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Low doses of 3-phenyl-lawsone
or meglumine antimoniate
delivery by tattooing route are
successful in reducing parasite
load in cutaneous lesions of
Leishmania (Viannia) braziliensis-
infected hamsters
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Edgar Schaeffer2, Thayssa Da Silva1, Andréia Carolinne de Souza Brito1,
Larissa Moreira Siqueira1, Job Domingos Inácio3,
Elmo Eduardo Almeida-Amaral3, Alda Maria Da-Cruz4,5,
Milla Bezerra-Paiva5, Renata Heisler Neves6, Luciana Silva Rodrigues7,
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1Laboratório de Imunofarmacologia Parasitária, Universidade do Estado do Rio de Janeiro,
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Janeiro, Rio de Janeiro, Brazil, 7Laboratório de Imunopatologia, Faculdade de Ciências Médicas, Universidade
do Estado do Rio de Janeiro, Rio de Janeiro, Brazil, 8Laboratório de Imunologia do Exercı́cio, Universidade do
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Current therapeutic ways adopted for the treatment of leishmaniasis are toxic and

expensive including parasite resistance is a growing problem. Given this scenario, it

is urgent to explore treatment alternatives for leishmaniasis. The aim of this study

was to evaluate the effect of 3-phenyl-lawsone (3-PL) naphthoquinone on

Leishmania (Viannia) braziliensis infection, both in vitro and in vivo, using two

local routes of administration: subcutaneous (higher dose) and tattoo (lower dose).

In vitro 3-PL showed low toxicity for macrophages (CC50 >3200 µM/48h) and

activity against intracellular amastigotes (IC50 = 193 ± 19 µM/48h) and

promastigotes (IC50 = 116 ± 26 µM/72h), in which induced increased ROS

generation. Additionally, 3-PL up-regulated the production of cytokines such as

tumor necrosis factor alpha (TNF-a), monocyte chemotactic protein 1 (MCP-1),

interleukin-6 (IL-6) and IL-10 in infected macrophages. However, the anti-

amastigote action was independent of nitric oxide production. Treatment of

hamsters infected with L. (V.) braziliensis from one week after infection with

3-PL by subcutaneous (25 µg/Kg) or tattooing (2.5 µg/Kg) route, during 3 weeks
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(3 times/week) or 2 weeks (2 times/week) significantly decreased the parasite load

(p<0.001) in the lesion. The reduction of parasite load by 3-PL treatment was

comparable to reference drug meglumine antimoniate administered by the same

routes (subcutaneous 1mg/Kg and tattoo 0.1mg/Kg). In addition, treatment started

from five weeks after infection with 3-PL per tattoo also decreased the parasite

load. These results show the anti-leishmanial effect of 3-PL against L. (V.)

braziliensis and its efficacy by subcutaneous (higher dose) and tattoo (lower

dose) routes. In addition, this study shows that drug delivery by tattooing the

lesion allows the use of lower doses than the conventional subcutaneous route,

which may support the development of a new therapeutic strategy that can be

adopted for leishmaniasis.
KEYWORDS

Leishmania (Viannia) braziliensis, 3-phenyl-lawsone, chemotherapy, tattooing,
subcutaneous, hamster-model
1 Introduction

American Tegumentary Leishmaniasis (ATL) is the most

common clinical form of leishmaniasis ranging from self-healing

wounds to severe mucosal tissue damage of the infected individual. Of

the total cases of ATL in 2020, 42% were reported by Brazil (Pan

American Health Organization, 2021). The available therapies for

various forms of leishmaniasis are based on systemic administration

of antimonial pentavalent or amphotericin B and pentamidine

presenting extensive toxicity, high costs, emerging drug resistance

and varied efficacy depending upon the species, symptoms and

geographical region (Berman, 2005; Santos et al., 2008; Pimentel

et al., 2011; Ponte-Sucre et al., 2017). These limitations encourage the

search for new therapeutic alternatives to treat leishmaniasis

(Mudavath et al., 2014; Zulfiqar et al., 2017). In Brazil, ATL is

caused mostly by species Leishmania (Viannia) braziliensis

(Cupolillo et al., 2003; David and Craft, 2009; Ministério da Saúde,

2017) which cause both cutaneous (CL) and mucosal leishmaniasis

(ML). Most studies related to this species are performed in humans

since mice develop small, self-healing lesions that have limited

application. In this sense, the hamster model demonstrates a more

appropriate alternative, because when infected with L. (V.)

braziliensis it mimics human CL (Gomes-Silva et al., 2013; Ribeiro-

Romão et al., 2014; Dutra and da Silva, 2017) and proved to be a

suitable model to evaluate antileishmania vaccines (da Silva-Couto

et al., 2015) and drugs (Costa et al., 2014). In general, the drug of first

choice for treating L. (V.) braziliensis infection is meglumine

antimoniate (Glucantime®). However, this therapy has several

limitations, as high parenteral doses are required, inducing

moderate to severe side effects that lead to discontinuation of

treatment and contribute to increased parasite resistance (Carvalho

et al., 2019). Therefore, the development of new drugs and alternative

drug delivery is necessary for the treatment of CL (Zulfiqar et al.,

2017; Caridha et al., 2019). Intralesional (IL) pentavalent antimonials

have been used for decades for the treatment of CL in the Old World

(World Health Organization, 2022). However, in America, this use

was recommended in 2013 for patients with single lesions, nursing
02
mothers, and contraindications to systemic treatment (nephropathies,

hepatopathies, cardiopathies). It is also contraindicated for lesions

larger than 3 cm in diameter, or those located in the head or

periarticular areas, and for immunosuppressed patients (Pan

American Health Organization, 2013). More recently, Brazil

adhered to this recommendation to treat lesions, up to 3 cm in the

greatest diameter, at any location except the head and periarticular

regions (Ministério da Saúde, 2017).

The use of a modified tattoo device for medical purposes has been

utilized for various applications, such as in dermatological treatments

(Sadeghinia and Sadeghinia, 2012; Arbache et al., 2018), implantation

of glucose monitoring detectors (Yetisen et al., 2019), an indication of

tumor location for surgery (Yigit et al., 2022) and DNA vaccines

(Oosterhuis et al., 2012; Fotoran et al., 2020). New transdermal drug

delivery methods, such as needle-free injectors (NFIs), microneedles,

and tattoo devices have been developed and may have advantages

over some traditional delivery methods, including the use of low doses

and coverage of large areas of skin (Arbache et al., 2019; Mercuri and

Rivas, 2021). Shio and collaborators (2014) used a tattoo device to

administer a liposomal formulation of oleylphosphocholine to mice

infected with L. (L.)major or L. (L.)mexicana and showed the efficacy

of this approach.

