microscopy

For immunofluorescence, 1×106 parasites per well were seeded into 96-well plates and exposed

to DMMB-PDT (8 J/cm2, DMMB 750 nM). The light dose was reduced in order to understand

the role of DMMB-PDT on parasites. Cells were centrifuged at 1400 g for 10 min and gently

washed in 1 ml PBS, followed by fixation with 4% paraformaldehyde for 20 min at room tem-

perature. Afterward, cells were allowed to adhere to poly-L-lysine coated slides before staining

with i-) DAPI: cells were fixed immediately after DMMB-PDT and stained with DAPI

(4,6-diamidino-2-phenylindole) for 5 min (2 μg/ml, diluted in PBS), in the dark, at room tem-

perature; ii-) Nile red: the Nile red (Sigma-Aldrich) accumulation was assessed in two different

moments: Directly after, and 1h after DMMB-PDT. Cells were fixed and incubated with 10 μg/

ml Nile red, in the dark, at room temperature, for 30 min and DAPI for 5 min; (iii) Mito-

Tracker CMXRos: For mitochondrial labeling, cells were treated and incubated with Mito-

Tracker CMXRos (Invitrogen) at 28˚C, in a final concentration of 100 nM, for 2h.

Experiments were also performed at two different time points: Immediately and 1h after

DMMB-PDT. Then, parasites were fixed and allowed to sediment and adhere to slides before

staining with DAPI. All images were acquired with a fluorescence microscope (DeltaVision

Imaging System) connected to a digital camera system and processed by softWoRx image anal-

ysis software.

Lipid analysis

WT and MFR L. amazonensis promastigotes were harvested at a density of 1×108 cells/ml and

exposed to DMMB-PDT (8 J/cm2, DMMB 750 nM). After that, total lipid extraction was per-

formed according to Bligh and Dyer method [25]. Cells were collected by centrifugation (800 x

g, 10 min), washed, and resuspended with 100 μL of PBS and transferred to a glass tube. Then,

375 μL of chloroform:methanol 1:2 (v/v) were added and vortexed. Ten-μL of lipid internal

standards SPLASH LIPIDOMIX Mass Spec Standard (Avanti Polar Lipids) were added to each

sample followed by intense agitation for at least 15 min. Thereafter, 125 μL of chloroform was

added and vortexed. Then, 125 μL of H2O was added and vortexed again to make the samples

biphasic. Samples were centrifuged at room temperature (1000 g, 5 min) and the lower phase

(organic) was transferred to a new glass tube, dried under nitrogen, and stored at 4˚C.

Before the electrospray ionization-tandem mass spectrometry (ESI-MS-MS) analysis, 15 μL

of 1:2 (v/v) chloroform:methanol and 15 μL of acetonitrile:isopropanol:water (6:7:2) were

added to the sample, and lipids were resuspended. Phospholipids were analyzed using Absceix

4000 QTrap, a triple quadrupole mass spectrometer with a nanoelectrospray source.
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Lipid analysis was determined in positive and negative ion modes using a capillary volt-

age of 1.25 kV. Tandem mass spectra scanning (MS/MS) (daughter, precursor, and neutral

loss scans) were assessed using nitrogen as the collision gas, with collision energies between

35 and 90 V as previously described [26]. Each spectrum (m/z 600–1000) includes at least 50

repetitive scans. Glycerophospholipids, including phosphatidic acid (PA) and phosphatidyl-

glycerol (PG), were detected by precursor scanning for m/z 153 in negative ion mode. Phos-

phatidylcholine (PC) in positive ion mode, parent-ion scanning of m/z 184. PI/IPC

(phosphatidylinositol/inositol-phosphorylceramide) was detected in negative ion mode by

parent-ion scanning of m/z 241. Phosphatidylethanolamine (PE) in negative ion mode, par-

ent-ion scanning of m/z 196 and phosphatidylserine (PS) in negative ion mode, neutral loss

scanning of m/z 87.

Identification of phospholipids was based upon previous Leishmania lipidomic analyses

[27, 28] and LIPID MAPS Lipidomics Gateway (http://www.lipidmaps.org). The concentra-

tion of each phospholipid class was obtained based on the corresponding internal standard

from the SPLASH LIPIDOMIX Mass Spec Standard (Avanti Polar Lipids).

Statistical analysis

Data were obtained in triplicate. ROS production was analyzed by two-way analysis of variance

(ANOVA) followed by the Bonferroni post-test. Lipid analysis was performed by one-way

analysis of variance (ANOVA) followed by Tukey post-test. Differences were considered statis-

tically significant when p< 0.05.

Results

DMMB absorption spectra

DMMB presents an absorbance band between 500 and 700 nm with two peaks around 542

and 647 nm. A red LED emitting λ = 660 ± 12.5 nm was therefore used to match the absorp-

tion of the photosensitizer (Fig 1).

Fig 1. DMMB absorption spectra.

https://doi.org/10.1371/journal.pone.0289492.g001
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MFR promastigotes are equally susceptible to DMMB-PDT as the WT

strain

Miltefosine activity against both WT and MFR strains was determined by the incubation of

parasites in the presence of increasing concentrations of miltefosine (0–500 μM). The miltefo-

sine concentration required to achieve a reduction of 50% (EC50) of MFR parasites was

5.5-fold higher (140.2 ± 3.6 μM) compared to the WT (25.5 ± 0.22 μM) strain (Fig 2A).

DMMB-PDT was also assessed by varying the concentrations of DMMB (0–3000 nM), in

which EC50 value was found to be 1.5-fold lower on MFR (34.6 ± 0.12 nM) compared to the

WT (53.0 ± 0.11 nM). DMMB-PDT was effective in killing both strains of parasites. Indeed,

both lines were equally susceptible to DMMB-PDT-induced oxidative stress (Fig 2B). Addi-

tionally, our previous studies showed that the photosensitizer at high concentrations without

light did not promote any cytotoxic effect to the parasites [21].

DMMB-PDT produces higher levels of intracellular ROS on MFR L.

amazonensis strain

To measure the redox state of cells, ROS detection was determined directly after DMMB-PDT.

The H2DCFDA probe is a sensitive method used to detect minor changes in the intracellular

redox system promoted by oxidative stress. Therefore, fluorescence of H2DCFDA is propor-

tionally related to total ROS generation, which was identified by an increase in fluorescence

signal, as observed in Fig 3. Although the fluorescence is measured in arbitrary units (AU) the

measurement conditions were kept the same so that the fluorescence intensity can be used to

give information about the relative amount of ROS. Low levels of ROS were produced over the

WT and MFR untreated control (2739.7 ± 418.9; 2716 ± 175.8 AU, respectively). Moreover,

DMMB 750 nM (without light) had similar values (2923.6 ± 684.1 for WT; 3630.3 ± 60.9 AU

for MFR) with no significant differences between strains. The positive control group (H2O2 at

25 μM) showed a ~4-fold and ~6-fold increase in ROS production over the WT

(12.182 ± 121.6 AU) and MFR (16.118.3 ± 693.8 AU) strains compared to the negative control,

respectively. Thus, the levels of ROS detected for the MFR strain were almost a third higher

Fig 2. Susceptibility of WT and MFR L. amazonensis promastigotes to (A) miltefosine at increasing concentrations (0–500 μM) and (B)

DMMB-PDT. Parasites were exposed to PDT at 50 J/cm2 and different concentrations of DMMB (0–3000 nM). Values represent mean ± SD.

https://doi.org/10.1371/journal.pone.0289492.g002
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than for the WT. We observed large increases in ROS following DMMB-PDT. For the WT we

observed a fluorescence intensity of (38.410 ± 4202 AU) which is 14.6 times higher than the

untreated control. For the MFR strain we observed even higher fluorescence intensity of

(50.489 ± 10.856 AU) which is 18.5 times higher than the untreated control. The fluorescence

intensity also shows that the MFR strain produces 24% more ROS than the WT strain.

DMMB-PDT does not affect DNA-containing organelles of promastigotes

We also investigated any immediate changes in the DNA of parasites due to DMMB-PDT.

