Photodiagnosis and Photodynamic Therapy 42 (2023) 103525

Contents lists available at ScienceDirect

nd
ynamic

Photodiagnosis and Photodynamic Therapy

FI. SEVIER

journal homepage: www.elsevier.com/locate/pdpdt

Check for

Towards effective natural anthraquinones to mediate antimicrobial ol
photodynamic therapy of cutaneous leishmaniasis

Jesica A. Dimmer > ", Fernanda V. Cabral ¢, Susana C. Niifiez Montoya *”, Martha S. Ribeiro

2 Universidad Nacional Cérdoba. Fac. Cs. Quimicas. Dpto. Ciencias Farmacéuticas. Edificio de Ciencias 2, Medina Allende y Haya de La Torre, Ciudad Universitaria. CP,
X5000HUA Cordoba, Argentina

® Instituto Multidisciplinario de Biologia Vegetal (IMBIV), CONICET. Av. Vélez Sarsfield 1666 CP, X5016GCN Cordoba, Argentina

¢ Centro de Lasers e Aplicagoes, Instituto de Pesquisas Energéticas e Nucleares (IPEN-CNEN), Av. Lineu Prestes 2242, C. Universitaria "Armando de Salles Oliveira", CEP
05508-000 Sao Paulo, SP, Brasil

ARTICLE INFO ABSTRACT

Keywords:

Soranjidiol derivatives
Violet-blue LED
Green LED
Bioluminescence
Lesion size

Pain sensitivity

Background: Cutaneous leishmaniasis (CL) is an important tropical neglected disease with broad geographical
dispersion. The lack of effective drugs has raised an urgent need to improve CL treatment, and antimicrobial
photodynamic therapy (APDT) has been investigated as a new strategy to face it with positive outcomes. Natural
compounds have emerged as promising photosensitizers (PSs), but their use in vivo remains unexplored.
Purpose: In this work, we investigated the potential of three natural anthraquinones (AQs) on CL induced by
Leishmania amazonensis in BALB/c mice.

Study Design/Methods: :

Animals were infected and randomly divided into four groups: CG (control, non-treated group), G5ClSor-gL (treated
with 5-chlorosoranjidiol and green LED, 520+10 nm), GSor-bL and GBisor-bL (treated with soranjidiol and
bisoranjidiol, respectively, exposed to violet-blue LED, 410+10 nm). All AQs were assayed at 10 pM and LEDs
delivered a radiant exposure of 45 J/cm? with an irradiance of 50 mW/cm? We assessed the parasite burden in
real time for three consecutive days. Lesion evolution and pain score were assessed over 3 weeks after a single
APDT session.

Results: G5ClISor-gL. was able to sustain low levels of parasite burden over time. Besides, GSor-bL showed a
smaller lesion area than the control group, inhibiting the disease progression.

Conclusion: Taken together, our data demonstrate that monoAQs are promising compounds for pursuing the best
protocol for treating CL and helping to face this serious health problem. Studies involving host-pathogen
interaction as well as monoAQ-mediated PDT immune response are also encouraged.

Introduction raised borders. These dermatological conditions lead to severe inflam-

matory processes, triggering deep ulcerative lesions, compromising

Cutaneous leishmaniasis (CL) is an infectious, non-contagious dis-
ease caused by different species of protozoan parasites of the genus
Leishmania. It is considered one of the most important neglected tropical
diseases with a wide geographical distribution over several countries in
the Americas, Africa, Asia, and Europe, resulting in a serious public
health problem [1,2].

Following a sandfly bite in exposed areas of skin, a pink papule
progresses to a nodule or plaque and eventually forms an ulcer with

healing, and favoring the growth of opportunistic bacteria, resulting in
secondary-stage infections [1]. Although CL is not life-threatening,
disfiguring lesions and severe disabilities affect the psychological and
social aspects of the patient. These complications lead to a highly un-
productive population that eventually results in economic loss and the
slowdown of a country’s development [2,3].