Naphthoquinones are natural molecules with high biological

activity and pharmacological potential due to its redox cycle, which

promotes the production of reactive oxygen species (Ferreira et al.,

2010; Qiu et al., 2018). There is a variety of natural and synthetic

naphthoquinones with antimalarial, antihelminthic, anti-

Trypanosoma and anti-Leishmania activities (Reimão et al., 2012;

Hazra et al., 2013; Rezende et al., 2013; Rocha et al., 2013;

Lorsuwannarat et al., 2014; Oliveira et al., 2018). Lapachol is a

natural naphthoquinone isolated from several plants of the

Bignoniaceae family, mainly Tecoma and Tabebuia species. Several

studies demonstrate lapachol as a pharmacological agent (Hussain

et al., 2007; Hussain and Green, 2017), with antitumor (Sunassee

et al., 2013; Zu et al., 2019), antimicrobial (Oliveira et al., 2010; Souza

et al., 2013) and antiparasitic activities (Teixeira et al., 2001; Lima

et al., 2004; Salas et al., 2011). Therefore, the study of synthetic
frontiersin.org
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lapachol derivates and analogues has been proposed as potential

antiparasitic drugs (Lima et al., 2004; Rocha et al., 2013; Barbosa et al.,

2014). Lawsone, a 2-hydroxy-1,4-naphthoquinone originally obtained

from the henna plant (Lawsonia inermis), as well as derivatives

molecules, have diverse biological properties such as antitumor,

antimicrobial, and antiparasitic action (reviewed by Pradhan et al.,

2012; al Nasr et al., 2019).

The aim of this study was to evaluate the activity of the synthetic

lapachol derivative 3-phenyl-lawsone (3-PL) against L. (V.)

braziliensis in vitro, as well as its therapeutic potential using local

routes of administration subcutaneous (higher dose) and tattooing

(lower dose) compared with the reference drug meglumine

antimoniate, in experimentally infected hamsters.
2 Materials and methods

2.1 3-phenyl-lawsone

The lapachol derivative 3-phenyl-lawsone, 3-PL, (Figure 1A,

insert) was synthesized in the Laboratory of Bioorganic Chemistry

of the Federal University of Rio de Janeiro, Brazil by the Suzuki-

Miyaura reaction as previously described (Gomes et al., 2017). For

assays, the 3-PL was dissolved in DMSO (Sigma Aldrich, St Louis,

MO, USA) whose final concentration did not exceed 1%.
2.2 Parasites culture

Leishmania (Viannia) braziliensis (MCAN/BR/98/R619)

parasites were routinely isolated from hamster lesions and

maintained as promastigotes in Schneider’s insect medium (Sigma-

Aldrich, St Louis, MO, USA) containing 20% heat-inactivated fetal

bovine serum (FBS) (Cultilab, Brazil) and 10 µg/mL gentamicin

(Schering-Plough, Kenilworth, New Jersey, USA). The medium was

changed weekly and parasites were used until no more than

six passages.
2.3 Activity on intracellular amastigotes

Peritoneal macrophages from BALB/c mice obtained as described

above, were plated (2x106 cells/well) onto glass coverslips placed

within the wells of a 24-well culture plate and infected with stationary

phase promastigotes of L. (V.) braziliensis at a multiplicity of infection

(MOI) of 5:1, in 5% atmosphere of CO2 at 37°C, for 4h. The infected

monolayers were washed to remove non-internalized parasites and

incubated with RPMI 1640 medium supplemented with 10% of FBS

in 5% atmosphere of CO2 at 37°C, for 24h, to assure the

differentiation into amastigotes forms. Then the infected

macrophages were treated for 48h with 3-PL (0-800 mM), in 5%

atmosphere of CO2 at 37°C. The control cells were macrophages

incubated with medium or vehicle (DMSO 0.2%) or reference drug

miltefosine at 3µM (IC50). Controls and 3-PL concentrations were

performed in triplicate and the experiment was repeated at least three

times. Then, the supernatants were collected and stored at -20°C for
Frontiers in Cellular and Infection Microbiology 03
further measurement of nitric oxide or cytokine production. The

monolayers were then dyed with a fast panoptic stain (Laborclin,

Brazil) and amastigotes were quantified in, at least, 200 macrophages

per sample. The results were expressed as an infection index (= %

infected cells X number of amastigotes/total number of

macrophages). The 50% inhibitory concentration (IC50) was

determined by logarithmic regression analysis using GraphPad

Prism 6.

To assess the viability of the remaining amastigotes after 48h of

treatment, we investigated the ability of these amastigote to

differentiate into promastigotes. Infected macrophage monolayers

were washed twice with PBS (heated to 37°C) and incubated with

Schneider’s medium and 20% FBS at 28°C for an additional 48h,

when promastigotes were counted in a Neubauer chamber.
2.4 Cytotoxicity assay to macrophages

The toxicity of 3-PL on mammalian cells was evaluated in

peritoneal macrophages from BALB/c mice (6-8 weeks old) by

MTT assay (Mosmann, 1983). Resident macrophages were obtained

from peritoneal cells of BALB/c mice after intraperitoneal injection of

5 mL of cold RPMI 1640 medium without FBS (Cultilab, Brazil). The

peritoneal cells of the mice (4-8 x 106 cells/animal) were pooled and

plated in a 96-well culture plate (8x105 cells/well) and after 1h, non-

adherent cells were removed. Monolayers of peritoneal macrophages

were cultured in triplicate with RPMI 1640 medium supplemented

with 10% of FBS and 3-PL over a wide concentration range (0-3200

mM) at 37°C in 5% atmosphere of CO2 for 48h. MTT (5 mg/mL) was

added (20 mL/well) and the plates were incubated for 3h. The

supernatants were removed, formazan crystals were dissolved in

DMSO and absorbance was determined in a spectrophotometer at

550 nm using a microplate reader (Epoch - Biotek). The cytotoxic

concentration 50% (CC50) was determined by logarithmic regression

analysis using GraphPad Prism 6.
2.5 Nitric oxide production assay

Macrophage production of nitric oxide was measured by nitrite

detection using the Griess method (Green et al., 1982). Supernatants

from macrophage monolayers were transferred to the plate where the

Griess reagent [1% sulfanilamide, added to 0.1% of NEED and 2.5% of

phosphoric acid (all purchased from Sigma-Aldrich, St. Louis, MO)

was added at a ratio of 1:1 (v/v) and incubated for 10 min, at room

temperature. Then, the plate was read in an ELISA reader, at 570 nm.