Cells were fixed and stained with DAPI (kinetoplast—mitochondrial DNA, and nucleus)

directly after DMMB-PDT treatment, followed by image analysis using a high-resolution fluo-

rescence microscope. Results show that both DNA-containing organelles were well stained in

all groups, resulting in a high-intensity signal with bright areas, mainly over kinetoplast.

Indeed, no differences in staining were observed between both controls and DMMB-PDT

groups. Both treated cell lines revealed the same structures of a kinetoplast (bar-shaped) and

nucleus (round) as untreated controls. Under these conditions, parasites did not differ in their

morphological phenotype, including shape and size. No signs of DNA degradation, nuclear

condensation, and/or fragmentation were observed (suppl Fig 1 in S1 File).

DMMB-PDT promotes mitochondrial dysfunction on both WT and MFR

strains

Mitochondria of WT and MFR parasites were visualised by incubating with MitoTracker red

(at 100 nM) for 2 h at two different time points: i-) Directly after, and ii-) 1h after

DMMB-PDT.

The general cell, morphology, i.e. elongated cell body and long flagellum extending out of

the flagellar pocket were preserved in all groups for both time points. In untreated controls,

the dye was well retained after fixation, displaying a bright and well-defined red color over the

single large mitochondrion across the entire cell, here defined as “WT control D” and “MFR

Fig 3. Total ROS production using the fluorescent probe H2DCFDA in WT and MFR L. amazonensis
promastigotes. Parasites were treated with DMMB-PDT at 50 J/cm2 and DMMB at 750 nM. Untreated parasites were

used as a negative control and H2O2 at 25 μM as a positive control. The levels of ROS produced only by DMMB at 750

nM was also assessed. ROS production was analyzed by two-way analysis of variance (ANOVA) followed by the

Bonferroni post-test. The values shown represent the mean ± SD. * denotes statistically significant differences between

strains when p< 0.05.

https://doi.org/10.1371/journal.pone.0289492.g003
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control D” (Fig 4A and 4E). However, when exposed to DMMB-PDT, the loss of membrane

integrity resulted in a reduced signal even directly after treatment (defined as WT

DMMB-PDT D and MFR DMMB-PDT D), as shown in Fig 4B and 4F.

To further investigate the mitochondrial membrane potential at a later time course, Mito-

Tracker staining was assessed 1h post-treatment. As a result, the same pattern was observed

Fig 4. Differential interference contrast (DIC) and immunofluorescence staining images of WT and MFR L.

amazonensis promastigotes treated with DMMB-PDT at 8 J/cm2 in the presence of 750 nM of DMMB. A) Refers to WT

untreated control stained directly after DMMB-PDT (WT control D). B) Refers to WT exposed to treatment and stained

directly after DMMB-PDT (WT DMMB-PDT D). C) Refers to WT untreated control stained 1h after DMMB-PDT (WT

control 1h). D) Refers to WT exposed to treatment and stained 1h after DMMB-PDT (WT DMMB-PDT 1h). E) Refers to

MFR untreated control stained directly after DMMB-PDT (MFR control D). F) Refers to MFR exposed to treatment and

stained directly after DMMB-PDT (MFR DMMB-PDT D). G) Refers to MFR untreated control stained 1h after

DMMB-PDT (MFR control 1h). H) Refers to MFR exposed to treatment and stained 1h after DMMB-PDT (MFR

DMMB-PDT 1h). Nuclei were stained with DAPI (blue fluorescence) and mitochondria were stained with Mito tracker red

(red fluorescence) directly after PDT. N = Nuclei; k = Kinetoplast; M = Mitochondrion. Scale bar = 5 μm.

https://doi.org/10.1371/journal.pone.0289492.g004
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for untreated control (here defined as WT control 1h and MFR control 1h), and parasites

maintained their morphological features (Fig 4C and 4G). However, unlike the first time point

(directly after DMMB-PDT), no red fluorescent signal was detected for treated groups, sug-

gesting a loss of mitochondria membrane potential, thus sustained mitochondrial dysfunction

over the 2-hour labeling period. DMMB-PDT treated cells (defined as WT DMMB-PDT 1h

and MFR DMMB-PDT 1h) only showed a low light intensity, barely detectable (Fig 4D and

4H). We also observed that there were no significant changes in the parasite’s nucleus or kinet-

oplast, as detected by DAPI staining, after the labeling period.

DMMB-PDT increases cytoplasmic lipid droplets of both WT and MFR

phenotypes

The presence of intracellular lipid droplets (LDs) was investigated by staining with Nile Red

either directly after DMMB-PDT, or 1 h after DMMB-PDT. Subsequent fluorescence micros-

copy followed by image analysis shows a few small LDs were observed in untreated control

groups of both cell lines, as expected under physiological conditions. For both untreated con-

trols stained directly (WT control D, MFR control D) or 1h after DMMB-PDT, (WT control 1

h and MFR control 1h) the red points with low intensity over specific areas along the parasites’

cytoplasm show the spherical shape of LDs (Fig 5A, 5C, 5E and 5G).

However, the cellular stress in DMMB-PDT treated parasites, both WT and MFR, caused

an immediate and significant increase in the stained LD as well as LDs fusion, which is shown

by the greater fluorescence intensity diffused across the cytosol (Fig 5B and 5F). Indeed, 1

hour after DMMB-PDT (defined as WT DMMB-PDT 1h and MFR DMMB-PDT 1h) there

was an abnormal accumulation of LDs in both strains, resulting in some large-sized structures,

as shown in Fig 5D and 5H.

Lipidomics analysis reveals a different lipid profile between the WT and

MFR strains

The lipidomics profile was evaluated using a triple quadrupole mass spectrometer fitted with a

nano-electrospray source. Spectra were obtained from the total lipid extracts and evaluated in

positive and negative ion mode for both WT and MFR L. amazonensis. As expected many of

the various glycerophospholipid species were observed as well as inositol-phospoceramide, in

keeping with previous lipidomic analyses of other Leishamania species [23, 28–32]. Phospho-

lipid identities with the corresponding mass over charge (m/z), lipid components, and peaks

obtained from high resolution survey scans are specified in Figs 6 and 7 and Table S1 in S1

File. After normalization using non-natural internal standards, the identified lipid species, and

their amounts in the various samples were calculated and are represented in a heat-map (Fig

7). The molecular species that showed statistically significant differences were plotted in bar

graphs according to the corresponding phospholipid (PL) classes (Fig 6 and S2-S6 Figures in

S1 File).

ES-MS-MS negative ion spectra of inositol-containing PLs revealed some differences over

phosphatidylinositol (PI) molecular species and minor changes of inositol-phosphorylcera-

mide (IPC). Precursor ion scanning for m/z 241 identified that two of the most abundant PI

species; 851 and 782 m/z (PI a-36:0) and (PI 30:0) were 2.2-fold and 1.6-fold higher for MFR

than for the WT strain (Figure S2B and S2E in S1 File). Interestingly, for the m/z 935 (PI 42:8),

one of the species produced in lesser amounts in WT, the abundance was found to be 3.4-fold

higher for MFR (Fig 6D). While many of the other PI and IPC species showed no significant

differences in their relative amounts (Figs 6B, 6C and 7 and S2A, S2C, S2D, S2F and S2G

Figure in S1 File).
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Negative ion mode using the precursor scanning for m/z 196 allowed us to identify ethanol-

amine-containing PLs from total lipids extracted from WT and MFR. As well as diacyl PE spe-

cies, the presence of ether (phosphatidylethanolamine) PE (alkylacyl PE and alkenylacyl PE),

i.e. plasmalogens were detected (Figs 6 and 7 and S4 Figure in S1 File). The overall PE

Fig 5. Differential interference contrast (DIC) and Nile Red and DAPI immunofluorescence staining, representative

images of WT and MFR L. amazonensis promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM of

DMMB. A) Refers to WT untreated control stained directly after DMMB-PDT (WT control D). B) Refers to WT exposed

to treatment and stained directly after DMMB-PDT (WT DMMB-PDT D). C) Refers to WT untreated control stained 1h

after DMMB-PDT (WT control 1h). D) Refers to WT exposed to treatment and stained 1h after DMMB-PDT (WT

