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Background: Among the pathogens, Staphylococcus aureus is the main causative agent of bacterial diseases in the
world. In this context, antimicrobial photodynamic therapy (aPDT) appears as a promising tool by means of
microbial inactivation with the use of light. aPDT is applied in treatments involving photosensitizers capable of
generating oxygen free radicals. Thus, this work proposes the use of resveratrol as a photosensitizer.

Methods: In vitro tests were performed to determine the antibacterial activity of photoactivated resveratrol with
blue LED light, as well as uric acid experiments for verification of singlet oxygen formation. Possible resveratrol
structural changes were evaluated by HPLC. In the in vivo assays, the air pouch model was performed in mice for
antimicrobial activity and cytokine production.

Results: The photoactivated resveratrol exhibited an increase in its antibacterial action and it is possibly brought
about by the singlet oxygen formation. In the air pouch model, TNF-a and IL-17A cytokines were produced,
diminishing the bacterial load, and consequently, reducing inflammation after 24 h of infection. Cellular number
decrease in the inflammatory environment was associated with resolution of inflammation along with greater IL-
10 production.

Conclusion: It is the first time that resveratrol has been associated with aPDT. It was demonstrated in this work
that resveratrol activated by blue LED light can be a promising photosensitizer. This compound, after the light
stimulus, produces singlet oxygen, in addition to having effects on the immune system triggering TNF-a and IL-
17A production, aiding in the clearance of several bacteria, including S. aureus.

1. Introduction

Most S. aureus strains are now resistant to penicillin, MRSAs are
common in hospitals and are emerging in the community. Penicillinase-

Bacterial infections occur worldwide and constitute a major public
health problem [1]. With the introduction of antimicrobials, the sur-
vival of infected people has increased, however, over the years, some
strains have become resistant to traditional compounds used in the
therapeutic practice [2,3].

Among the pathogens, Staphylococcus aureus is the main causative
agent of bacterial diseases. Infections by this microorganism have led to
the death of millions of people annually, especially due to its advanced
mechanisms of virulence [4]. Isolates of this infectious agent that are
resistant to methicillin are called MRSA (Methicillin-resistant Staphy-
lococcus aureus) [5]. Therefore, outbreaks of community-based infec-
tions by resistant strains present a wide distribution in the terrestrial
environment resulting in increase in the necessity for developing new
strategies to prevent and treat such disorders.
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resistant penicillins (flucloxacillin, dicloxacillin) remain the antibiotics
of choice for the management of serious methicillin-susceptible S.
aureus (MSSA) infections. First generation cephalosporins (cefazolin,
cephalothin and cephalexin), clindamycin, lincomycin, and ery-
thromycin have important therapeutic roles in mild MSSA infections
such as in skin and soft tissue, or in patients with penicillin hy-
persensitivity, although cephalosporins are contraindicated in patients
with immediate penicillin hypersensitivity (urticaria, angioedema,
bronchospasm or anaphylaxis) [5,6].

Therefore, new antimicrobial therapies are critical. In this context,
antimicrobial photodynamic therapy (aPDT) follows similar principles
to the photodynamic therapy (PDT) ones, which is more widely known
for its application in non-cancerous diseases and cancerous lesions
therapeutic [7]. This technique is used in treatments involving
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photosensitizers capable of generating oxygen free radicals when acti-
vated at a given wavelength by light emitted through a laser [8,9].

It has already been shown that aPDT is capable of inactivating
MRSA strains through two distinct photodynamic processes [10,11].
Upon light activation, an excited photosensitizer can undergo type I
(electron transfer) and/or type II (energy transfer) reactions to produce
highly reactive oxygen species (ROS). Type I reactions generate radical
anion species, while type II reactions produce singlet oxygen [12-14].

Hence, the research on new photosensitizers development becomes
important, especially for providing alternative therapeutic resources for
the persistent infections healing process. In addition, there is no report
of resistance to the aPDT, and the financial investment required for the
new photosensitizer studies is lower when compared to a traditional
antimicrobial drug [15].