Subsequently, reading values were compared to a standard curve of

sodium nitrite (NaNO2), and results were expressed in µM of nitrite.
2.6 Cytokine production

The evaluation of the production of cytokines in the macrophage

supernatant was performed by the Cytometric Bead Array (CBA)

method using the Mouse Inflammation kit (BD Bioscience), following

the manufacturer’s recommendations. Briefly, undiluted samples
frontiersin.org
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were incubated with capture beads labeled with distinct fluorescence

intensity conjugated with cytokine-specific antibodies for about 3h in

the dark at room temperature, followed by fluorescent detection

antibody, and all unbound antibodies were washed away. Data were
Frontiers in Cellular and Infection Microbiology 04
acquired on a BD fluorescence-activated cell sorting (FACS)

FACSCanto II analyzer and results were analyzed using the FCAP

Array Software program. Cytokine standard curves ranged from 0-

5000 pg/mL.
A B

D

C

FIGURE 1

In vitro activity of 3-PL against L. (Viannia) braziliensis amastigotes and macrophage toxicity. (A-C) Murine macrophage monolayers were infected with
stationary-phase promastigote of L. (V.) braziliensis in a ratio of 5:1 (parasites/macrophage). Infected macrophages were incubated in an atmosphere of
5% CO2 at 37°C, with RPMI 1640 medium supplemented with 10% FBS for 24h to differentiate amastigotes. Afterwards, the infected monolayers were
submitted to treatment with indicated concentrations of 3-PL or 3 µM miltefosine for 48h. (A) The infection index was determined by counting at least
200 macrophages and expressed as % of control or (B) the treated infected macrophages were washed twice and incubated with Schneider’s medium
plus 20% FBS at 28°C for more than 48h and promastigotes were counted. (C) Representative light microscopy images of infected macrophage
monolayers after 48h of treatment. (D) Toxicity on peritoneal murine macrophages treated during 48h at 5% CO2/37°C. Results (A,B and D) were
presented as means ± SD; n=3. *p < 0.05, **p < 0.01 and ***p < 0.001 in relation to control DMSO.
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2.7 Activity on promastigotes growth

Promastigotes forms of L. (V.) braziliensis were plated in a 24-well

culture plate (2.5 x 105 cells/well) and incubated for 96h at 28°C with

3-PL (0-800 µM) diluted in Schneider’s medium supplemented with

20% of FBS. Controls were promastigotes non-treated or treated with

0.2% DMSO (higher final concentration in this assay) or miltefosine.

Controls and 3-PL concentrations were performed in triplicate and

the experiment was repeated at least three times. The number of

parasites was counted daily with a Neubauer chamber using an

optic microscope.
2.8 Determination of ROS generation

The evaluation of ROS production was performed on

promastigotes of L. (V.) braziliensis treated for 72h with 3-PL (100

and 50 µM, corresponding to IC50 and half of the IC50), in 5%

atmosphere of CO2 at 37°C. The controls were incubated with

culture medium or 0.025% vehicle DMSO (corresponding to higher

final concentration in this assay). After treatment, promastigotes were

washed twice in HBSS buffer, adjusted to the concentration of 2x106/

mL and incubated in a dark 96-well plate (2 x 105/well) for 20 minutes,

with 20 mM of the H2DCFDA probe (2’7’-dichlorodihydrofluorescein

diacetate), which in the presence of ROS suffers deacetylation being

converted to DCFDA (2’7’-dichlorofluorescein), which accumulated

inside the cell was captured by fluorescence. The reading was made in a

fluorimeter (Spectra MaxM2 - Molecular Devices, Silicon Valley, USA)

with wavelengths of 485 nm excitation and emission 530 nm. As a

positive control, 2 mMH2O2 was used. Data was expressed as increased

ROS production relative to control (medium).
2.9 Therapeutic activity on infected
golden hamsters

The antiparasitic effect of 3-PL by local routes (subcutaneous or

tattoo) were evaluated using the golden hamsters (Mesocricetus

auratus) which is a model highly susceptible to infection (Gomes-

Silva et al., 2013; Mears et al., 2015). The golden hamsters with 6 to 8

weeks old were infected with 106 promastigotes of L. (V.) braziliensis

at stationary phase on the dorsal hind paw, and randomly divided

into groups (4-6 animals per group). The treatments started 7 days

after the infection and were applied to the infection site by

subcutaneous or tattooing routes using two protocols.

Protocol I: Treatments were performed three times a week for

three weeks. At the end of the treatment, the animals remained under

observation for another three weeks (without treatment), after which

they were euthanized. The animals were divided in 4 groups, as

follows: group 3-PL sc (n = 6) treated with 3-PL (25 mg/Kg) given
subcutaneously; group 3-PL tattoo (n = 6) treated with 3-PL per tattoo

(± 2.5 mg/Kg, ranging from a minimum of 1.5 and a maximum of 2.5

mg/Kg); group DMSO sc (n = 6) consisted of animals treated with

DMSO vehicle (0.05% in PBS) subcutaneously and group DMSO

tattoo (n = 6) treated with DMSO vehicle (0.05% in PBS) per tattoo.

Protocol II: Treatments were performed with two administrations

per week for two weeks. At the end of treatment, the animals
Frontiers in Cellular and Infection Microbiology 05
remained under observation (without treatment) for another week,

when they were euthanized. The animals were divided in 6 groups, as

follows: group 3-PL sc (n = 4) treated with 3-PL (25 mg/Kg) given
subcutaneously; group 3-PL tattoo (n = 4) treated with 3-PL per tattoo

(± 2.5 mg/Kg, ranging from a minimum of 1.5 and a maximum of 2.5

mg/Kg); group DMSO sc (n = 4) treated with vehicle DMSO (0.05% in

PBS) subcutaneously; group DMSO tattoo (n=4) treated with vehicle

DMSO (0.05% in PBS) by tattoo; group Glucantime® sc (n=4) treated

subcutaneously with the reference drug meglumine antimoniate (1

mg/Kg of Glucantime®, Sanofi-Avenetis Farmaceutica Ltda) and

group Glucantime® tattoo (n=4) treated by tattoo (± 0.1 mg/Kg,

ranging from a minimum of 0.06 and a maximum of 0.1 mg/Kg,

of Glucantime®).

In addition, we evaluated the potential of lowest dose 3-PL

treatment for tattooing initiated in more chronic stages of infection.

Protocol III: Hamsters were treated from 5 weeks of infection

(lesion approximately 2 mm thickness) with 3-PL tattoo (n=3) twice a

week for 2 weeks. Control group were DMSO tattoo animals (n=3). At

the end of treatment, the animals remained under observation

(without treatment) for another 2 weeks, when they were

euthanized and parasite load evaluated.

Subcutaneous treatment was performed with 50 mL of the

solution using a microsyringe with a 29G needle. Tattoo

administration was performed using a professional commercial

tattooing machine (White Head, Wujiang Kangtai Medical

Instrument, China) and a magnum needle type (5 needs head/0.3

mm thickness each), following the protocol adapted from Shio and

collaborators (2014). Each tattooing session consisted of twelve

administrations lasting two seconds each, with the five needles

oscillating at 60 Hz (60 perforations/second), with a total of 7200

punctures (5x12x2x60). The twelve applications of each session were

distributed at the lesion site and we estimate that 3-5 mL of solution

were injected per session. Both subcutaneous or tattooing

administration were performed under anesthesia using 80 mg/kg

Ketamine (Syntec, Brazil) plus 10 mg/kg Xylazine (Syntec, Brazil) by

intraperitoneal route.