DMMB-PDT 1h). E) Refers to MFR untreated control stained directly after DMMB-PDT (MFR control D). F) Refers to

MFR exposed to treatment and stained directly after DMMB-PDT (MFR DMMB-PDT D). G) Refers to MFR untreated

control stained 1h after DMMB-PDT (MFR control 1h). H) Refers to MFR exposed to treatment and stained 1h after

DMMB-PDT (MFR DMMB-PDT 1h). Nuclei were stained with DAPI (blue fluorescence) and lipid droplets were stained

with Nile red (red fluorescence) directly after PDT. LD = Lipid droplet. Scale bar = 5 μm.

https://doi.org/10.1371/journal.pone.0289492.g005
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Fig 6. Phospholipid analysis of WT and MFR L. amazonensis promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM of

DMMB. A-T represent the concentrations of some molecular species of the corresponding untreated and treated WT and MFR strains. PL class

(IPC, PI, PA, PG, PE, PC and PS) was analyzed and quantified according to its corresponding internal “SPLASH” standard. “a” denotes statistically

significant differences of PLs species compared to WT control. “b” denotes statistically significant differences of PLs species compared to MFR

control. “c” denotes statistically significant differences of PLs species between WT DMMB- PDT and MFR DMMB-PDT.

https://doi.org/10.1371/journal.pone.0289492.g006
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Fig 7. Phospholipid analysis of WT and MFR L. amazonensis promastigotes treated with DMMB-PDT at 8 J/cm2 in the

presence of 750 nM of DMMB. Bar on the right side refers to a color scale of the concentration (μg/ml) of each molecular

species related to the corresponding PL class (IPC, PI, PA, PG, PE, PC and PS). Each PL class was analyzed and quantified

according to its corresponding internal “SPLASH” standard.

https://doi.org/10.1371/journal.pone.0289492.g007
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composition did not show major differences in the relative abundance of this PL class between

WT and MFR. However, one of the most abundant plasmalogen PE species m/z 728 (PE a-

36:2) showed significantly lower levels in MFR, about 4 times compared to the WT. In con-

trast, m/z 701 (PE a-34:1), which is less abundant in the WT, is increased by 26% in MFR para-

sites (Fig 7 and S4 Figure in S1 File).

Precursor ion scanning for m/z 153 in negative ion mode can also reveal the phosphatidic

acid (PA) and phosphatidylglycerol (PG) species and their relative amounts. The dynamic

pool of PA species is synthesized in small numbers for both strains. Although they seem to be

present in increased levels for MFR, but there is no statistically significant difference. PG is

also normally a minor class of PLs and its synthesis follows the same trend as PA, with no rele-

vant differences between the WT and MFR, even though some molecular species are present

in smaller abundance on MFR parasites (Figs 6E–6H and 7 and S3 Figure in S1 File).

The PLs containing choline-based head groups were obtained in positive ion mode by pre-

cursor scanning for m/z 184. [M-H+] ions of phosphatidylcholine (PC) revealed the presence

of the main PLs subclasses, such as diacyl and alkylacyl (plasmanyl).

Lipid analysis showed that PC comprises the most abundant class of PLs in WT L. amazo-
nensis. However, the differences between both strains revealed that the overall amounts of PC

are substantially increased in MFR L. amazonensis, pointing out to 24 molecular species with

higher amounts than in the WT strain. The main PC peaks includes m/z 734 (PC 32:0), m/z
760 (PC 34:1), m/z 785 (PC 36:2), m/z 788 (PC 36:1), m/z 811 (PC 38:4), m/z 812 (PC 38:3), m/
z 832 (PC 40:7), m/z 834 (PC 40:6), m/z 861 (PC 42:6) (Figs 6M–6P and 7 and S5 Figure in S1

File).

Except for m/z 760, which was 1.6-fold increased, all other choline-containing PLs men-

tioned above doubled in PC abundance on MFR strain (Fig 7 and S5M Figure in S1 File). To

be more exact, it was observed a 2.3-fold increase for the m/z 733, 811, 812, 861 PC species

(Fig 7 and S5L, S5W and S5V, S5Ff Figure in S1 File). Levels of PC contents were 2.5 times

higher for the m/z 785 and 788 in MFR (Fig 7 and S5Q and S5R in S1 File). Other PC molecu-

lar species produced in lower quantities were also detected at higher levels on the MFR pheno-

type. There was a 1.6-fold increase for the m/z 758 (PC 34:2), while the m/z 756 (PC 34:3), m/z
790 (PC 36:0), m/z 808 (PC 38:5), and m/z 837 (PC 40:4) species doubled in abundance for

MFR, with statistically significant differences compared to the WT (Fig 7 and S5N-S5P, S5X in

S1 File). It was observed that m/z 738 (PC a-34:5) and m/z 839 (PC 40:3) PC levels were

2.5-fold higher in MFR (Fig 7 and S5A and S5Z in S1 File). The PLs showing the peaks of m/z
772 (PC a-36:2) and m/z 777 (PC 36:6) had the greatest increase, resulting in a relative abun-

dance 3.4 and 5.1 times higher for MFR than for the WT, respectively (Fig 7 and S5D and S5S

Figure in S1 File).

Abundance of ether linked PC species was also significantly greater for MFR resulting in a

doubled amount of the species m/z 734 (PC 32:0), m/z 792 (PC a-38:6), m/z 794 (PC a-38:5),

while m/z 774 (PC a-36:1) and m/z 776 (PC a-36:0) demonstrated a 4.8-fold and 7.7-fold

increasing over the WT strain (Fig 7 and S5B, S5C, S5G, S5H and S5L Figure in S1 File).

PS analysis was carried out in negative ion mode by scanning a neutral loss of m/z 87. The

overall PS content revealed that this PL class composes a small percentage of total PLs in WT

L. amazonensis. Surprisingly, the PS composition of MFR showed a significant reduction in

the levels compared to the WT. MFR line revealed decreased amounts in PS series (about 99%)

for the peaks with values of m/z 801 (PS 38:9), m/z 828 (PS a-40:3), m/z 853 (PS 42:11), m/z
855 (PS 42:10), m/z 903 (PS 44:1) (Fig 6 and S6A, S6B, S6D-S6F Figure in S1 File). It was

observed around 95% decreasing for m/z 892 (PS 44:6), m/z 880 (PS 44:12), while the abun-

dance of m/z 829 (PS 40:9) detected was 90% less for MFR (Fig 7 and S6C, S6G and S6H

Figure in S1 File).
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DMMB-PDT promotes a rapid lipid remodeling of WT and MFR strains

Phospholipids were also analyzed after DMMB-PDT of both strains by ESI-MS/MS, allowing

the identification of several changes in phospholipid levels and thus presumably their metabo-

lism. Negative ion mode using the precursor scanning for m/z 241 revealed that in the WT

DMMB-PDT group there was a ~40% overproduction of m/z 808 (IPC 36:0) compared to

untreated WT, while this difference was not observed in the MFR cells upon DMMB-PDT

(Fig 7 and S2A Figure in S1 File). We also observed that the levels of several PI species

increased (~2.5 fold) for both strains after DMMB-PDT, i.e. m/z 878 (PI a-38:1), m/z 897 (PI

a-40:6), while m/z 883 (PI 38:6) species had a 14.4-fold (WT DMMB-PDT) and 12.7-fold

(MFR DMMB-PDT) (Fig 7 and S2C, S2D, S2G Figure in S1 File).

The overall lipid alterations detected through negative mode ion scanning for m/z 153

revealed a downward trend in PA abundance for both DMMB-PDT-treated parasites (Fig 7).

In contrast, PG content was considerably enhanced after treatment in both strains. However,

statistically significant increases were found in 6 species for WT DMMB-PDT, by 2.7-fold for

m/z 821 (PG 40:7) and m/z 822 (PG 40:6). While a 4.7-fold and 6.1-fold increase for m/z 789

(PG 38:8) and m/z 853 (PG 42:5), respectively (Fig 7 and S3E-S3H Figure in S1 File). Impres-

sively, there were two species of which a remarkable increase by 12.3-fold and 14.9-fold was

detected (m/z 759 –PG cyc-37:1, m/z 805 –PG 38:1, respectively) after DMMB-PDT (Fig 7,

and S3A, S3B Figure in S1 File).