It is well established that parasite species, host immune response,
and the clinical manifestation of CL are related to the therapeutic
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response to currently available drugs. In addition, these treatments are
limited by high cost, long-term treatment, multiple injections (usually
intravenous), and high levels of toxicity and resistance, resulting in low
patient compliance with treatment [4,5]. Therefore, the high incidence
of treatment failure and the increased number of reported cases lead to
an urgent need to further investigate new drugs and alternative thera-
pies to improve CL treatments [1,5].

Our study is focused on the proposal of a local therapy known as
antimicrobial photodynamic therapy (APDT), which is based on the
association of a photosensitizer (PS) with a light source at a suitable
wavelength to generate reactive oxygen species and to kill a wide range
of microbial species [6]. Moreover, it is unlikely to cause resistance and,
as a local treatment, might be safer and easier to manage compared with
systemic administration drugs [7].

Anthraquinones (AQs) are natural photosensitizing drugs extracted
from the Heterophyllaea genus, native to Argentina and Bolivia [8]. Our
previous in vitro study demonstrated that the AQs soranjidiol (Sor),
bisoranjidiol (Bisor), and 5-chlorosoranjidiol (5ClSor) combined with
light-emitting diodes (LEDs) significantly reduced the metabolic activity
of Leishmania amazonensis promastigotes [9]. These AQs (Fig. 1) have
been studied by our group because of their potential as PSs to produce
the photoinactivation of bacteria, fungi, and viruses mediated by APDT
[10-12]. Their antimicrobial effect could also help to prevent secondary
infections produced in CL.

Based on the demand for natural, non-toxic, and effective PSs, our
previous studies have motivated us to further investigate the in vivo
potential of these AQs against CL. We present our preliminary findings
on the ability of Sor, Bisor, and 5ClSor to mediate APDT in BALB/c mice
infected with L. amazonensis, which is one of the most important caus-
ative agents of CL and can cause multiple nodular lesions throughout the
body, a condition known as diffuse CL [13]. Thus, we assessed the
parasite burden in real time for three consecutive days. Lesion evolution
and pain score were assessed over 3 weeks after a single APDT session.

Materials and methods
Natural photosensitizers

Three natural AQs were used in this study: Sor, Bisor, and 5ClSor [8].
Purity above 95% was accepted and was checked using HPLC conditions
[8]. As the lowest in vitro active concentration was 2.5 pM for the three
PS [9], we decided to administer 10 uM since biological tissues are more
complex structures than cultured cells. Each AQ was prepared in a
phosphate-buffered solution (PBS) with less than 1% of dimethyl sulf-
oxide (DMSO) as a co-solvent. Solutions were sterilized through a 0.22
pm filter membrane.
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Parasites

A wild-type strain (MHOM/BR/73/M2269) of L. amazonensis was
transfected to obtain a recombinant strain expressing the luciferase gene
(La-LUC) as previously reported [14]. The ATP-bioluminescence assay is
based on the reaction between luciferin substrate, molecular oxygen,
and adenosine triphosphate (ATP) from viable cells that is catalyzed by
the luciferase enzyme (LUC) to produce photons (bioluminescence).
Bioluminescence is a non-invasive tool to assess parasite burden in
real-time [15,16].

La-LUC promastigotes were grown in 25 cm? tissue culture flasks
containing M199 medium (Sigma-Aldrich), supplemented with 10%
fetal bovine serum (FBS; Gibco™ Invitrogen Corporation), 40 mM
HEPES at pH 7.4 (Sigma-Aldrich), hemin (0.005%) (Sigma-Aldrich),
penicillin/streptomycin 100 pg/ml (Sigma-Aldrich) and hygromycin at
32 pg/ml. They were incubated at 25 °C for 7 days to obtain stationary
growth phase promastigotes.

Animals

Before assays, the protocol was approved by the IPEN Ethical Com-
mittee on Animal Use (protocol n° 244/19). Twelve female Balb/C mice
(8 weeks old) were infected subcutaneously in the left paw with a sus-
pension of 1x10° promastigotes in the stationary growth phase.