Thus, this work presents the use of photoactivated resveratrol by
light. This polyphenol, especially present in grape, promotes health
benefits through its anti-angiogenic, anti-inflammatory and anti-
microbial activity [16-21]. In the initial studies, it was characterized as
a phytoalexin. Since then, several studies have begun to point out its
correlation with the prevention or reduction of tumor progression,
cardiovascular clinical conditions, among others. Recent works have
shown that this polyphenol is capable of interacting with light sources,
even changing its structure [22,23].

Faced with the promising ability of resveratrol, several studies
correlated this compound and the immune system. In many of them, it
was observed its interaction with cells and inflammatory response
factors, mainly by regulating the proinflammatory cytokines production
[24-26]. There are no reports on the resveratrol use in photodynamic
therapy in the treatment of bacterial infections, being this a pilot study.

In this context, this work aimed to evaluate the use of photo-
activated resveratrol by blue LED light in the treatment of S. aureus in
an air pouch model of infection in mice.

2. Materials and methods
2.1. MRSA strains

The MRSA ATCC 43300 strain was obtained from the Federal
University of Bahia -Multidisciplinary Institute in Health - Anisio
Teixeira Campus. The samples were stored in a freezer at —80°C
(Equilam, S3o Paulo, Brazil). At the time of culture, they were thawed
at room temperature, plated on Brain Heart Infusion agar (BHI, pH7.4,
HIMEDIA), and taken to the incubator (Prolab, Sdo Paulo, Brazil) for
24 h at 37°C.

2.2. Determination of bacterial inoculum

The determination of the bacterial load was executed by spectro-
photometry. It was performed by means of the direct suspension, and
carried out in previously sterilized laminar flow (Prolab, Sdo Paulo,
Brazil), through the removal of 3 to 5 colonies from the culture plates
and their dilution in 1 mL of sterile saline. Subsequently, an aliquot of
this solution was placed in quartz cuvettes for reading on the spectro-
photometer (Prolab, Sao Paulo, Brazil).

At this time, the following parameters have to be reached: 0.135
absorbance at 660nm (0.5 in the McFarland scale, equivalent to
1.5 x 10® CFU/mL), in order to obtain 108 CFU of MRSA. The sus-
pension was seeded on the surface of the Brain Heart Infusion agar
(BHI, pH 7.4, HIMEDIA).

2.3. Resveratrol photoactivation

The resveratrol (PharmaNostra, Campinas, Sdo Paulo) was obtained
from the Federal University of Bahia — Multidisciplinary Institute in
Health — Anfsio Teixeira Campus. For in vitro and in vivo antimicrobial
activity assays, the compound was solubilized in propylene glycol in a
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sterile environment, and used at a concentration of 2 mg/mL.

The resveratrol photoactivation was performed through the incident
light by a prototype device number 1.012960-3 (MM Optics, Sao Carlos,
Sao Paulo, Brazil) that have five blue LEDs with a wavelength of
450 + 20 nm. Irradiation procedure was carried out for 5 min, power
density of 75 mW/cm?, for a total fluence delivered of 54 J/cm?.

2.4. In vitro antimicrobial activity evaluation

The in vitro antimicrobial evaluation test was carried out following
the literature, with adaptations [27]. In a 24-well plate, 108 CFU of
MRSA were added in 1 mL of BHI broth (BHI, pH 7.4, HIMEDIA) in each
well. Subsequently, the formation of groups were performed: six wells
were left in the dark and received no treatment (Group 1 — MRSA), six
wells were treated with only blue LED light (Group 2 — MRSA + Blue
LED light), six wells received twenty microlitres of resveratrol and were
kept in the dark (Group 3 — MRSA + resveratrol), finally, six wells re-
ceived twenty microlitres of resveratrol and blue LED light (Group 4 —
MRSA + photoactivated resveratrol). The concentration of resveratrol
and the photoactivation protocol were the same as described above.