The lesion thickness were measured weekly with a dial caliper

(Mitutoyo, Brazil) and expressed as the difference between the

thickness of the infected and uninfected paws. At the end of the

experiments, the animals were euthanized and the tissue from the

lesions was aseptically removed, ground, and transferred to tubes

containing Schneider’s medium plus 20% fetal calf serum. The

parasite load was evaluated by limiting dilution assay (Costa et al.,

2014). The cell suspension was serially diluted in a 96-well plate, and

the parasites were evaluated using limiting dilution analysis after 10

days of culture at 27°C.
2.10 Histophatological analysis

Skin fragments were fixed in 10% buffered formalin and processed

for paraffin embedding Sections of 3 µm thickness were stained with

hematoxylin-eosin (H&E) and observed under light microscopy

(Nikon Eclipse 80i, Tokyo, Japan) and images captured in Nikon

DS-Ri7 and edited by NIS-Elements AR 3.2 program. The

inflammatory parameters were expressed by score, according to

Yang and collaborators (2013), from a semi-quantitative analysis
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according to the intensity of occurrence of each histological

parameter. The score was defined as: not observed (score=0); slight

observed (score=1); moderately observed (score=2) and full

observed (score=3).
2.11 Statistical analysis

Each in vitro experiment was performed in triplicate in at least

two independent experiments and the statistical analysis was based on

Student’s t-test. The statistical analysis of the in vivo experiments was

performed using analysis of variance (ANOVA) and the Tukey post

hoc test by software GraphPad Prism 6. Differences with a p-value

<0.05 were considered as statistically significant. IC50 and CC50 values

were calculated by non-linear regression.
3 Results

3.1 Anti-amastigote activity of 3-PL and
toxicity to mammalian cells

In order to test the antileishmanial the in vitro effect of 3-PL against

L. (V.) braziliensis, we utilized the intracellular amastigote form of the

parasite. Treatment of infected macrophages with 3-PL for 48h showed

a significant dose-dependent reduction of the infection index

(Figures 1A, B). The IC50 values were estimated at 193 ± 19 mM. To

evaluate the survival of the amastigotes remaining after 3-PL treatment,

we investigated the ability of these amastigotes to differentiate into

promastigotes. The monolayers of infected and treated macrophages

were washed and reincubated with Schneider’s medium plus 20% fetal

bovine serum at 28°C for another 48h, and the promastigotes were then

counted (Figure 1B). The results showed that after treatments with 3-

PL or miltefosine the remaining amastigotes lost the capacity to

differentiate into promastigotes in relation to untreated control.

Although the treatment at 25 µM did not decrease the number of

intracellular amastigotes (Figure 1A), their capacity to differentiate into

promastigotes was compromised (Figure 1B). Furthermore, although

after treatment with 800 µM 3-PL there was still a certain number of

intracellular amastigotes in macrophages (Figure 1A) they totally lost

the ability to differentiate into promastigotes (Figure 1B).

Figure 1C displays the appearance of the culture of infected

macrophages under the conditions: untreated (medium), treated

with vehicle (DMSO), and 3-PL in the concentration range IC50

(200 mM) and 2-fold IC50 (400 mM) for intracellular amastigote. In

Figure 1D, we see that 3-PL has low toxicity to mice peritoneal

macrophages, with a significant reduction in cell viability only from

3200 mM (38% inhibition). Therefore, the CC50 value is above 3200

mM and the estimated selectivity index (CC50/IC50) is greater than 16.
3.2 Nitric oxide and cytokine production by
infected macrophage

To assess whether the anti-amastigote activity of 3-PL was

associated with host cell activation, we measured nitric oxide and

cytokine levels in supernatants from infected macrophages treated
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with IC50 range concentration (200 mM) for 48h. The results showed

that nitric oxide was not altered by 3-PL treatment (Figure 2A),

however, the production of cytokines TNF-a, MCP-1, IL-6, and IL-10

were significantly increased (Figures 2B–E).
3.3 Anti-promastigote toxicity

To evaluate the direct effect of 3-PL on parasites, we used the

promastigote forms. The 3-PL reduced proliferation of L. (V.)

braziliensis promastigote forms in a time- and dose-dependent

manner, inhibiting significantly the growth of the parasite from a

concentration of 100 µM. In the first 24h, the higher concentrations of

3-PL (400 and 800 µM) promoted the death of the parasites. The IC50

was estimated at 116 ± 26 µM for 72h (Figure 3A). In order to

evaluate the cytotoxic effect of 3-PL on the parasite, we treated the

promastigotes for 72h with a concentration in the IC50 range (100

µM) or with half the IC50 (50 µM) and analyzed the production of

ROS by the H2DCFDA probe. Promastigotes treated with 3-PL

significantly increased ROS generation (Figure 3B) compared to the

controls (Medium or DMSO).
3.4 In vivo therapeutic effects of treatment
with high (subcutaneous) and low (tattoing)
doses 3-PL in Leishmania (V.)
braziliensis-infected hamsters

The therapeutic effect of 3-PL in hamsters infected with L. (V.)

braziliensis was evaluated subcutaneously (high doses) or tattooing

(low doses) using two treatment protocols. A first approach, protocol

I, we treated the animals for three weeks (3 times a week) and

followed the lesion for more three weeks without treatment, when we

then quantified the parasitic load (Figures 4A, B). Treatment with 3-

PL subcutaneously or tattooing did not reduce the thickness of the

lesion (Figure 4A). However, both treatment routes significantly

reduced the parasite load (Figure 4B) compared to the control groups.

In an attempt to minimize the contribution of probable

inflammatory process induced by the local administration on the

lesion thickness, a second protocol was performed with reduced time

and number of administrations (protocol II). In this protocol, the

parasite load determined one week after the end of treatment and

included groups treated with the reference drug, meglumine

antimoniate (Glucantime®). As in the protocol I, we did not

observe a decreased thickness of the lesion in the groups treated

with 3-PL (subcutaneous or tattoing routes) (Figure 4C). However,

the parasite load significantly decreased in both 3-PL, subcutaneous

or tattooing routes (Figure 4D). The treatment with Glucantime® by

subcutaneous route, significantly reduces lesion thickness (Figure 4C)

and parasite load (Figure 4D). On the other hand, the treatment of

animals with Glucantime® by tattooing did not reduce the thickness

of the lesion, however significantly decreased the parasitic load

(Figures 4C, D). These data show that the administration of both 3-

PL and Glucantime® by tattoo, at a dose approximately 10 times

lower compared to the subcutaneous route, was able to significantly

reduce the parasite load in the lesion, however without reducing the

lesion size. Likewise, when we started treating infected animals from
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the fifth week of infection (lesions about 2 mm thickness) with 3-PL

via tattooing for two weeks (Figure 4E), there was a significant

reduction in the parasite load (Figure 4F), but without reducing the

thickness of the lesions.
3.5 Histopathological analysis of the lesions

Histopathological analysis of the lesions was performed in the groups

treated with protocol II (Figure 5). In Figure 5A, we show the normal

appearance of the paw skin of an uninfected hamster. In Figure 5B, the

infected hamster lesion presents the typical histopathological pattern with

an inflammatory infiltrate composed of macrophages showing

intracytoplasmic vacuoles containing amastigotes and rare neutrophils.