Although the overall abundance of PG seems to be higher over MFR DMMB-PDT, only 3

species were significantly different from their own control. As mentioned earlier, while m/z
805 (PG 38:1) and m/z 759 (PG cyc-37:1) showed the largest increase over WT DMMB-PDT, a

minor increase was detected for the same species on MFR DMMB-PDT (by 3.3-fold and

6.4-fold, respectively) (Fig 7, and S3A, S3B Figure in S1 File). Regarding m/z 789 (PG 38:8),

both treated groups presented a similar 4.7-fold increase (Fig 7, and S3E Figure in S1 File). In

addition, a statistically significant reduction of 90% was detected in m/z 798 (PG 38:4) for both

treated strains.

In terms of PE, we found significant changes over 18 PE lipid contents. Unlike the other

two PL classes mentioned earlier, 5 PE species were consistently decreased in both treated

groups. Particularly, after DMMB-PDT, three major PE components, m/z 726 (PE a-36:3), m/z
728 (PE a-36:2) and m/z 729 (PE a-36:1) were reduced in 97.6%, 97.9% and 95.1% for the WT,

while for MFR there was a reduction of 73.2%, 16.9% and 73.1% over the same Pes species,

respectively (Fig 7 and S4C-S4E Figure in S1 File). Two less abundant species m/z 698 (PE a-

34:3) and m/z 701 (PE a-34:1) also showed a significant decrease in about 90.2% and 87.4%

over the WT and an average about 68% (for both Pes) over MFR strain (Fig 7 and S4A, S4B

Figure in S1 File). There was one particular alteration in m/z 714 (PE 34:2) with a significant

decrease (by 55%) only for the treated WT line (Fig 7 and S4F Figure in S1 File).

The lipid remodeling induced by the oxidative stress became even more evident when mul-

tiple PE species unusually produced, or commonly detected in small amounts, consistently

increased at relatively high levels after DMMB-PDT. In both strains, 9 PE species were consid-

erably increased compared to each corresponding untreated control. All of these species

showed higher levels of relative abundance for the MFR strain than the WT strain. From these,

m/z 760 (PE 38:7) and m/z 762 (PE 38:6) presented the greatest increase upon MFR

DMMB-PDT group (by 53.9-fold and 55.9-fold, respectively), while WT DMMB-PDT

enhanced in 14.3-fold and 8.3-fold regarding the same PE species (Fig 7 and S4K and S4L

Figure in S1 File).

For WT DMMB-PDT, we found that m/z 775 (PE 38:0) and m/z 854 (PE 44:3) PE contents

were 5.5 times higher than WT untreated control. However, MFR DMMB-PDT comprised
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even greater amounts of such species (8.7-fold and 19.1-fold) (Fig 7 and S4I and S4Q Figure in

S1 File). The same trend was also observed for the other species: The m/z 792 (PE 40:6), m/z
794 (PE 40:5) were increased by 10.1-fold (WT DMMB-PDT), 13.9-fold (MFR DMMB-PDT),

13.7-fold (WT DMMB-PDT) and 17.9-fold (MFR DMMB-PDT), respectively (Fig 7 and S4M

and S4N Figure in S1 File). Whilst there has been detected nearly 9-fold increase for WT

DMMB-PDT over 823 (PE 42:4), in MFR DMMB-PDT values shown were about 11 times

higher after treatment (Fig 6 and S4O Figure in S1 File). However, m/z 822 (PE 42:5) was the

only case in which the relative abundance of this molecular species was higher for the WT (by

6.9-fold) than for MFR (by 5.2-fold) after treatment compared to their own control. However,

no significant differences were found between both (Fig 7 and S4P Figure in S1 File).

It is important to mention that 3 particular species significantly increased post-treatment

only in the MFR line–m/z 742 (PE 36:2) (by 3.3-fold), m/z 744 (PE 36:1) (by 4.2-fold), m/z 764

(PE 38:5) (by 14.8-fold), even though an upward trend was also detected in the WT (Fig 7 and

S4G, S4H and S4J Figure in S1 File).

Several alterations were detected over the pool of PC species by assessing precursor ion

scanning m/z 184 in positive mode. Although various PC species demonstrated a tendency to

increase in the WT DMMB-PDT group, only 2 of them were statistically significantly different

from the WT untreated control–m/z 820 (PC a-40:6) and m/z 818 (PC 38:0), revealing an

increase by 2.6-fold and 3.0-fold (Fig 7 and S5J and S5T Figure in S1 File). We also noted a few

decreases in other different PC species with 2 alterations statistically significant–m/z 834 (PC

40:6) and m/z 832 (PC 40:7), with a reduction of 74% in both species. Interestingly, these are

two of the most abundant PC in WT cell line (Fig 7 and S5B and S5C Figure in S1 File).

Remarkably, a different pattern between WT and MFR parasites was observed in response

to DMMB-PDT over choline-containing PLs. We found that 9 PC species were significantly

increased in MFR parasites, while 13 species showed a substantial decrease after DMMB-PDT.

Interestingly, the most abundant PC species were substantially reduced after therapy, while the

lower ones increased.

A 1.6-fold increase for m/z 803 (PC 38:7) and m/z 823 (PC a-40:4) was observed followed by

2.0-fold increase of m/z 800 (PC a-38:2), m/z 866 (PC 42:4) and m/z 867 (PC 42:3) species (Fig

7 and S5F, S5I, S5Y and S5E Figure in S1 File). The biggest changes were identified in 4 spe-

cies–m/z 802 (PC a-38:1), m/z 820 (PC a-40:6), m/z 848 (PC a-42:7), m/z 818 (PC 38:0), show-

ing a raise by 2.5-fold in these molecular species (Fig 7 and S5J, S5K and S5T Figure in S1 File).

Regarding the reduced PC species, m/z 760 (PC 34:1) presented the lowest decrease in

abundance (28%), followed by m/z 734 (PC 32:0) (34%), m/z 772 (PC a-36:2) and m/z 790 (PC

36:0), both reduced in 38% (Fig 6 and S5D, S5L, S5M, S5P Figure in S1 File). PC species with

m/z peaks of 788 (PC 36:1) and m/z 808 (PC 38:5) resulted in further decrease, on average by

50%, while m/z 811 (PC 38:4), m/z 839 (PC 40:3) and m/z 785 (PC 36:2) reduced in 55% (Fig 7

and S5Q, S5R, S5W, S5X and S5Z Figure in S1 File). The m/z 812 (PC 38:3) showed a 60%

reduction, whereas m/z 837 (PC 40:4), m/z 834 (PC 40:6) and m/z 832 (PC 40:7) revealed the

most significant decrease, 70% lower in abundance compared to untreated MFR parasites (Fig

7 and S5A-S5C, and S5V Figure in S1 File).

The PS contents showed a great decrease in all species in the WT strain, with significant

alterations in 6 species–m/z 853 (PS 42:11) and m/z 903 (PS 44:1) were reduced by 98%, while

m/z 855 (PS 42:10), m/z 880 (PS 44:12) were found in 95% lesser amounts than WT control

(Fig 7 and S6D-S6F, S6H Figure in S1 File). In addition, we found that m/z 829 (PS 40:9) and

m/z 801 (PS 38:9) PS species reduced in 82% and 89% (Fig 7 and S6B and S6C Figure in S1

File). In contrast, PS content in MFR parasites increased after DMMB-PDT, with 2 significant

alterations–m/z 829 (PS 40:9) and m/z 892 (PS 44:6), resulting in abundance about 4 and 40

times higher than untreated parasites (Fig 7 and S6B and S6G Figure in S1 File).
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Discussion

The rise of antileishmanial drug resistance over the past decades has become one of the pri-

mary causes of leishmaniasis treatment failure [12]. In recent years, increasing attention has

been drawn to the use of PDT as a potential alternative to treat CL to prevent the widespread

number of recurrence and unresponsive cases [19].