After the execution period of the photoactivation protocol, five
microliters from each well were seeded on a BHI medium plate. The
tests were performed in triplicate and the CFU counts were performed
after the time of 6, 12, 18 and 24 h. Free open source software, ImageJ
(NIH), was used to count CFUs.

2.5. Analysis by UV-vis spectroscopy

For the spectrophotometric and high performance liquid chroma-
tography (HPLC) techniques, a mass of 100 mg of resveratrol, after
dissolution in an aqueous ethanol solution (Merckmillipore, Darmstadt,
Germany), was transferred to a volumetric flask of 1000 mL. Then, the
volume of the flask was filled with the aqueous ethanol solution (95%)
until a stock solution containing resveratrol at a concentration of
100 mg/L. Afterwards, 1 mL of this solution was transferred to a 100 mL
volumetric flask. The volume of the flask was quenched with ethanol
until an intermediate solution containing resveratrol at the concentra-
tion of 0,001 mg/mL.

Uric acid was used to verify if resveratrol photoactivation produces
reactive oxygen species. In order to reach that, the solutions were
analyzed before and after the photoactivation. The light activation
protocol was the same as described above. Therefore, the resveratrol
solution described and a solution of 30 ug/mL of uric acid (Bioclin, S&o
Paulo, Brazil) were analyzed by spectrophotometry (UV-1800 -
Shimadzu Scientific Instruments), at room temperature. This spectro-
photometer operates in the Spectral range of 200-900 nm. Quartz
cuvettes (Analiticaweb, Sdo Paulo, Brazil) with Optic path of 1.0 cm
and capacity of 4 mL were used. The same resveratrol solution was used
in the (HPLC) technique.

2.6. HPLC instrumentation and conditions

The HPLC system consisted of a Gynkotek M 580 GT pump,
Rheodyne 8125 injector (20-puL loop) (Cotati, CA), and a Gynkotek M
340S UV diode-array detector (Gynkotek GmbH, Germering, Germany).
A column (250 X 4.6 mm) packed with 6 pm particle size C18 material
was used for the separations. Chromeleon data management software
(Dionex Corp., Sunnyvale, CA) was used for equipment control and for
data evaluation.

A multistep gradient method was applied using methanol-water—
acetic acid (10:90:1, v/v) mixture as solvent A and methanol-water—
acetic acid (90:10:1, v/v) mixture as solvent B at a flow rate of 1.5 cm®/
min (the reagents supplier was Quimisul, Santa Catarina, Brazil). The
gradient profile was: 0.0-18.0 min, from 0% to 40% B; 18.1-25.0 min,
from 40% to 100% B; and 25.1-27.0 min, 100% B. Chromatographic
separations were monitored at 306 nm. Chromatographic peaks were
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identified by comparing the samples retention time with the ones be-
longing to the standard compounds in the literature.

2.7. Animals

C57BL/6 mice aging from six to eight weeks were obtained from the
UFBA-IMS/CAT facilities. The animals were maintained under con-
trolled conditions of temperature with free access to water and food.
The animal challenge was performed using the air pouch model. All
procedures involving animals were approved by the Ethics Committee
on Animal Use (CEUA) IMS-CAT UFBA, under protocol number 042/
2017.

2.8. The air pouch model

The manufacture of the air pouch was carried out as described in the
literature, with variations [28-30]. Initially, the animals were an-
esthetized with 50 mg/kg of ketamine (Vetnil, Sdo Paulo, Brasil) and
10 mg/kg of xylazine (Vetnil, Sdo Paulo, Brasil). In each mouse 3 mL of
sterile air was inoculated into the dorsal subcutaneous space. Mice
challenged with MRSA received 10”7 CFU of inoculum resuspended in
100 pL of saline.