APDT

Four weeks after infection and before APDT, mice were randomly
divided into four groups (n=3/group): CG (control, non-treated infected
group), G5ClSor-gL (infected and treated with 5ClSor and a green LED,
520 4+ 10 nm), GSor-bL (infected and treated with Sor), and GBisor-bL
(infected and treated with Bisor), the last two were exposed to a
violet-blue LED, 410 + 10 nm. Light groups were not included since only
light showed similar inactivation to control group in vitro [9].

First, 50 pL of each AQ were administered subcutaneously. The an-
imals were immediately anesthetized for 5 min with 2.5% isoflurane and
maintained with 1.5% isoflurane. After 10 min (the pre-irradiation
time), lesions were irradiated with a violet-blue or green LED (LED-
saber prototype, Biolambda, Brazil), according to the PS. Both systems
were set to deliver a fluence of 45 J/cm? (around 50 mW/cmz, 15 min)
on the lesion. The optical power was estimated by using a power meter
(LM-01, Coherent, USA). Parameters and wavelengths were selected
according to the results of our in vitro study. As in vitro LDgg was
approximately 22 J/cm?, we doubled the light dose to 45 J/cm? [9].

Parasite burden

Parasite load was addressed before APDT (2 h) and 24 h, 48 h, and
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Fig. 1. a) Anthraquinone chemical structures; b) Anthraquinone absorption bands.
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72 h post-APDT by bioluminescence imaging using an IVIS Spectrum
(Caliper Life Sciences, USA). Firstly, an intraperitoneal injection of 75
mg/kg VivoGlo® Luciferin (Promega Corporation, USA) was adminis-
tered to mice, followed by the inhalation of 2.5% isoflurane (Cristélia,
Brazil) to induce anesthesia. The animals were then transferred to the
imaging chamber and kept sedated by a 1.5% isoflurane atmosphere.
Twenty-min after the luciferin injection, images were acquired. The La-
LUC photons’ emission was quantified within a region of interest (ROI)
corresponding to the site of infection in the footpad. The total photon
emission of each animal was evaluated with Living Image software
version 4.3.1 (Caliper Life Sciences, USA), and results were expressed as
radiance (p/sec/cmZ/sr) [17].

Lesion size

Lesion thickness was assessed using a caliper, in which both infected
and non-infected paws were measured. Then, lesion size values were
addressed as follows in Equation 1:

(Pi - Pni)

Lesion size(%) = 5 @

where P; is the infected footpad and Py; is the non-infected contralateral
one of the same animal and P. is the average of the control group
without treatment [17].

Pain evaluation

Pain sensitivity was measured using the Von Frey test. It is a
stimulus-evoked method that uses filaments to evaluate the animal’s
nociceptive sensibility [18]. Filaments vary according to the force scale
that corresponds to a pain score, as shown in Table 1.

Statistical analysis

Data on parasite burden and lesion size were compared by a two-way
ANOVA of repeated measures, which compares the mean differences
among groups that have been split on two independent variables (in our
case, treatment, and time). To identify the differences between the two
variables, we used the Fisher test as a post hoc test. We used uppercase
letters to represent statistically significant differences for the first vari-
able (time) and lowercase letters to represent statistically significant
differences for the second variable (treatment). For pain evaluation and
lesion size, the nonparametric Kruskal-Wallis test was applied, followed
by Dunns post-test. OriginPro software was used for statistical analysis,
and data were considered statistically significant when p < 0.05.

Results

Due to the immediate effects promoted by APDT, parasite burden
was determined 2 h post-treatment and once a day for the following 72
h, so we could properly evaluate the treatment response over time. In
Fig 2, we can see that all groups had similar parasite load before and 2 h
post-APDT. Twenty-four h following treatment, we noticed a significant
increase in parasite burden for CG (around 35%) and GBisor-bL (around

Table 1
Correlation between force (g) and pain score of
Von Frey filaments.

Force (g) Pain Score

>100
60-100
26-60
15-26
10-15
<10

U A WN -
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60%), which was sustained until 72 h post-treatment. GSor-bL animals,
on the other hand, had a statistically significant higher parasite load 48
h post-APDT. Interestingly, G5Clsor-gL was very effective at maintaining
parasite load levels over time. Furthermore, G5CISor-gL had a statisti-
cally significant lower parasite burden (around 30%) than GBisor-bL 72
h post-APDT.