In our study, we have demonstrated that DMMB-PDT was effective in the inactivation of

both L. amazonensis promastigotes strains (Fig 2). The oxidative stress produced by

DMMB-PDT played a significant role in parasites death by disturbing cellular homeostasis

despite Leishmania antioxidant defenses.

Moreover, it has been previously reported that DMMB-PDT achieved similar results

against the intracellular forms of the WT and MFR L. amazonensis. It has been shown that

intracellular amastigotes were successfully inactivated on infected macrophages. Both strains

were equally susceptible to DMMB-PDT regardless of the parasites (extracellular or intracellu-

lar) stages. Importantly, this was accomplished without producing significant toxicity to mam-

malian cells (fibroblasts and macrophages) [22].

One of the major advantages of PDT is the potential to generate different types of ROS

either by type I or type II reactions. Type I process is given by the transfer of charge (from the

excited photosensitizer) to a substrate to form a radical (anion or cation), which may further

react with oxygen and produce ROS, including H2O2, hydroxyl radical, and superoxide anions

[33]. Alternatively, the triplet state of the photosensitizer may undergo a type II reaction,

which involves energy transfer to molecular oxygen, producing singlet oxygen, a highly reac-

tive oxidizing agent [33, 34].

Both reactions are driven by the intrinsic characteristics of the photosensitizer, which in

combination with a proper light source will determine the efficiency of the therapy [14]. In

this regard, our scope was to verify if resistant and wild-type Leishmania cells could generate

different levels of ROS. Curiously, the MFR-resistant strain presented higher ROS amounts

than wild-type, although DMMB-PDT promoted pronounced killing for both strains at 750

nM and 50 J/cm2. This finding indicates that resistant strains were not able to reduce oxidative

stress induced by DMMB-PDT (see EC50, Fig 2).

DMMB is advantageous for exhibiting a long visible wavelength light absorption in the red

region of the spectrum, producing a quantum yield of singlet oxygen around 70% [34]. More-

over, it is unlikely to be reduced. Yet, the two additional methylene groups in DMMB make it

highly lipophilic with a positive log Po/w (+ 1.01), thereby it easily diffuses across the lipid

bilayer of the plasma membrane [35]. In addition, it has been shown that having a positive

charge enables it to accumulate in the mitochondria (negatively charged inside) [34, 35]. The

resulting irreversible mitochondrial depolarization jeopardizes oxidative phosphorylation and

compromises adenosine triphosphate (ATP) synthesis. This impairment of mitochondrial res-

piration is a key factor involved in cell death [36].

Indeed, this is in agreement with our microscopic observations of mitochondrial labeling

(Fig 4). The diffusion of MitoTracker staining throughout parasite cytoplasm suggests that a

disruption in mitochondria structural integrity and a loss of its membrane potential occurred

directly after DMMB-PDT. Because of the extensive photodamage, parasites failed to restore

their mitochondrial function, thereby 1 h after irradiation no signs of the organelle were

observed. Therefore, our results suggest that DMMB-PDT promoted a complete mitochon-

drial depolarization in both parasite strains as a consequence of low membrane potential.

Another key point addressed was the increase of LDs in both treated strains (Fig 5). Lipid

droplets are storage organelles usually present in small numbers under physiological condi-

tions [37]. They have long been known as energy reservoirs, mostly for neutral lipids such as
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triacylglycerol and sterol esters. In recent years, they have been recognized as independent

dynamic organelles also involved in cellular homeostasis [37]. Lipid droplets can act beyond

lipid metabolism and interact with other organelles such as mitochondria, endoplasmic reticu-

lum, peroxisomes, and therefore play a pivotal role in the management of redox imbalance

[38].

LDs tend to accumulate under cellular stress conditions, protecting membranes from the

peroxidation process. In the case of oxidative stress, the overproduction of ROS promotes

rapid lipid peroxidation, which is quite toxic to the cells due to the excess of fatty acids (FA)

and their derivatives released [38, 39]. In this way, lipid droplets can act as buffers and seques-

ter and store the pool of free FA to prevent lipotoxicity, maintaining the redox state, and

ensuring cellular survival [38]. The lipids stored can further be used as an energy source and

supply gradually the FA necessary for posterior phospholipids synthesis [37].

Therefore, our results suggest that the high yield of ROS generated by DMMB-PDT pro-

moted a significant lipid peroxidation in cellular membranes, especially in the mitochondria,

which led to a loss of membrane potential and releasing of lipids to the cytosol. As a response

to metabolic stress, LDs substantially increased, accumulating large amounts of free lipids as

an attempt to maintain homeostasis in the parasites. Indeed, the association of LDs and mito-

chondrial metabolism are essential to prevent lipotoxicity and maintain parasite viability [38].

However, due to the lipid overload there was a dysfunction in LDs and they probably failed to

regulate lipotoxicity and redox imbalance, which led to constant cellular stress resulting in par-

asite death.

To understand in more detail the role of lipid metabolism in L. amazonensis, we performed

a comprehensive quantitative lipidomics analysis of both WT and MFR strains. Firstly, we

compared the differences in lipid profile between both lines, and then we further evaluated

their phospholipid alterations under oxidative stress conditions.

ES-MS-MS spectra demonstrated several differences over the lipid metabolism between

both strains, which could primarily explain the mechanism of resistance to miltefosine in MFR

L. amazonensis. The miltefosine resistance process has been related to a large reduction of

drug internalization resulting from a defect in miltefosine transporter (MT) and its regulatory

non-catalytic subunit Ros3 [24]. Because of an impaired transport function, miltefosine can be

expelled by cells even in high drug concentrations [23]. In fact, these genes are responsible for

an inward translocation of miltefosine and PLs throughout the plasma membrane [23, 24].

However, it has been previously reported that the MFR phenotype used in our study had a sin-

gle point of mutation only in the MT gene, rather than both MT and Ros3 [24]. In addition,

there is growing evidence that MF resistance could also be correlated with other factors such

as PL composition, FA and sterols metabolism [40–42].

It has been reported that miltefosine-resistant Leishmania donovani species presented

increased levels of PC content [43]. Likewise, our results demonstrate that the overall abun-

dance of this PL class was substantially higher in the MFR strain compared to the WT counter-

part. PC is the most abundant phospholipid class in eukaryotic membranes and its

biosynthesis occurs via the CDP-choline pathway, one of the two branches of the Kennedy

pathway [44]. Briefly, choline is imported by cells and phosphorylated to phosphocholine via

choline kinase. A second reaction involves the production of CDP-choline (via CTP:phospho-

choline-cytidylyltransferase) followed by a final step, which is the formation of PC [45].

Miltefosine belongs to the class of alkylphosphocholine drugs; therefore it acts as a phos-

phocholine analog, inhibiting the translocation of CTP:phosphocholine-cytidylyltransferase,

and consequently PC synthesis [46]. Thus, the upregulation of PC observed in the MFR phe-

notype suggests an adaptive mechanism of parasites to overcome the inhibition of the CDP-

choline pathway and promote their survival.
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The second branch of the Kennedy pathway relies on the synthesis of PE, via the CDP-etha-

nolamine pathway [44, 45]. PE is the second most abundant PL class in Leishmania parasites

and it is closely related to PC synthesis [30]. In fact, PC can be synthesized either by CDP-cho-

line or by the conversion of PE to PC [44]. The alternative route for the synthesis of PC

involves threefold methylation of PE, which is catalyzed by phosphatidylethanolamine N-

methyltransferase [47]. Thus, we believe that the PE N-methylation pathway could be a possi-

ble reason for the significant decrease found in one of the most abundant PE species (PE a-

36:2) upon MFR parasites.

Apart from this PE species, no further alterations were observed between MFR and WT

phenotypes upon the overall abundance of PE. However, we assume that PE levels were main-

tained, because of PS decarboxylation, an alternative route used for PE biosynthesis. As Leish-
mania possesses orthologs of phosphatidylserine synthase and phosphatidylserine

decarboxylase, PE could have been also generated from PS [47]. Since PS was found in lower

abundance on MFR parasites compared to the WT, we hypothesize this pathway could be

involved in such phospholipids alterations.