In the in vivo experiments, resveratrol was solubilized in sterile
propylene glycol (Quimisul, Santa Catarina, Brazil). Thus, groups of
animals challenged with sterile propylene glycol (Control, group 1),
animals challenged with 107 CFU of MRSA (MRSA, group 2), animals
challenged with 107 CFU of MRSA and 100 yL of Resveratrol (2 mg/mL)
(MRSA + Resveratrol, group 3), and finally, animals challenged with
107 CFU of MRSA and 100 pL of photoactivated Resveratrol (2 mg/mL)
(MRSA + Photoactivated Resveratrol, group 4) were set up. After
photoactivation, resveratrol was immediately inoculated into the air
pouch in the treated animals. The concentration and volume were the
same as that in the in vitro assay.

Then, 24h post infection, the animals were euthanized (n = 6/
group). The euthanasia of the animals was performed by deep an-
esthesia with intraperitoneal administration of ketamine and xylazine
at doses of 400 mg/kg and 40 mg/kg, respectively.

2.9. Inflammatory cell influx

The lavages of air pouch were performed with 5 mL of sterile saline
and stored at 4 °C. Later, the fluid was centrifuged at the conditions of
300 g for 10 min at 4 °C. The total cell count was done in a Neubauer
chamber (Prolab, Sdo Paulo, Brazil). The differential cell counts were
performed by cytocentrifuge (Cytopro®) in Panoptic stained slides and
analyzed by light microscopy (Olympus, Miinster, NRW, Germany). The
remaining fluid was stored at —80 °C for later quantification of cyto-
kines by Enzyme-Linked Immunosorbent Assay (ELISA).

2.10. Bacterial load

Five microliters of lavages were seeded on BHI plates and incubated
at 37 °C for 24 h. The technique used was the pour plate, thus facil-
itating the quantitation of the number of colonies formed after culture
time [30]. The CFU quantification was performed with the aid of a
colony counter (CP-600 Plus, Phoenix), at 12 and 24 h.

2.11. Quantification of inflammatory cytokines in the air pouch lavages

The supernatant extracted from the air pouch lavages were used to
quantify TNF-a, IL-1f, IL-10 or IL-17A cytokines by sandwich ELISA
using the ELISA Ready-SET-GO® kit (Bioscience), according to the
manufacturer. A standard curve was obtained, and the cytokines in the
samples were calculated according to the manufacturer’s instructions.
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2.12. Histological study

Samples of the air pouch skin were collected, fixed in 10% formalin,
and embedded in paraffin. These samples were sectioned at 5 pum, and
stained by Hematoxilin and Eosin (Laborclin, Pinhais, Brazil).
Histological slides of each animal were analyzed through light micro-
scopy using an optical microscope Olympus® (Olympus, Miinster, NRW,
Germany) coupled to a camera Olympus SC30 (Olympus, Miinster,
NRW, Germany) for pathological alterations evaluation. Pictures from
each animal sample were taken using analysis getIT® (version 5.2,
Olympus Soft Imaging Solutions, Miinster, NRW, Rhine-Westphali,
Germany).

2.13. Statistical analysis

Statistical analyses of the experiments were performed using the
Kruskal-Wallis test through GraphPad Prism® software (version 5.0,
GraphPad Program Inc., San Diego, CA, USA), and Dunn’s as post-test.
For other outcomes, we used the Mann-Whitney test to make compar-
isons between groups. Statistical differences were considered sig-
nificant at p value < 0.05.

3. Results

3.1. Photoactivated resveratrol promotes increase in the inhibition of
bacterial growth in vitro

The Fig. 1 demonstrates that there was greater inhibition of bac-
terial growth in the culture plates treated with the photoactivated form
of Resveratrol.