In the lesion of animals treated with 3-PL, both, subcutaneous or

tattooing (Figures 5E, F, respectively), we observed a predominantly

mononuclear inflammatory infiltrate composed of macrophages,
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lymphocytes, and plasma cells, in addition to rare neutrophils and

parasites. In lesions of animals that received 3-PL subcutaneously

(Figure 5E), the inflammatory infiltrate is more discreet and more

localized than in the tattooing route (Figure 5F), while amastigotes

were not observed. The lesions of the animals treated with

Glucantime® subcutaneously (Figure 5G) present epidermis, dermis,

and a portion of muscle tissue similar in appearance to the histology of

the paw tissue of an uninfected animal (Figure 5A). Animals treated with

Glucantime® via tattooing (Figure 5H) present lesion tissue with a mixed

inflammatory infiltrate (neutrophils, eosinophils, macrophages, and

lymphocytes) and rare amastigotes. In Figure 6, we show a semi-

quantitative analysis using a scoring system for the presence of

amastigotes and inflammatory infiltrate in the skin lesion. In hamsters

treated with 3-PL or reference drug (Glucantime®) by tattooing,

amastigotes were rarely observed, while in subcutaneous treatment

amastigotes were absent (Figure 6A). The inflammatory infiltrate was

discreetly observed in animals treated subcutaneously with 3-PL, while in
A

B

D E

C

FIGURE 2

Production of nitric oxide and cytokines by infected macrophages treated with 3-PL. The mediators were measured in the supernatant of macrophages
infected with L. (V.) braziliensis after 48h of treatment with 200 µM 3-PL. (A) Nitric oxide concentration was evaluated by the Griess method. (B-E) Cytokines
TNF-a, MCP-1, IL-6 and IL-10 were measured by the Cytometric Bead Array (CBA) method. The data of nitrite (µM) and cytokines (pg/mL) concentration
were expressed as the means ± SD, (n=3). **p < 0.01 and ***p < 0.001 in relation to control DMSO.
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animals treated with Glucantime® by the same route it was not observed

(Figure 6B). We observed frequent inflammatory infiltrate in the lesions

of all groups of animals treated by the tattooing route. However, in the

group treated with 3-PL this finding was significantly lower

than in the controls groups, including the group treated with

Glucantime® (Figure 6B).
4 Discussion

This study showed an in vitro and in vivo antileishmania effect of

synthetic 3-PL against L. (V.) braziliensis. This naphthoquinone

presented dose-dependent activity in vitro, as on promastigotes (IC50 =

116 ± 26 µM, 72h) as well intracellular amastigotes (IC50 = 193 ± 19 mM,

48h) forms of L. (V.) braziliensis. These data corroborate with the

previous report from our group, that has shown the in vitro effect of 3-

PL against Leishmania (L.) amazonensis, in both promastigotes (IC50 =

85 mM, 72h) and intracellular amastigotes (IC50 = 25 mM, 72h) forms
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(Gomes et al., 2017). The ability of 3-PL to have an effect against species

of the different subgenus of the Leishmania (subgenus Leishmania and

Viannia), makes it even more promising. The differences between the

IC50 values obtained in this study for L. (V.) braziliensis and those

reported for L. (L.) amazonensis is expected due to the susceptibility

variations between different subgenera and species of Leishmania, as well

as the experimental conditions used.We established the IC50 of 3-PL to L.

(V.) braziliensis amastigotes at 48h, while IC50 to L. (L.) amazonensiswas

made at 72h (Gomes et al., 2017). The antileishmanial activity of

lapachol, the naphthoquinone precursor molecule of 3-PL, presented

wide values of IC50 dependent on Leishmania strain and experimental

conditions. For example, the lapachol IC50 for intracellular amastigote of

L. (L.) amazonensiswas variable from 191 µM/48h (Araújo et al., 2019) to

250 µg/mL at 72h (corresponding to 1 mM/72h) (Costa et al., 2017).

The antileishmanial activity of naphthoquinones has been recognized

(Croft et al., 1992; Murray and Hariprashad, 1996; Teixeira et al., 2001;

Garnier et al., 2007; Reimão et al., 2012), including synthetic molecules

derived from lapachol also show action on L. (V.) braziliensis (Costa
A

B

FIGURE 3

Evaluation of the direct toxic effect of 3-PL on the parasite. Promastigotes were cultured in the presence of indicated concentrations of 3-PL or 6µM
miltefosine for 96h at 28°C. (A) Promastigote growth was assessed by daily counting in a Neubauer chamber. (B) Promastigote ROS generation detected
by H2DCFDA probe after treatment with 100 µM 3-PL for 72h. Hydrogen peroxide (H202) was used as a positive control for ROS detection. Results were
presented as means ± SD, n=3. *p < 0.05, **p < 0.01 and ***p < 0.001 in relation to control DMSO.
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et al., 2014) and L. (L.) amazonensis (Cunha-Junior et al., 2011; Ribeiro

et al., 2013). The generation of ROS and the modulation of redox

signaling are properties of naphthoquinones related to the structural

modification in the scaffold (Qiu et al., 2018). As to the mode of action,

we observed that the antileishmanial effect of 3-PL was related to

increased ROS production and DNA fragmentation (data not shown)

of L. (V.) braziliensis promastigotes. Several naphthoquinones are capable

of inducing apoptotic death in tumor cells (Wei et al., 2017; Liu et al.,

2018; de Almeida et al., 2021) and protozoa (Corrêa et al., 2009; Anjos

et al., 2016). Induction of ROS production and DNA fragmentation by

quinones and naphthoquinones has also been described in Leishmania

sp. (Ribeiro et al., 2013; Awasthi et al., 2016). Previous studies from our

group showed that pterocarpanquinone LQB-118, a lapachol-

pterocarpan derivative, induces ROS production, DNA fragmentation,

and cellular death by apoptosis-like on both L. (L.) amazonensis (Ribeiro

et al., 2013) and L. (V.) braziliensis (Costa et al., 2014). Furthermore, to

induce oxidative stress by ROS, naphthoquinones can act to inhibit

topoisomerase. This combination of effects contributes to its important

antitumor action, which is part of the mechanism of some

naphthoquinone derivatives approved and used clinically against

cancer (Qiu et al., 2018). Molecular modeling studies have suggested
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that 1,4-naphthoquinones tethered to 1,2,3-1H-triazoles have a potential