The analysis of inositol-containing phospholipids also revealed significant changes over

some PI species in the MFR strain. One possible reason could be related to the miltefosine

mode of action, which involves the inhibition of phosphatidylinositol 3-kinase (PI3K)/protein

kinase B (akt or PKB) pathway, which is essential for signal transduction and cell survival [23,

48]. PI3K is a key protein responsible for phosphoinositides formation [48], thus the overpro-

duction of PI species may have a role in the molecular mechanism underlying miltefosine

resistance developed by MFR parasites.

Alterations in phospholipids due to oxidative stress were also observed in both pheno-

types. The extensive lipid peroxidation mediated by DMMB-PDT showed a rapid lipid

remodeling as a consequence of significant damage in the parasite’s membrane. It is impor-

tant to note that lipid peroxidation may cause severe changes in the lipid bilayer altering

membrane permeability, fluidity, and structural integrity, thereby resulting in a subsequent

cellular dysfunction [49].

As previously mentioned, our findings suggested an important mitochondrial oxidative

damage, which is consistent with lipid alterations detected by ES-MS-MS. Cardiolipin is a

mitochondria-exclusive phospholipid constituent, and its biosynthesis is related to PA and PG

metabolism [50]. Initially, PA is converted to cytidinediphosphate-diacylglycerol (CDP-DAG),

which is the precursor of PG. PG will then generate cardiolipin by the addition of another

CDP-DAG molecule to PG [51]. PA and PG are minor PL classes present in Leishmania para-

sites membrane, however, tandem mass spectra revealed relevant changes over some species.

Precursor ions scanning for m/z 153 in the negative mode pointed to an expressive reduction

in PA species while PG species were greatly upregulated. Collectively, these data suggest that

changes in the metabolism of these lipids may have played a role in cardiolipin synthesis to

overcome mitochondrial membrane damage.

Nevertheless, the overall PG synthesis was significantly greater in the WT strain than in the

MFR phenotype. As a key molecule, PA can be either converted into CDP-DAG to form PI,

PG, and cardiolipin, or it can be used as a precursor for DAG to form PC, PE, and PS [30].

Since MFR parasites are dependent upon high levels of PC, it is possible that PA was more

involved in DAG pathway to form PC, rather than PG.

Drug-induced lipid alterations have been reported in several Leishmania species, mostly

over PC and PE metabolism [31, 42]. Indeed, the biggest lipid changes observed in our study

were related to PC/PE classes, in which the most abundant species were significantly downre-

gulated in both phenotypes. As these are the main PL classes containing polyunsaturated fatty

acids, they are more susceptible to ROS, therefore prone to oxidation [49]. Alternatively,
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parasites underwent a rapid lipid remodeling in response to oxidative stress, producing other

molecular species not usually detected under physiological conditions. Of note, the overpro-

duction of PC was more pronounced in MFR phenotype compared to the WT, probably due

to their higher demand for this lipid class.

Interestingly, unlike in mammalian cells, most PE species in Leishmania are displayed in

the form of plasmalogens, which in turn, should act as membrane antioxidants scavenging rad-

ical species [30, 44]. However, those species were also significantly decreased, whereas the

minor ones were greatly upregulated, suggesting that the amount of ROS produced was higher

than the ability of the parasites to reduce oxidative stress. Differences between PE for MFR

and WT strains could explain the higher amount of ROS observed for MFR strain following

DMMB-PDT (see Figs 3 and 6).

Surprisingly, those upregulated PE species comprised a long chain of fatty acids, which was

also observed over the others PL classes. Indeed, it has been shown that the increase in the

chain of fatty acids in Leishmania may have an important role underlying the cellular mecha-

nism of protection, which has been previously reported for Leishmania donovani [52]. Long

carbon chains enhance membrane rigidity and reduce its fluid properties, thereby preventing

drug permeability into the plasma membrane [31]. In addition, it is believed that longer fatty

acids can be used as an energy source in parasites [31]. Therefore, our results suggest that the

synthesis of phospholipids containing long FA chains could have been a strategy developed by

both L. amazonensis strains to help promote their survival.

The role of PE over Trypanosomatidae is considerably critical, because some parasite spe-

cies are significantly sensitive to the decrease of PE levels, particularly upon the mitochondrial

inner membrane [44, 53]. Thus, we suggest that to compensate for the loss of PE content, levels

of PS were also modulated after DMMB-PDT via PS synthase and/or decarboxylase. However,

both lines showed a different response under stress conditions. While PS amounts were sub-

stantially reduced in the WT parasites, MFR had some species increased.

PS is synthesized in the endoplasmic reticulum and is transported to mitochondria to pro-

duce PE [54]. Since levels of PE were decreased in the WT cells after DMMB-PDT, we assume

PS species were rapidly decarboxylated in mitochondria to form PE (via PS decarboxylase).

On the other hand, as the relative abundance of PS was particularly low under normal condi-

tions in the MFR phenotype, we hypothesize that PS synthesis (via PS synthase) was required

to improve PE levels in mitochondria membrane upon oxidative stress.

Perturbations in PE content affect not only phospholipids in the membrane, but also result

in protein dysfunction, especially in those lipid-interacting proteins [53]. For example, glyco-

sylphosphatidylinositol (GPI)-anchored proteins are inserted in the outer layer of the plasma

membrane and are essential for parasite virulence and survival [55]. They are involved in

membrane surface protection and cellular nutrition, and their biosynthesis relies on the addi-

tion of ethanolamine phosphate groups to PI (together with monosaccharides). It has been

shown that levels of GPI are dependent on the synthesis of inositol in T. brucei bloodstream

form [56]. Thus, changes in ethanolamine levels might also affect the modulation of PI as a

consequence of damage in GPI anchors [57]. Indeed, our results suggest that DMMB-PDT

leads to increased levels of some PI species as a result of changes in PE metabolism caused by

the perturbations produced in the plasma membrane.

In conclusion, our results demonstrate that DMMB-PDT killed both wild-type and miltefo-

sine resistant strains effectively, promoting mitochondrial dysfunction via loss of membrane

potential and lipid droplet accumulation with significant alterations of lipid metabolism.

Moreover, the MFR line was found to be more susceptible to oxidative stress than the WT

strain, resulting in increased levels of ROS at low nanomolar DMMB concentrations. We hope

these data will encourage other studies as this is the first report on lipidomics of miltefosine-
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resistant and susceptible L. amazonensis parasites following oxidative stress. For the time

being, DMMB-PDT appears to be a promising strategy for overcoming the challenges of antil-

eishmanial drug resistance in CL infections.

Supporting information

S1 File.

(DOCX)

Author Contributions

Conceptualization: Martha S. Ribeiro, Terry K. Smith.

Formal analysis: Michela Cerone, Saydulla Persheyev, Cheng Lian.

Funding acquisition: Ifor D. W. Samuel.

Investigation: Fernanda V. Cabral, Michela Cerone, Terry K. Smith.

Supervision: Ifor D. W. Samuel, Martha S. Ribeiro, Terry K. Smith.

Writing – original draft: Fernanda V. Cabral, Ifor D. W. Samuel, Martha S. Ribeiro, Terry K.

Smith.

Writing – review & editing: Saydulla Persheyev, Cheng Lian, Ifor D. W. Samuel, Martha S.

Ribeiro, Terry K. Smith.

References
1. Burza S, Croft SL, Boelaert M. Leishmaniasis. Lancet (London, England) 2018; 392(10151).

2. WHO. World Health Organization. Global Health Observatory (GHO). 2020. https://www.who.int/gho/

neglected_diseases/leishmaniasis/en/.

3. Reithinger R, Dujardin J-C, Louzir H, Pirmez C, Alexander B, Brooker S. Cutaneous leishmaniasis. The

Lancet Infectious diseases 2007; 7(9).