3.2. Resveratrol has photodynamic activity generating singlet oxygen

To analyze the mechanism of antimicrobial action of the compound
formed after resveratrol stimulation with blue led light, an uric acid
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MRSA + Resveratrol

3000 MRSA + Photoactivated Resveratrol
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MRSA + Photoactivated Resveratrol
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(CFU/hour)
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Fig. 1. Bacterial Load of Staphylococcus aureus (CFUx10° /mL) - In a 24-well
plate, 10® CFU of MRSA were added in 1 mL of BHI broth. Subsequently, six
wells were left in the dark and received no treatment (Group 1 - MRSA), six
wells were treated with only blue LED light (Group 2 - MRSA + Blue LED light),
six wells received twenty microlitres of resveratrol and were kept in the dark
(Group 3 MRSA + resveratrol), finally, six wells received twenty microlitres of
resveratrol and blue LED light (Group 4 — MRSA + photoactivated resveratrol).
After the period of execution of the photoactivation protocol, five microliters
from each well were seeded on a BHI medium plate and the counts of the CFUs
were performed after the time of 6, 12, 18 and 24 h (A) and the area under the
curve was measured (B). (* p < 0.05).
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Fig. 2. UV/Visible Spectroscopy analysis of a resveratrol and uric acid solution - The solutions of 0001 mg/mL resveratrol and 30 ug/mL uric acid were
prepared for analysis. Uric acid did not change absorbance after being submitted to the photoactivation protocol (A). The resveratrol used in this experiment showed
its characteristic absorbance at 306 nm (B). After mixing the solutions of resveratrol and uric acid followed by the photoactivation protocol, the reduction in the
absorbance of the solution as a function of time (C) was observed. In view of this, the variation of the absorbances of the two solutions as a function of time (D) was

calculated.

solution was photoactivated along with the resveratrol solution de-
scribed above. The uric acid absorbance variation was observed as a
function of the irradiation time due to a uric acid photo-oxidation via
singlet oxygen produced by photoactivated resveratrol (after photo-
activation).

3.3. Photoactivated resveratrol exhibits change in retention time in HPLC
analysis

To analyze whether the photoactivation causes some type of al-
teration in resveratrol, HPLC (Fig. 3) analysis was performed. The tests
were conducted for both the photoactivated and no photoactivated
form.

3.4. Therapy using photoactivated resveratrol as a photosensitizer reduces
the number of inflammatory cells in the air pouch

To assess whether there were quantitative differences in in-
flammatory cells in the air pouch, the inflammatory environment la-
vage was analyzed for total and differential count of inflammatory cells.
As seen in Fig. 4, data obtained demonstrate that there was a reduction
in total inflammatory cells in the animals treated with the photo-
activated resveratrol. There was also a reduction in the number of cells
in the air pouch skin, as it can be seen in the images analysis.
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3.5. Photoactivated resveratrol enhances the release of TNF-a and IL-17
into the air pouch

With the objective of analyzing animals treated with photoactivated
resveratrol, a production profile on differentiated IL-1f3, IL-10, TNF-a,
and IL-17A cytokines was conducted. The air pouch lavages were
analyzed by ELISA. Animals treated with the photoactivated compound
presented greater TNF-a and IL-17A production (Fig. 5).

3.6. Animals treated with photoactivated resveratrol demonstrated greater
levels of bacterial clearance in the air pouch

The Fig. 6 presents the bacterial growth behavior after 24h of
cultivation. It was observed that C57Bl/6 mice treated with photo-
activated resveratrol had lower formation of CFU than the non-treated
group.

4. Discussion

S. aureus infections constitute a public health problem due to the
large numbers of resistance cases of this pathogen to the traditional
antimicrobials, additional to the fact the medicines production is a ra-
ther slow process, and consequently, the development of new active
compounds does not follow such growth. This work brings a new pro-
posal for the treatment of these infections by using resveratrol activated
with blue light as an alternative.
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Fig. 3. HPLC chromatograms of Resveratrol - A 0.001 mg/mL resveratrol solution was prepared for analysis. Analyses of photoactivated and no photoactivated
compounds were performed. Chromatographic separations were monitored at 306 nm.

It was observed that this association was able to reduce bacterial
growth, both in vitro and in vivo, showing lower local inflammation and
higher levels of cytokines production, such as TNF-a and IL-17, besides
the generation of singlet oxygen. In addition, it is possible that the light
irradiation had caused structural changes in the resveratrol molecule,
since the compound presented a change in its retention time in the
HPLC analysis after the photoactivation. In that way, it is likely the
resveratrol absorbs photons and undergoes photochemical, and che-
mical reactions that lead it to become a biologically active compound
with bacteriostatic activity.