We also assessed treatment considering the clinical manifestations.
Fig. 3a displays the evolution of the lesion size during the experimental
period. We noticed that in all groups, the lesion size increased over time.
Following one week of APDT, GSor-bL showed a significantly smaller
lesion size than GBisor-bL. Besides, GSor-bL promoted a significantly
reduced lesion size (around 25%) compared to CG and GBisor-bL three
weeks post-APDT.

Ulceration on the lesion is also a clinical sign that supports the
assessment of lesion progression. We observed that one week after
APDT, all the animals from GSor-bL had no ulceration on the lesion, and
only one mouse from G5ClSor-gL presented signs of ulceration (Fig. 3b).
In contrast, all GBisor-bL animals developed ulcerative lesions similar to
CG (Fig 3b). Three weeks after APDT, these ulcers worsened in all
groups.

Pain sensitivity was also monitored for 3 weeks. In the first week,
although all treated groups showed a smaller pain score than CG, no
statistically significant differences were noticed. Indeed, the pain
sensitivity remained unchanged for all groups over the experimental
period (Fig. 4).

Discussion

This work evaluated the impact of natural AQs on the inactivation of
L. amazonensis in vivo. Regarding the assessment of antiparasitic PSs,
synthetic compounds have produced positive outcomes in vitro and in
vivo [19-21]. However, the use of natural products as antileishmanial
compounds remains unexplored. The benefits of natural treatments
include lower toxicity, fewer side effects, and a reduced cost [22].
Moreover, it has been reported that AQs can kill a wide range of mi-
croorganisms as well as inhibit different tumor cells [23].

In this study, AQs were tested at low concentrations (10 pM) and
were photoactivated at their optimal wavelength with LEDs set to
deliver 45 J/cm?. By comparing the three tested AQs, we observed that
monoAQs (Sor and 5ClISor) promoted better results in the control of
parasite burden than Bisor. Indeed, three days following APDT, G5ClSor-
gL maintained low levels of parasite load as at the beginning of the
experimental period, suggesting this compound was very effective in
preventing parasite regrowth after treatment. This could be associated
with the presence of chlorine in the structure of this AQ, which increases
the lipophilicity of the molecule so the PS can be properly internalized
by the parasites.

Treatment with Sor-mediated APDT also promoted smaller lesion
sizes than CG and GBisor-bL at the end of the experimental period. Yet,
no animals in the GSor-bL group showed ulcerations one week-post
APDT. These findings indicate an intrinsic effect of Sor in reducing in-
flammatory processes, even though a parasite regrowth was noticed in
this group 3 days after APDT.

In contrast, although Bisor has shown a significantly lower parasite
load 48 h following APDT, probably due to a technique artifact, we
noticed a worsening of the lesion. This could be explained by the lower
uptake of Bisor by the parasites, as we have previously reported [9]. It
has been demonstrated that before killing cells, PSs must follow some
decisive steps, such as uptake by cells, accumulation in different sub-
cellular organelles, and absorbing light to produce ROS [24,25].
Therefore, despite in vitro studies demonstrating that this dimeric AQ
produces higher ratios of O3 (about six times more than Sor) [26], the
generation of ROS is mostly localized outside the cells, thus resulting in a
lower antileishmanial activity [24,25]. In addition, due to the lower
uptake of this AQ, we hypothesize that skin interaction with ROS could
increase inflammation, which, in combination with local
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Fig. 2. Mean values &+ SEM of the normalized parasite burden. Different uppercase letters (A, B) represent statistically significant differences within-group over time.
Different lowercase letters (a, b) denote statistically significant differences among groups within time.
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Fig. 4. Mean values + SEM of the pain sensitivity. No statistically significant
differences were detected.

pro-inflammatory cytokines, would produce an increase in edema,
hence compromising wound healing [27].