4. Bailey F, Mondragon-Shem K, Haines LR, et al. Cutaneous leishmaniasis and co-morbid major depres-

sive disorder: A systematic review with burden estimates. PLoS Negl Trop Dis 2019; 13(2): e0007092.

https://doi.org/10.1371/journal.pntd.0007092 PMID: 30802261

5. Yanik M, Gurel MS, Simsek Z, Kati M. The psychological impact of cutaneous leishmaniasis. Clin Exp

Dermatol 2004; 29(5): 464–7. https://doi.org/10.1111/j.1365-2230.2004.01605.x PMID: 15347324

6. Ponte-Sucre A, Gamarro F, Dujardin JC, et al. Drug resistance and treatment failure in leishmaniasis: A

21st century challenge. PLoS Negl Trop Dis 2017; 11(12): e0006052. https://doi.org/10.1371/journal.

pntd.0006052 PMID: 29240765

7. Alvar L, Croft S, Olliaro P. Chemotherapy in the treatment and control of leishmaniasis. Advances in

parasitology 2006; 61: 223–74. https://doi.org/10.1016/S0065-308X(05)61006-8 PMID: 16735166

8. Sunyoto T, Potet J, Boelaert M. Why miltefosine-a life-saving drug for leishmaniasis-is unavailable to

people who need it the most. BMJ global health 2018; 3(3): e000709. https://doi.org/10.1136/bmjgh-

2018-000709 PMID: 29736277

9. Desjeux P. Leishmaniasis: current situation and new perspectives. 2004; 27: 305–18.

10. Croft SL, Sundar S, Fairlamb AH. Drug resistance in leishmaniasis. Clinical microbiology reviews 2006;

19(1): 111–16. https://doi.org/10.1128/CMR.19.1.111-126.2006 PMID: 16418526

11. Kaye P, Scott P. Leishmaniasis: complexity at the host–pathogen interface. Nature Reviews Microbiol-

ogy 2011; 9: 604–15. https://doi.org/10.1038/nrmicro2608 PMID: 21747391

12. Horácio ECA, Hickson J, Murta SMF, Ruiz JC, Nahum LA. Perspectives From Systems Biology to

Improve Knowledge of Leishmania Drug Resistance. Frontiers in cellular and infection microbiology

2021; 11: 653670. https://doi.org/10.3389/fcimb.2021.653670 PMID: 33996631

13. Sabino CP, Wainwright M, Ribeiro MS, et al. Global priority multidrug-resistant pathogens do not resist

photodynamic therapy. Journal of photochemistry and photobiology B, Biology 2020; 208.

PLOS ONE PDT mechanism of action on Leish

PLOS ONE | https://doi.org/10.1371/journal.pone.0289492 September 15, 2023 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289492.s001
https://www.who.int/gho/neglected_diseases/leishmaniasis/en/
https://www.who.int/gho/neglected_diseases/leishmaniasis/en/
https://doi.org/10.1371/journal.pntd.0007092
http://www.ncbi.nlm.nih.gov/pubmed/30802261
https://doi.org/10.1111/j.1365-2230.2004.01605.x
http://www.ncbi.nlm.nih.gov/pubmed/15347324
https://doi.org/10.1371/journal.pntd.0006052
https://doi.org/10.1371/journal.pntd.0006052
http://www.ncbi.nlm.nih.gov/pubmed/29240765
https://doi.org/10.1016/S0065-308X%2805%2961006-8
http://www.ncbi.nlm.nih.gov/pubmed/16735166
https://doi.org/10.1136/bmjgh-2018-000709
https://doi.org/10.1136/bmjgh-2018-000709
http://www.ncbi.nlm.nih.gov/pubmed/29736277
https://doi.org/10.1128/CMR.19.1.111-126.2006
http://www.ncbi.nlm.nih.gov/pubmed/16418526
https://doi.org/10.1038/nrmicro2608
http://www.ncbi.nlm.nih.gov/pubmed/21747391
https://doi.org/10.3389/fcimb.2021.653670
http://www.ncbi.nlm.nih.gov/pubmed/33996631
https://doi.org/10.1371/journal.pone.0289492


14. Hamblin MR. Antimicrobial photodynamic inactivation: a bright new technique to kill resistant microbes.

Curr Opin Microbiol 2016; 33: 67–73. https://doi.org/10.1016/j.mib.2016.06.008 PMID: 27421070

15. Lian C, Piksa M, Yoshida K, et al. Flexible organic light-emitting diodes for antimicrobial photodynamic

therapy. npj Flexible Electronics 2019; 3(1): 1–6.

16. Souza THS, Andrade CG, Cabral FV, et al. Efficient photodynamic inactivation of Leishmania parasites

mediated by lipophilic water-soluble Zn(II) porphyrin ZnTnHex-2-PyP 4. Biochimica et biophysica acta

General subjects 2021; 1865(7): 129897. https://doi.org/10.1016/j.bbagen.2021.129897 PMID:

33811942

17. Dimmer J, Cabral FV, Sabino CP, et al. Natural anthraquinones as novel photosentizers for antiparasitic

photodynamic inactivation. Phytomedicine: international journal of phytotherapy and phytopharmacol-

ogy 2019; 61: 152894. https://doi.org/10.1016/j.phymed.2019.152894 PMID: 31054439

18. Pinto JG, Martins JFS, Pereira AHC, Mittmann J, Raniero LJ, Ferreira-Strixino J. Evaluation of methylene

blue as photosensitizer in promastigotes of Leishmania major and Leishmania braziliensis. Photodiagno-

sis Photodyn Ther 2017; 18: 325–30. https://doi.org/10.1016/j.pdpdt.2017.04.009 PMID: 28457848

19. Cabral FV, Souza THS, Sellera FP, Fonteds A, Ribeiro MS. Towards effective cutaneous leishmaniasis

treatment with light-based technologies. A systematic review and meta-analysis of preclinical studies.

Journal of photochemistry and photobiology B, Biology 2021; 221: 112236. https://doi.org/10.1016/j.

jphotobiol.2021.112236 PMID: 34090038

20. Cabral FV, Sabino CP, Dimmer JA, Sauter IP, Cortez MJ, Ribeiro MS. Preclinical Investigation of Meth-

ylene Blue-mediated Antimicrobial Photodynamic Therapy on Leishmania Parasites Using Real-Time

Bioluminescence. Photochemistry and photobiology 2020; 96(3). https://doi.org/10.1111/php.13188

PMID: 31792979

21. Cabral FV, Lian C, Persheyev S, Smith TK, Ribeiro MS, Samuel IDW. Organic Light-Emitting Diodes as

an Innovative Approach for Treating Cutaneous Leishmaniasis—Cabral—Advanced Materials Technol-

ogies—Wiley Online Library. Advanced materials technologies 2021: 2100395.

22. Cabral FV. Towards new therapeutic strategies for cutaneous leishmaniasis [PhD Thesis]: University of

Sao Paulo; 2021.

23. Vincent IM, Weidt S, Rivas L, Burgess K, Smith TK, Ouellette M. Untargeted metabolomic analysis of

miltefosine action in Leishmania infantum reveals changes to the internal lipid metabolism. Int J Parasi-

tol Drugs Drug Resist 2014; 4: 20–7. https://doi.org/10.1016/j.ijpddr.2013.11.002 PMID: 24596665

24. Coelho AC, Trinconi CT, Costa CH, Uliana SR. In Vitro and In Vivo Miltefosine Susceptibility of a Leish-

mania amazonensis Isolate from a Patient with Diffuse Cutaneous Leishmaniasis: Follow-Up. PLoS

neglected tropical diseases 2016; 10(7). https://doi.org/10.1371/journal.pntd.0004720 PMID: 27416021

25. Bligh E, Dyer W. A rapid method of total lipid extraction and purification. Canadian journal of biochemis-

try and physiology 1959; 37(8): 911–7. https://doi.org/10.1139/o59-099 PMID: 13671378

26. Richmond G, Gibellini F, Young S, et al. Lipidomic analysis of bloodstream and procyclic form Trypano-

soma brucei. Parasitology 2010; 137(9): 1357–92. https://doi.org/10.1017/S0031182010000715

PMID: 20602846

27. Vincent IM, Weidt S, Rivas L, Burgess K, Smith TK, Ouellette M. Untargeted metabolomic analysis of

miltefosine action in Leishmania infantum reveals changes to the internal lipid metabolism. Int J Parasi-

tol Drugs Drug Resist 2014; 4(1): 20–7. https://doi.org/10.1016/j.ijpddr.2013.11.002 PMID: 24596665

28. Williams R, Smith T, Cull B, Mottram J, Coombs G. ATG5 is essential for ATG8-dependent autophagy

and mitochondrial homeostasis in Leishmania major. PLoS pathogens 2012; 8(5): e1002695. https://

doi.org/10.1371/journal.ppat.1002695 PMID: 22615560

29. Negrão F, Abánades AD, Jaeeger C, et al. Lipidomic alterations of in vitro macrophage infection by L.

infantum and L. amazonensis. Molecular bioSystems 2017; 13(11): 2401–6. https://doi.org/10.1039/

c7mb00381a PMID: 28960008

30. Zhang K, Beverley S.M.. Phospholipid and sphingolipid metabolism in Leishmania. Mol Biochem Para-

sitol 2010; 170(2): 55.