The current literature conveys works presenting the resveratrol
photostimulation under several different light sources. When exposed
to the sunlight, this compound undergoes a molecular rearrangement
whose structure consists of two fused aromatic rings attached to a linear
chain containing a carbonyl group conjugated to a double bond, in
which the authors termed the molecule obtained as "Resveratrone”
[22,23]. With LED light, authors have reported the glycosylation of
resveratrol. The use of blue LEDs as light source for the resveratrol
biotransformation has remarkably improved the yield of its -b-glyco-
sides and changed the composition of products, the 3-O-f-p-glucoside
was the major product. [31].

Once it is a pilot study, it is not possible to say that resveratrone or
3-O-B-p-glucoside was formed in our experiment, however, it can be
affirmed that resveratrol had the ability to interact with blue LED light,
modifying its structure (Fig. 3), and exhibiting antimicrobial action
(Figs. 1 and 6).

The uric acid is an efficient singlet oxygen sensor acting as a che-
mical dosimeter for the quantitative determination of the photo-
dynamic action of a compound [32,33]. The Fig. 2 shows its optical
absorption spectrum and photo-oxidation. Initially, the light stimula-
tion of uric acid was performed in the wavelength range studied for this
study. Therefore, as noted in Fig. 2A, the wavelength range used herein
was not able to change the absorbance of the compound, which ensures
that the interaction with the light is restricted to the resveratrol in the
experiments of determination of photodynamic activity.

Fig. 2D shows the absorbance variation of the uric acid bands
(293 nm) and resveratrol (306 nm) as a function of the irradiation time.
The photo-oxidation reaction of uric acid via singlet oxygen is well-
known, and lead to the formation of products such as triurea, alan-
toxaidin, oxanate ion and CO,, occurring the suppression of singlet
oxygen by uric acid with the capture of the triplet state energy of the
resveratrol molecule in the excited state by the uric acid molecule.
Further, this highly reactive oxygen athom initiates oxidative reactions
in the proximate environment, like the bacterial cell wall, lipid mem-
branes, enzymes, or nucleic acids [34].

When we associate resveratrol with uric acid with subsequent
photoactivation we noticed a reduction in the absorbance profiles of the
two molecules (Fig. 2D). The literature classifies this effect as photo-
bleaching, being a characteristic directly related to the therapeutic dose
of the compound with photodynamic activity [35]. Accordingly, here it
was presented a decay of the characteristic band signal of uric acid at
293 nm, indicating that the decomposition reaction of this molecule
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Fig. 4. Total and differential counts of leukocytes in the air pouch lavages and visualization of inflammation in the air pouch skin (x10°/mL) - Skin samples
from the air pouch were removed (collected), fixed in 10% formalin, and stained by hematoxilin and eosin. After slides production, the total (A) and differential (B)
counts of the leukocytes were performed, as well as the representative images of the histological slides (C). (n = 6); (BHI = brain heart infusion; MRSA: Methicillin-
resistant Staphylococcus aureus); (* p < 0.05, ** p < 0.01).
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Fig. 5. Quantification of cytokines in the inflammatory environment (pg/mL) - Lavages from air pouch were collected later and evaluated by ELISA for the
presence of IL-17A, IL-10, IL-1B and TNF-a. (n = 6); (BHI = brain heart infusion; MRSA: Methicillin-resistant Staphylococcus aureus);(* p < 0.05, ** p < 0.01).
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Fig. 6. Bacterial Load of Staphylococcus aureus in the air pouch (CFUx10°
/mL) - Lavages from air pouch were collected later and cultured in BHI. The
CFUs were quantified after 24 h. (n = 6); (BHI = brain heart infusion; MRSA:
Methicillin-resistant Staphylococcus aureus);(* p < 0.05, ** p < 0.01).