antitumor action mechanism related to inhibition of topoisomerase and/

or hPKM2 activity leading to induced microtubule disorganization

(Chipoline et al., 2020). Bis-lawsone analogues showed antileishmanal

effect associeted with DNA topoisomerase-I inhibition of the parasite

(Sharma et al., 2014). The new lawsone derivatives presented the

anticancer activity associated with ROS formation and antiparasitic

action on Trypanosoma brucei brucei related to deformation of the

microtubule cytoskeleton (Mahal et al., 2017). Although the increase in

ROS may be related to the induction of observed DNA fragmentation

(data not shown), we cannot rule out the inhibition of the parasite’s

topoisomerase as part of the mechanism of action of 3-PL. Further

investigations about the anti-leishmanial mechanism of 3-PL should be

carried out. We observed that 3-PL inhibits the multiplication of

intracellular amastigotes and also the ability of the remaining

amastigotes to differentiate into promastigotes, suggesting an

irreversible toxic effect. It is reasonable to assume that the 3-PL toxic

mechanism demonstrated for the promastigote could extend to

intracellular amastigote forms.

In addition to the direct effect on the parasite, antileishmanial

drugs can activate the macrophage to kill intracellular amastigotes
A B

DC
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FIGURE 4

Therapeutic activity of 3-PL administered subcutaneously or tattooing in hamsters infected with L. (V.) braziliensis. Hamsters golden (3-6/group) were
infected with 106 promastigotes of L. (V.) braziliensis in the dorsal hind paw and treated from 7 days (A-D) or from 5 weeks after infection (E,F) with vehicle
DMSO 0.5% in PBS (DMSO sc or DMSO tattoo); 3-PL by subcutaneous (3-PL sc, 25 µg/Kg) or tattooing (3-PL tattoo, 2.5 µg/Kg); Glucantime® subcutaneous
(Glucantime® sc, 1mg/Kg or tattooing (Glucantime® tattoo, 0.1 mg/Kg) routes. (A) Treatment during 3 weeks (3 times/week= 9 doses). (C, E) Treatment
during 2 weeks (2 times/week= 4 doses). Lesion thickness (A, C, E), expressed as the difference between the thickness of the infected and uninfected paws,
were presented as means ± SD, and parasite load in skin paw was determined in the final experiment by limiting dilution analysis (B, D, F); n=4-6; **p < 0.01
and ***p < 0.001 in relation to respective DMSO control (sc or tattoo route).
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(Muniz-Junqueira and de Paula-Coelho, 2008; Ghosh et al., 2013).

Our results show that 3-PL modulates infected macrophages by

increasing their production of the cytokines TNF-a, IL-6, MCP-1,

and IL-10. However, anti-amastigote activity was not related to nitric

oxide production. Similar to our results with 3-PL, da Costa-Silva and

collaborators (2017) observed that nanoliposomal buparvaquone, a

hydroxynaphthoquinone, increases the production of cytokines TNF-

a, MCP-1, IL-6 and IL-10 by Leishmania-infected macrophages

without altering nitric oxide production. Some naphthoquinones

have action to prevent the production of nitric oxide (Cheng et al.,

2008; Pinho et al., 2011) by inhibition of iNOS protein expression

through the downregulation of MAPKqNF-kappaB signaling (Cheng

et al., 2008). Furthermore, the increased levels we observed of the

anti-inflammatory cytokine IL-10, which downregulates inducible

nitric oxide synthase (iNOS) in macrophages, may have contributed

to preventing NO production.

The antileishmanial therapeutic potential of 3-PL was investigated

for the first time in this study. The evaluation was performed by local

routes in hamsters infected with L. (V.) braziliensis. When infected with

L. (V). braziliensis, hamsters develop lesions very similar to those

observed in humans, as well as the course of the infection, being

considered a good model for therapeutic studies (Gomes-Silva et al.,

2013; Mears et al., 2015; Dutra and da Silva, 2017). In the present study,
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treatment with 3-PL was performed in the lesion site by subcutaneous

or tattooing routes. Using two treatment protocols where animals were

treated from one week of infection for three or two weeks (Protocols I

and II), treatment with 3-PL by both routes, subcutaneously or by

tattooing, was able to significantly reduce the parasite load in the lesion.

In the same way, when the treatment was initiated in the most chronic

phase of the infection (5 weeks of infection, 2 mm thick lesion),

protocol III, the administration of 3-PL tattoo for 2 weeks was able

to significantly reduce the parasite load. Histopathological data also

corroborate this finding and showed a reduction in the number of

amastigotes in the tissue. It is important to emphasize that the dose of

3-PL administered in tattooing (± 2.5 µg/Kg) was approximately ten

times lower compared to the subcutaneous (25 µg/Kg) route, and even

so the molecule was able to reduce the parasite load. Subcutaneous

treatment with the reference meglumine antimoniate, Glucantime®,

has been applied in CL (Carvalho et al., 2019; Rodrigues et al., 2020)

and our data confirm the effectiveness of this route of administration

using 1mg/Kg. Interestingly, in addition to the well-documented

subcutaneous route, lower dose Glucantime® administered by

tattooing (± 0.1 mg/Kg) was also effective in reducing the parasite

load. This first example of tattoo-mediated pentavalent antimonial

delivery may open new therapeutic interventions in the treatment

of CL.
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FIGURE 5

Histopathological aspects of lesions of infected hamsters treated with 3-PL. Golden hamsters (n = 4) infected in the dorsal hind paw with L. (V.)
braziliensis were treated with 3-PL or reference drug Glucantime® from one week of infection for two weeks and histological analysis of the lesions was
performed by H&E staining. (A) Uninfected; (B) Infected untreated; (C) DMSO sc; (D) DMSO tattoo; (E) 3-PL sc; (F) 3-PL tattoo; (G) Glucantime® sc;
(H) Glucantime® tattoo. Data show representative pictures of each group. Yellow arrow: intracellular amastigotes; Red arrow: neutrophils. 1000x
magnification, scale bar = 25 µm.
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Treatment using the delivery drugs directly in skin lesions has been

shown to be important in dermatological therapy (Arbache et al., 2018).

Novel transdermal methods for drug delivery and vaccination provide a

higher immunological response, drug dose sparing, and reduction in

pain, which improves patient compliance (Mercuri and Rivas, 2021). Skin

tattooing is a new approach to drug delivery (Arbache et al., 2018;

Mercuri and Rivas, 2021), intradermal immunization, including DNA

vaccination (van de Wall et al., 2015; Fotoran et al., 2020). In the only

published study using tattooing as a drug administration route for

experimental CL, the anti-Leishmania molecule, oleylphosphocholine,

was injected in a liposomal formulation to treat mice infected by L. (L.)

major or L. (L.) mexicana (Shio et al., 2014). Liposomal formulation

increasing treatment efficacy since these particles are prone to ingestion

by phagocytic cells such as macrophages (Bruni et al., 2017). In the

present study, 3-PL was solubilized in DMSO and administered diluted

in PBS and proved to be active. New formulations of 3-PL can be

considered for further studies in order to reduce the number of

administrations and local inflammation.