31. Guarnizo SG, Tikhonova E, Zabet-Moghaddam M, et al. Drug-Induced Lipid Remodeling in Leishmania

Parasites. Microorganisms 2021; 9(4): 790. https://doi.org/10.3390/microorganisms9040790 PMID:

33918954

32. Fernandez-Prada C, Vincent I, Brotherton M, et al. Different Mutations in a P-type ATPase Transporter

in Leishmania Parasites are Associated with Cross-resistance to Two Leading Drugs by Distinct Mecha-

nisms. PLoS neglected tropical diseases 2016; 10(12): e0005171. https://doi.org/10.1371/journal.pntd.

0005171 PMID: 27911896

33. Castano AP, Demidova TN, Hamblin MR. Mechanisms in photodynamic therapy: part one-photosensi-

tizers, photochemistry and cellular localization. Photodiagnosis and photodynamic therapy 2004; 1(4):

279–93. https://doi.org/10.1016/S1572-1000(05)00007-4 PMID: 25048432

PLOS ONE PDT mechanism of action on Leish

PLOS ONE | https://doi.org/10.1371/journal.pone.0289492 September 15, 2023 21 / 23

https://doi.org/10.1016/j.mib.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27421070
https://doi.org/10.1016/j.bbagen.2021.129897
http://www.ncbi.nlm.nih.gov/pubmed/33811942
https://doi.org/10.1016/j.phymed.2019.152894
http://www.ncbi.nlm.nih.gov/pubmed/31054439
https://doi.org/10.1016/j.pdpdt.2017.04.009
http://www.ncbi.nlm.nih.gov/pubmed/28457848
https://doi.org/10.1016/j.jphotobiol.2021.112236
https://doi.org/10.1016/j.jphotobiol.2021.112236
http://www.ncbi.nlm.nih.gov/pubmed/34090038
https://doi.org/10.1111/php.13188
http://www.ncbi.nlm.nih.gov/pubmed/31792979
https://doi.org/10.1016/j.ijpddr.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24596665
https://doi.org/10.1371/journal.pntd.0004720
http://www.ncbi.nlm.nih.gov/pubmed/27416021
https://doi.org/10.1139/o59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
https://doi.org/10.1017/S0031182010000715
http://www.ncbi.nlm.nih.gov/pubmed/20602846
https://doi.org/10.1016/j.ijpddr.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24596665
https://doi.org/10.1371/journal.ppat.1002695
https://doi.org/10.1371/journal.ppat.1002695
http://www.ncbi.nlm.nih.gov/pubmed/22615560
https://doi.org/10.1039/c7mb00381a
https://doi.org/10.1039/c7mb00381a
http://www.ncbi.nlm.nih.gov/pubmed/28960008
https://doi.org/10.3390/microorganisms9040790
http://www.ncbi.nlm.nih.gov/pubmed/33918954
https://doi.org/10.1371/journal.pntd.0005171
https://doi.org/10.1371/journal.pntd.0005171
http://www.ncbi.nlm.nih.gov/pubmed/27911896
https://doi.org/10.1016/S1572-1000%2805%2900007-4
http://www.ncbi.nlm.nih.gov/pubmed/25048432
https://doi.org/10.1371/journal.pone.0289492


34. Martins WK, Santos NF, Rocha CS, et al. Parallel damage in mitochondria and lysosomes is an efficient

way to photoinduce cell death. Autophagy 2019; 15(2): 259–79. https://doi.org/10.1080/15548627.

2018.1515609 PMID: 30176156

35. Bacellar I, Pavani C, Sales E, Itri R, Wainwright M, Baptista M. Membrane damage efficiency of phe-

nothiazinium photosensitizers. Photochemistry and photobiology 2014; 90(4): 801–13. https://doi.org/

10.1111/php.12264 PMID: 24571440

36. Zorov D, Juhaszova M, Sollott S. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS

release. Physiological reviews 2014; 94(3): 909–50. https://doi.org/10.1152/physrev.00026.2013

PMID: 24987008

37. Jarc E, Petan T. Lipid Droplets and the Management of Cellular Stress. The Yale journal of biology and

medicine 2019; 92(3): 435–52. https://doi.org/10.1016/j.bbalip.2017.07.006 PMID: 31543707

38. Olzmann JA, Carvalho P. Dynamics and functions of lipid droplets. Nature reviews Molecular cell biol-

ogy 2019; 20(3): 137–55. https://doi.org/10.1038/s41580-018-0085-z PMID: 30523332

39. Herms A, Bosch M, Ariotti N, et al. Cell-to-cell heterogeneity in lipid droplets suggests a mechanism to

reduce lipotoxicity. Current biology: CB 2013; 23(15): 1489–96. https://doi.org/10.1016/j.cub.2013.06.

032 PMID: 23871243

40. Hefnawy A, Berg M, Dujardin J, D Muylder G. Exploiting Knowledge on Leishmania Drug Resistance to

Support the Quest for New Drugs. Trends in parasitology 2017; 33(3): 162–74. https://doi.org/10.1016/

j.pt.2016.11.003 PMID: 27993477

41. Rakotomanga M, Saint-Pierre-Chazalet M, Loiseau P. Alteration of fatty acid and sterol metabolism in

miltefosine-resistant Leishmania donovani promastigotes and consequences for drug-membrane inter-

actions. Antimicrobial agents and chemotherapy 2005; 49(7): 2677–86. https://doi.org/10.1128/AAC.

49.7.2677-2686.2005 PMID: 15980336

42. Rakotomanga M, Blanc S, Gaudin K, Chaminade P, Loiseau P. Miltefosine affects lipid metabolism in

Leishmania donovani promastigotes. Antimicrobial agents and chemotherapy 2007; 51(4): 1425–30.

https://doi.org/10.1128/AAC.01123-06 PMID: 17242145

43. Shaw C, Lonchamp J, Downing T, et al. In vitro selection of miltefosine resistance in promastigotes of

Leishmania donovani from Nepal: genomic and metabolomic characterization. Molecular microbiology

2016; 99(6): 1134–48. https://doi.org/10.1111/mmi.13291 PMID: 26713880

44. Gibellini F, Smith T. The Kennedy pathway—De novo synthesis of phosphatidylethanolamine and phos-

phatidylcholine. IUBMB life 2010; 62(6): 414–28. https://doi.org/10.1002/iub.337 PMID: 20503434

45. Vance JE. Phospholipid synthesis and transport in mammalian cells. Traffic (Copenhagen, Denmark)

2015; 16(1): 1–18. https://doi.org/10.1111/tra.12230 PMID: 25243850

46. Croft S, Seifert K, Duchêne M. Antiprotozoal activities of phospholipid analogues. Molecular and bio-

chemical parasitology 2003; 126(2): 165–72. https://doi.org/10.1016/s0166-6851(02)00283-9 PMID:

12615315

47. Moitra S, Pawlowic M, Hsu F, Zhang K. Phosphatidylcholine synthesis through cholinephosphate cyti-

dylyltransferase is dispensable in Leishmania major. Scientific reports 2019; 9(1): 7602. https://doi.org/

10.1038/s41598-019-44086-6 PMID: 31110206

48. Vanhaesebroeck B, Leevers S, Panayotou G, Waterfield M. Phosphoinositide 3-kinases: a conserved

family of signal transducers. Trends in biochemical sciences 1997; 22(7): 267–72. https://doi.org/10.

1016/s0968-0004(97)01061-x PMID: 9255069
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