occurs through the singlet oxygen formed by the excited resveratrol.
These results support raising the theory on that the photostimulated
resveratrol antimicrobial action is by the generation of reactive oxygen
species. The products generated from the reactions are cytotoxic, but
singlet oxygen has been considered the main responsible for the anti-
microbial effect of aPDT. The antimicrobial effect of the photosensitizer
can happen by producing sufficient quantity of singlet oxygen nearby
the outer membrane of the bacteria, so that it can diffuse into the cel-
lular interior, culminating in lethal damage. As a consequence, the
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photosensitizer must be in close contact with the target cell in such a
way the singlet oxygen generated can exert its antimicrobial effect,
since it presents a small diffusion distance (20 nm) and short half-life
time [36-38].

The great difficulty in developing an effective treatment against S.
aureus is for the reason this pathogen is part of the human microbiota,
and is in understanding which type of inflammatory response is effec-
tive in the clearance of this microorganism. Several studies in the at-
tempt to develop immunoprotection have failed to develop a prophy-
lactic method against infections by this pathogen [39-41]. Thus, works
that seek complementary forms of traditional antimicrobial therapies
present promising results. PDT has been used to combat staphylococcal
infections for a long time [42-45]. Many of these works use curcumin
as a photosensitizing agent [11,46].

However, even if there are few reports of resistance to aPDT, it is
possible that the development of resistant strains occur. Since it is a new
therapy, with expansion in its use it cannot be assured that resistance
will not come out [47]. aPDT has short half-life time and acts based on
the attack of multiple cellular targets by photo-generated ROS; then, a
prior concept is that the development of resistance to the aPDT is un-
likely [48]. However, there are reports in literature indicating that
some S. aureus strains are more tolerant to the aPDT than others, and
the findings that some clinical isolates demonstrated decreased sus-
ceptibility of to the aPDT after photodynamic exposure, point out a
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need for detailed investigations on bacterial adaptive responses to
photodynamic treatment [48-51].

Therefore, it is necessary to increase the photosensitizers avail-
ability, as it is necessary to develop new antimicrobials. To date, studies
have sought to determine adequate parameters for clinical application
of aPDT, which involves assessing different photosensitizers, light
sources and doses, and drug concentrations [52,53]. On that account,
researches have aimed to identify photosensitizers with antimicrobial
activity when associated with LED light, a lower cost light source and
simpler technology in comparison to the laser devices, facilitating the
clinical application of this therapy [54].

In addition, when compared to other antimicrobial therapies, aPDT
has many advantages such as higher specificity (the photosensitizer can
be delivered to the cell and can be highly focused to the site of injury in
cases of cutaneous treatment), and fewer undesirable side effects
[55,56]. Given these facts, we chose to use Resveratrol activated by
blue light because of its antimicrobial activity, additionally to its
structural similarity as other photosensitizers as phenolic groups, like
the curcumin.

Moreover, the resveratrol in the UV/Visible spectrum sweep pre-
sents an absorption band at 306 nm. Then, the light emission is close to
the maximum absorption range of the molecule. However, this is not a
rule, since there are studies that stimulate photosensitizers in several
bands of wavelength and not only in the maximum absorption range
[57-61]. In this work, we photoactivated propylene glycol, and found
that this compound did not exhibit inhibition of bacterial growth in
vitro. Taking this into consideration, we used propylene glycol as a
solvent for resveratrol in the experiments.

The photoactivation of the solutions were performed outside the
body environment of the C57Bl/6 animals, since the melanin could be
an interfering agent in the aPDT [51]. Therefore, here we are proposing
an adaptation of aPDT for the treatment of infections in black patients,
since in the literature, there are few studies evaluating this technique in
these patients [62]. After photoactivation, the solutions were im-
mediately applied to the animals. The air pouch model is a convenient
in vivo model to study localized inflammation without systemic effects
[63]. In this context, it was possible to observe the effects of photo-
activated resveratrol against a MRSA infection in a live model.