The local route of administration may have contributed to the

maintenance of inflammation and thickness of the lesions, since it has
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been shown that there is an inflammatory response caused by tissue

damage produced by the injection needle (Gomes-Silva et al., 2013; Mac-

Daniel et al., 2014). Our histopathological data corroborate this data,

showing the presence of inflammatory infiltrate in the tissue of the lesion

in animals treated subcutaneously or tattooing, which probably

contributes to not decreasing the thickness of the lesions. We used a

total of 4 doses of treatment (twice a week/2 weeks), which must have

provided more tissue damage and persistent inflammation. However, the

inflammatory infiltrate was more intense in the lesions of the groups of

animals treated with tattoos compared to those treated subcutaneously. A

histological study evaluating inflammation from ink tattooing on mice

skin showed that acute inflammation started at 12h, decreasing its

incidence on day 14 (Gopee et al., 2005). In our study, the

histopathological analysis was performed one week after the last tattoo

session and showed the presence of an inflammatory process. On the

other hand, the local inflammation promoted by tattooing may

contribute to the induction of an important immune response

mediated by T cells, as observed in studies with DNA tattoo vaccines

(Platteel et al., 2017; Fotoran et al., 2020; Bakker et al., 2021). In studies of

the hamster model infected with L. (V.) braziliensis carried out by
A

B

FIGURE 6

Semi-quantitative analysis of histopathological aspects of hamster skin lesions. Skin lesion sections of hamsters infected with L. (V.) braziliensis treated or
not (as indicated) from 7 days of infection for two weeks were stained with H&E and analyzed under light microscopy. In (A) presence of amastigote and
in (B) presence of inflammatory infiltrate. Results were expressed by scoring. The score value was determined as not observed (score = 0), little observed
(score = 1), moderately observed (score = 2) and highly observed (score = 3). **p < 0.01 and ***p < 0.001 in relation to respective DMSO control group
(sc or tattoo route). *p ≤ 0.05.
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Ribeiro-Romão and collaborators (2014) and Paiva and collaborators

(2021), the lower parasite load generates a more benign course of

infection, without systemic involvement and associated with the

expression of a more balanced cytokine network. Therefore, terapeutic

intervention in the early stages of infection, when the immune response is

being mounted by the host, may favor the best outcome of the disease. It

is possible to assume that the reduction in the parasite load promoted by

the treatment with 3-PL in the initial stages of infection (from seven days

after infection) has allowed a more balanced production of cytokines and

triggered a more benign course of the disease. Therefore, in addition to

the antiparasitic effect of 3-PL, the possible induction of a cellular

immune response by the tattoo could have contributed to the great

reduction of the parasite load in the animals treated by this route of

administration. Furthermore, even when the lesion was already well

established, treatment with 3-PL tattooing was also able to reduce the

parasite load, demonstrating the promising antileishmanial potential of

this naphthoquinone.

In future studies, we may include a longer post-treatment follow-

up with 3-PL, allowing the verification of inflammation regression,

lesion evolution, and cytokine expression. In addition, we intend to

further explore the effect of 3-PL treatment initiated in the more

chronic phases of the infection, as well as to investigate the efficacy of

combination therapy with reference drugs.
5 Conclusions

In this study, we demonstrate the antileishmanial activity of 3-PL

against L. (V.) braziliensis associated with a direct toxic effect on the

parasite involving induction of ROS production and modulation of

macrophage cytokines. Using the hamster model of infection, 3-PL has

shown efficacy in significantly reducing the parasite load when

administered in low doses subcutaneously and by tattooing.

Additionally, this study also showed, for the first time, the activity of

the reference drug Glucantime® administered by tattooing. Drug

administration by tattooing uses small volumes and can be useful in

reducing the dose and toxicity of drugs. The dataset gathered in this study

indicates that 3-PL has pronounced effects on L. (V.) braziliensis and

deserves further preclinical investigations. Therefore, the data presented

in this study may contribute to expanding treatment approaches for CL.
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de vigilância da leishmaniose tegumentar. 2nd ed (Brasıĺia: Ministério da Saúde).
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et al. (2013). Cytotoxicity and In vitro antileishmanial activity of antimony (V), bismuth (V),
and tin (IV) complexes of lapachol. Bioinorg Chem. Appl. 2013, 1–7. doi: 10.1155/2013/961783

Rodrigues, B. C., Ferreira, M. F., Barroso, D. H., da Motta, J. O. C., de Paula, C. D. R.,
Porto, C., et al. (2020). A retrospective cohort study of the effectiveness and adverse events
of intralesional pentavalent antimonials in the treatment of cutaneous leishmaniasis. Int.
J. Parasitol. Drugs Drug Resist. 14, 257–263. doi: 10.1016/j.ijpddr.2020.11.002

Sadeghinia, A., and Sadeghinia, S. (2012). Comparison of the efficacy of intralesional
triamcinolone acetonide and 5-fluorouracil tattooing for the treatment of keloids.
Dermatologic Surg. 38, 104–109. doi: 10.1111/j.1524-4725.2011.02137.x

Salas, C. O., Faundez, M., Morello, A., Diego Maya, J., and XXXA. Tapia, R. (2011). Natural
and synthetic naphthoquinones active against Trypanosoma cruzi: An initial step towards new
drugs for chagas disease. Curr. Med. Chem. 18, 144–161. doi: 10.2174/092986711793979779

Santos, D. O., Coutinho, C. E. R., Madeira, M. F., Bottino, C. G., Vieira, R. T.,
Nascimento, S. B., et al. (2008). Leishmaniasis treatment - a challenge that remains: A
review. Parasitol. Res. 103, 1–10. doi: 10.1007/s00436-008-0943-2

Sharma, G., Chowdhury, S., Sinha, S., Majumder, H. K., and Kumar, S. V. (2014).
Antileishmanial activity evaluation of bis-lawsone analogs and DNA topoisomerase-I
inhibition studies. J. Enzyme Inhib Med. Chem. 29, 185–189. doi: 10.3109/
14756366.2013.765413

Shio, M. T., Paquet, M., Martel, C., Bosschaerts, T., Stienstra, S., Olivier, M., et al.
(2014). Drug delivery by tattooing to treat cutaneous leishmaniasis. Sci. Rep. 4, 1–7.
doi: 10.1038/srep04156

Souza, M. A., Johann, S., dos Santos Lima, L. A. R., Campos, F. F., Mendes, I. C.,
Beraldo, H., et al. (2013). The antimicrobial activity of lapachol and its thiosemicarbazone
and semicarbazone derivatives. Mem Inst Oswaldo Cruz 108, 342–351. doi: 10.1590/
S0074-02762013000300013