In terms of pain sensitivity, it is well established that infection with
Leishmania produces hyperalgesia in BALB/c mice. Although pain
sensitivity tends to decrease in the first week after APDT (see Fig. 4), AQ-
mediated APDT was not able to produce a significant reduction. It was
suggested by Borghi and collaborators that the nociceptive response is
related to the parasite burden, which induces peripheral production of
pro-hyperalgesic mediators [28]. These mediators perpetuate the in-
flammatory process, contributing to the maintenance of local edema.
Thus, we assume that more than one APDT session is necessary to pro-
mote pain relief.

It is worth mentioning that BALB/c mice are highly susceptible to
infection due to a strong Th2-type immune response, which suggests
these animals are unable to control infection themselves [29]. It seems
that the control in parasite regrowth promoted by 5ClSor in one single
APDT treatment over 3 days (with a very low AQ concentration) is an
encouraging result that should be further investigated.

Among the benefits of using monoAQs, it is important to emphasize
that they are natural compounds that demonstrate activity at low con-
centrations and exhibit broad-spectrum antimicrobial activity [10-12].
Compared to other natural PSs, monoAQs are small molecules that have
many characteristics of an ideal photosensitizer, including easy
eco-friendly, and sustainable synthesis, high photostability, high
extinction coefficients, and resistance to photobleaching [30]. Besides,
they are more easily dissolved in PBS than curcumin [31], and their
large absorption band could match better to LEDs’ emission than
hypericin [32]. Indeed, LEDs are promising light sources for PDT, as
they present some advantages over lamps and lasers. The emission
spectrum of a lamp is very broad, but antimicrobial PDT requires
wavelengths resonant with the absorbance of the PS. On the other hand,
lasers emit coherent narrow beams that present a risk to the eye and
often illuminate a very small area.

The difference between both monoAQs, besides the presence of
chlorine, was the wavelength used to photoactivate these compounds.
The LED was chosen according to the AQ absorbance (see Fig. 1).
Although green light penetrates deeper than violet-blue light into bio-
logical tissue, the wavelength should not be an issue for PDT of topical
infections [32]. Indeed, the photodynamic response leading to microbial
killing happens whenever the PS absorbance matches the light emission.
Our results demonstrated that Sor-mediated PDT was able to reduce the
lesion size compared to the control, whereas 5ClSor maintained low
levels of parasite load at the first 72 h post-treatment. Taken together,
these exciting results encourage the combination of both Sor and 5CISor
with proper LEDs since synergism between other AQs such as Rubiadin
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and Sor was previously demonstrated [33].

It is important to highlight that the violet-blue wavelength has an
intrinsically specific antimicrobial effect due to Leishmania’s endoge-
nous chromophores, even though Silva and collaborators showed that
animals from the light-only group did not result in a significant reduc-
tion in parasite burden [34]. Indeed, it is well known that only
violet-blue light can inactivate different pathogens. However, the
exposure time increases substantially compared to antimicrobial
photodynamic therapy mediated by exogenous photosensitizers [35].
Indeed, Zhang and collaborators reduced the fungal load in infected
mouse burns by 1.75-logs following 80 min of irradiation [36]. There-
fore, our results correspond to an inherent effect of AQs’ photodynamic
action.

A limitation of this study was the murine model used to induce
cutaneous leishmaniasis by L. amazonensis. Although BALB/c mice are
the most widely used, this model is extremely susceptible to this Leish-
mania species. As aforementioned, these animals are unable to control
infection if left untreated, simulating an immunosuppressed individual.
In addition, Leishmania parasites can adapt to different environments,
evade the host immune system, become resistant to drugs, and prolif-
erate very fast [1,5,32]. For these reasons, it is very difficult to
completely eradicate the parasite load. Here, we proposed to monitor
parasite load in the first 72 h. We intended to identify whether we would
find a pattern of parasite behavior facing one AQ-PDT application
depending on the tested AQ. The results obtained suggest that new ex-
periments should include repeated applications and long-term moni-
toring. Future directions could also combine monoAQ-mediated PDT
with conventional systemic antileishmanials in lower doses.

In conclusion, our data demonstrate that monoAQs are promising
compounds for pursuing the best protocol for treating CL and helping to
face this serious health problem. Studies involving host-pathogen
interaction as well as monoAQ-mediated PDT immune response are
also encouraged.
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