What can be inferred from the results obtained through this study is
that the interaction of photoactivated resveratrol with the immune
system becomes evident (Fig. 4). Notably the stimulation of the release
of important cytokines such as TNF-a and IL-17 (Fig. 5). This is fun-
damental for the clearance of S. aureus, which have already been re-
ported in several works [64,65]. The stimulation of their release is a
determining factor for the treatment, especially in infections by re-
sistant strains.

It has been shown that knockout mice for IL-17 are unable to ef-
fectively eliminate S. aureus. In that way, immune responses associated
with Th17 cells could be a strategic target to eradicate persistent in-
fections in humans [66]. Many studies have described that this cytokine
is produced by T lymphocytes, but most of this component in in-
flammatory processes is secreted by cells of the innate immunity [67].
The release of IL-17A by neutrophils has been described by different
authors [68,69]. Mice deficient in IL-17A or IL-17F have proved prone
to skin infections caused by gram-positive bacteria such as S. aureus
[70]. Experimental models using immunogens associated with a Th17
response against pathogens such as S. aureus and Candida albicans de-
monstrated an increase in recruitment and activation of phagocytes at
infection sites, in addition to the more effective clearance of these pa-
thogens in tissues [71]. In this context, the IL-17 production in the
induction of effector mechanisms against S. aureus and the presence of
cells that produce this cytokine is fundamental for the infection control.

Increased release of TNF-a is an interesting finding, since there are
conflicting data in literature on the Resveratrol ability to alter the
production of this cytokine. We found that in the our group where this
polyphenol was not photoactivated, actually occurred a reduction in
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the release of TNF-a. Different studies have shown the importance of
the TNF-a release, a pro-inflammatory cytokine, with the reduction of
MRSA infection associated with laser therapy [72-75]. Furthermore,
aPDT stimulates macrophages to release TNF-a in great quantities,
leading to an increase of this cytokine at the site of inflammation
[76-79]. The leukocytes activated by TNF-a produce reactive species of
oxygen and nitrogen, essential for the elimination of microorganisms.
In that way, the immune system cells activation by TNF-a is essential
for the infections control [80,81].

Quantitatively, the number of inflammatory cells in the resveratrol-
treated groups was lower than in non-treated ones (Fig. 4A). This data
corroborates with several works showing that after the treatment of
animal models with this polyphenol, there was a local inflammation
reduction [82]. However, in our data, even with a reduction in the
number of cells in the site, the inhibition of bacterial growth was
greater (Fig. 6), a fact, since the exacerbation of the local inflammation
can be harmful to the organism. Moreover, it is possible that even in a
smaller quantity, the inflammatory cells are directed by the synergism
of IL-17A and TNF-a [83,84], resulting in a greater) reduction of the
bacterial load, even with a lower cell number.

On the other hand, it is possible that 24 h after treatment with
photoactivated resveratrol, time analyzed by our work, the decrease in
number of inflammatory cells has already occurred due to the bacterial
clearance. This fact would also explain the higher levels of IL-10 pro-
duction (Fig. 5D), an anti-inflammatory cytokine, secreted to modulate
inflammatory responses [85]. No differences were observed between
the groups regarding IL-1f production. In addition to these data, the air
pouch model was one of the factors that aided in the effective visuali-
zation of inflammation, since it is easy to manipulate and obtain clinical
samples that help in the understanding of the local inflammatory re-
sponse.

Considering the results obtained in this work, we can see that re-
sveratrol activated by blue LED light can be a promising photosensitizer
to be used in antimicrobial photodynamic therapy. This compound,
after the light stimulus, produces singlet oxygen, a potent anti-
microbial, combined to the fact it was able to exert effects on the im-
mune system with TNF-a and IL-17A production, which are pro-in-
flammatory cytokines, aiding in the clearance of several bacteria,
including S. aureus. Since it is a pioneering work, more studies are
necessary to allow a clear elucidation of the mechanism of action of
photoactivated resveratrol.
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