Sunassee, S. N., Veale, C. G. L., Shunmoogam-Gounden, N., Osoniyi, O., Hendricks, D.
T., Caira, M. R., et al. (2013). Cytotoxicity of lapachol, b-lapachone and related synthetic
1,4-naphthoquinones against oesophageal cancer cells. Eur. J. Med. Chem. 62, 98–110.
doi: 10.1016/j.ejmech.2012.12.048

Teixeira, M. J., de Almeida, Y. M., Viana, J. R., Holanda Filha, J. G., Rodrigues, T. P.,
Prata, J. R. C.Jr., et al. (2001). In vitro and in vivo leishmanicidal activity of 2-Hydroxy-3-
(3-methyl-2-butenyl)-1,4-naphthoquinone (Lapachol). Phytother. Res. 15, 44–48. doi:
10.1002/1099-1573(200102)15:1<44::AID-PTR685>3.0.CO;2-1

van deWall, S.,Walczak,M., van Rooij, N., Hoogeboom, B. N.,Meijerhof, T., Nijman, H.W.,
et al. (2015). Tattoo delivery of a semliki forest virus-based vaccine encoding human
papillomavirus E6 and E7. Vaccines (Basel) 3, 221–238. doi: 10.3390/vaccines3020221

Wei, X., Li, M., Ma, M., Jia, H., Zhang, Y., Kang, W., et al. (2017). Induction of
apoptosis by FFJ-5, a novel naphthoquinone compound, occurs via downregulation of
PKM2 in A549 and HepG2 cells. Oncol. Lett. 13, 791–799. doi: 10.3892/ol.2016.5522

World Health Organization (2022) Leishmaniasis. world health organization. Available
at: http://www.who.int/leishmaniasis/en/.

Yang, X., Zhao, Y., Chen, X., Jiang, B., and Sun, D. (2013). The protective effect of
recombinant Lactococcus lactis oral vaccine on a Clostridium difficile-infectedanimal
model. BMC Gastroenterologia 13, 1–13. doi: 10.1186/2046-1682-4-13

Yetisen, A. K., Moreddu, R., Seifi, S., Jiang, N., Vega, K., Dong, X., et al. (2019). Dermal
tattoo biosensors for colorimetric metabolite detection. Angewandte Chemie - Int. Edition
58, 10506–10513. doi: 10.1002/anie.201904416

Yigit, B., Kabul Gurbulak, E., and Ton Eryilmaz, O. (2022). Usefulness of endoscopic
tattooing before neoadjuvant therapy in patients with clinical complete response in locally
advanced rectal cancer for providing a safe distal surgical margin. J. Laparoendoscopic
Advanced Surg. Techniques 32, 506–514. doi: 10.1089/lap.2021.0382

Zulfiqar, B., Shelper, T. B., and Avery, V. M. (2017). Leishmaniasis drug discovery:
recent progress and challenges in assay development. Drug Discovery Today 22, 1516–
1531. doi: 10.1016/j.drudis.2017.06.004

Zu, X., Xie, X., Zhang, Y., Liu, K., Bode, A. M., Dong, Z., et al. (2019). Lapachol is a
novel ribosomal protein S6 kinase 2 inhibitor that suppresses growth and induces intrinsic
apoptosis in esophageal squamous cell carcinoma cells. Phytother. Res. 33, 2337–2346.
doi: 10.1002/ptr.6415
frontiersin.org

https://doi.org/10.2147/DDDT.S63994
https://doi.org/10.1016/j.intimp.2008.07.011
https://doi.org/10.1016/j.intimp.2008.07.011
https://doi.org/10.1128/AAC.40.3.586
https://doi.org/10.1016/j.intimp.2010.08.023
https://doi.org/10.1016/j.intimp.2010.08.023
https://doi.org/10.3390/molecules23040864
https://doi.org/10.1007/82_2010_117
https://doi.org/10.3389/fimmu.2021.656919
https://iris.paho.org/handle/10665.2/51742
https://iris.paho.org/handle/10665.2/51742
https://doi.org/10.1590/S0037-86822011000200026
https://doi.org/10.1371/journal.pone.0024098
https://doi.org/10.1016/j.vaccine.2017.10.044
https://doi.org/10.1371/journal.pntd.0006052
https://doi.org/10.2174/138945012804545588
https://doi.org/10.1111/cbdd.13141
https://doi.org/10.1016/j.exppara.2012.01.010
https://doi.org/10.1016/j.exppara.2012.01.010
https://doi.org/10.1016/j.bmcl.2013.06.033
https://doi.org/10.1093/jac/dks498
https://doi.org/10.1128/IAI.02083-14
https://doi.org/10.1155/2013/961783
https://doi.org/10.1016/j.ijpddr.2020.11.002
https://doi.org/10.1111/j.1524-4725.2011.02137.x
https://doi.org/10.2174/092986711793979779
https://doi.org/10.1007/s00436-008-0943-2
https://doi.org/10.3109/14756366.2013.765413
https://doi.org/10.3109/14756366.2013.765413
https://doi.org/10.1038/srep04156
https://doi.org/10.1590/S0074-02762013000300013
https://doi.org/10.1590/S0074-02762013000300013
https://doi.org/10.1016/j.ejmech.2012.12.048
https://doi.org/10.1002/1099-1573(200102)15:1%3C44::AID-PTR685%3E3.0.CO;2-1
https://doi.org/10.3390/vaccines3020221
https://doi.org/10.3892/ol.2016.5522
http://www.who.int/leishmaniasis/en/
https://doi.org/10.1186/2046-1682-4-13
https://doi.org/10.1002/anie.201904416
https://doi.org/10.1089/lap.2021.0382
https://doi.org/10.1016/j.drudis.2017.06.004
https://doi.org/10.1002/ptr.6415
https://doi.org/10.3389/fcimb.2023.1025359
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Low doses of 3-phenyl-lawsone or meglumine antimoniate delivery by tattooing route are successful in reducing parasite load in cutaneous lesions of Leishmania (Viannia) braziliensis-infected hamsters
	1 Introduction
	2 Materials and methods
	2.1 3-phenyl-lawsone
	2.2 Parasites culture
	2.3 Activity on intracellular amastigotes
	2.4 Cytotoxicity assay to macrophages
	2.5 Nitric oxide production assay
	2.6 Cytokine production
	2.7 Activity on promastigotes growth
	2.8 Determination of ROS generation
	2.9 Therapeutic activity on infected golden hamsters
	2.10 Histophatological analysis
	2.11 Statistical analysis

	3 Results
	3.1 Anti-amastigote activity of 3-PL and toxicity to mammalian cells
	3.2 Nitric oxide and cytokine production by infected macrophage
	3.3 Anti-promastigote toxicity
	3.4 In vivo therapeutic effects of treatment with high (subcutaneous) and low (tattoing) doses 3-PL in Leishmania (V.) braziliensis-infected hamsters
	3.5 Histopathological analysis of the lesions

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


