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Abstract: Oral mucositis (OM) is characterized by the presence of severe ulcers in the oral region that
affects patients treated with chemotherapy. It occurs in almost all patients who receive radiotherapy
of the head and neck, as well as patients who undergo hematopoietic cell transplantation. The patho-
physiology of OM is complex, and there is no effective therapy. The aim of this study was to evaluate
the effect of dexamethasone-loaded poly(D,L-Lactic-co-glycolic) nanoparticles (PLGA-DEX NPs) on
an OM model induced in hamsters. The NPs were synthesized using the emulsification-solvent
evaporation method and were characterized by the size, zeta potential, encapsulation efficiency,
atomic force microscopy, physicochemical stability, and the in vitro release. The OM was induced by
the administration of 5-FU on the first and second days and mechanical trauma on the 4th day of the
experiment. PLGA-DEX NPs were administered to treat OM. The animals were euthanized on the
10th day. Macroscopic and histopathological analyses were performed, measurement of malonalde-
hyde (MDA) and ELISA was used to determine the levels of IL-1p3 and TNF-«. Immunoexpressions
of NF-«kB, COX-2, and TGF-3 were determined by immunohistochemistry, and gRT-PCR was used to
quantify the gene expression of the GILZ, MKP1, and NF-«B p65. The PLGA-DEX NPs (0.1 mg/kg)
significantly reduced macroscopic and histopathological scores, decreased MDA, TNF-« and IL-1/3
levels, immunostaining for NF-«B, COX-2, TGF-$3, and suppressed NF-«B p65 mRNA expression,
but increased GILZ and MKP1 expression.
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1. Introduction

Oral mucositis (OM) is an acute inflammation of the oral cavity resulting from non-
surgical antineoplastic therapy [1]. Tissue injury can be induced by the antimetabolite 5-
fluorouracil (5-FU) [2], which causes damage to the DNA of cells and induces the generation
of reactive oxygen species (ROS). It also activates signal transduction pathways such as
nuclear factor kappa beta (NF-«B), a key element in the development of mucositis. NF-
kB stimulates the production of the proinflammatory cytokines TNF-«, IL-1$3, and IL-
6 [1,3,4] and activates other signaling pathways that contribute to tissue damage in the oral
cavity [5,6].

OM affects 76-90% of hematopoietic cell transplant patients treated with chemother-
apy and/or radiation therapy [7,8]. This damage can also occur as a result of antineoplastic
treatment of solid head and neck tumors [9]. Chemo/radiotherapy causes injury and
apoptosis of the epithelial cells in the gastrointestinal tract, with ulcer formation and loss
of the basal epithelium integrity. This causes painful sensations and compromises the oral
nutrition and hydration of the patient. Furthermore, secondary infections with a high risk
of sepsis are common, especially in neutropenic individuals [10,11].

Despite its long history and its impact on patients, there are currently no effective
treatment options to prevent or treat mucositis associated with chemoradiation therapy for
cancer of the head and neck [9,12]. The goals of mucositis management are to prevent or
reduce the severity of toxicity and to manage the associated symptoms, which will, in turn,
enable the continued delivery of cancer therapy without interruption or dose reduction
and improve the overall prognosis [13]. Previous research has shown that drugs with anti-
inflammatory action can prevent OM [14-17]. Recently, it was shown that dexamethasone
(DEX) ameliorated OM induced by 5-FU [5]. This drug is an anti-inflammatory glucocorti-
coid (GC) available for clinical use [18]. However, the use of GC is limited by adverse effects
which are directly related to the dose used [19]. These effects include glycemic imbalance,
manifestations of latent diabetes mellitus, electrolyte imbalances, hypertension, cataracts,
growth suppression in children, loss of muscle mass with consequent muscle weakness,
osteoporosis, Cushing’s syndrome and suppression of the hypothalamic-pituitary-adrenal
axis [20]. Thus, various nanoformulations of corticosteroids were proposed to overcome
those limitations [21]. These nanoparticles could be naked or functionalized with targeting
moieties. This allows them to target passively, through the leaky vasculature or actively,
linking to the main cells involved in inflammation, including macrophages, endothelial
cells, membrane receptors on inflammatory cells, and even anti-inflammatory genes and
cytokines [22]. Various biodegradable nanocarrier strategies have been investigated for
the treatment of periodontitis, including polylactic-co-glycolic acid (PLGA), chitosan, and
silica-derived nanoparticles [23-25]. According to Brun and colleagues [26]. The agents
modulating inflammation in periodontitis seem to be relevant in terms of efficiency. More-
over, poly(lactic-co-glycolic acid) or drugs used as their own carrier appear to be the most
interesting nanoparticles in terms of biocompatibility.

Poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) is a copolymer of lactic
acid and glycolic acid, with biocompatible and biodegradable properties approved for use
in humans by the Food and Drug Administration and the European Medicine Agency
(EMA) [27]. The incorporation of drugs into PLGA NPs represents a controlled drug
release system that has been widely studied. It constitutes a specific and efficient delivery
of the drug to the targeted tissue due to several reasons [28,29]. It has been shown the
accumulation of nanocarriers in inflamed tissues, due to inflammation-mediated increased
vascular permeability [30,31]. In addition, the reduced diameter of these particles allows
them to cross biological membranes [32,33].
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Therefore, the encapsulation of dexamethasone on PLGA is an efficient strategy
for reducing the required dosage, minimizing eventual side effects. This technological
innovation can maintain the therapeutic effects of DEX at lower doses, allowing the use of
GC with greater safety. Thus, this study aimed to evaluate the effect of DEX, incorporated
into the polymeric NPs of PLGA, on 5-FU-induced experimental OM in golden Syrian
hamsters.

2. Materials and Methods
2.1. Reagents for PLGA Nps

Nanoparticles were formed from a copolymer of PLGA (Sigma-Aldrich, Saint Louis, MO,
USA) and polyvinyl alcohol (PVA), with a viscometric molecular mass of 4.7 x 104 g/mol
(Vetec, Sao Paulo, Brazil), and contained DEX disodium phosphate (Ache, Guarulhos,
Brazil). Organic solvents were dichloromethane (dielectric constant € 9.1) and acetone (e
20.6) (Labsynth, Diadema, Brazil). Purified water (1.3 puS) was prepared from the reverse
osmosis purification equipment model OS50 LX (Gehaka, Sao Paulo, Brazil). All chemicals
and reagents used for the synthesis of PLGA NPs were of analytical grade.

2.2. Preparation of PLGA NPs Loaded with DEX (PLGA-DEX NPs)

The NPs were prepared by the solvent emulsification-evaporation method, according
to a previously standardized nanoparticulate system, which consists of an organic and
aqueous phase [34]. The aqueous phase (14 mL), containing the surfactant 0.5% w/v PVA in
water, was filtered through 0.45 um membranes [35]. The organic phase (6 mL) contained
PLGA 0.5% w/v, and a 25:75 v/v ratio of dichloromethane and acetone was injected into
the aqueous phase, with a burette, at 1 mL/min under magnetic stirring at 720 rpm and
25 °C. The emulsification was carried out in Ultra-Turrax equipment (IKA Labortechnik,
Staufen, Germany) with a stirring speed of 20,000 rpm for 18 min. The organic solvent was
evaporated at 25 °C under magnetic stirring at 720 rpm overnight [35]. Different quantities
of DEX were dissolved with the polymer in the organic phase to provide drug/copolymer
ratios of 1:20, 1:10, and 1:2.5. The obtained samples were transferred to hermetically sealed
glass vials and stored at 5 °C. All experiments were performed in triplicate, and the data
are expressed as mean =+ standard deviation (SD).

2.3. Particle Size and Zeta Potential Measurements

Mean particle size and polydispersity index (PdI) were assessed by using the cumu-
lative method of analysis, according to the intensity of the dynamic light scattered (DLS)
in a particle size analyzer, Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK). Data
were collected at 659 nm wavelength, 90° detection angle, and at 25 °C. The correlation
worked in parallel mode, and data analyzed by using Zeta Plus® particle sizing version 3.95
software (Malvern Panalytical, Malvern, UK). Zeta potential ({ potential) measurements
were performed in the same equipment applying a field strength applied about 5.9 V-cm ™1,
with PALS zeta potential analyzer software (Malvern Panalytical, Malvern, UK), by using
the electrophoretic mobility according to the Helmholtz-Smoluchowski equation. The
measurements of at least ten determinations for each sample diluted at 1:100 (v/v) with
purified water were carried out in triplicate, and data expressed as mean & standard
deviation (SD) [34].

2.4. Drug-Loading Efficiency of PLGA NPs with DEX

The PLGA-DEX NP samples were centrifuged at 16.0x g for 60 min at 4 °C (Eppendorf®
Microcentrifuge 5404R), using an ultra-centrifugal filter (Vivaspin 2, Ultra-15 MWCO
10 kDa, Sartorius, Gottingen, Germany). The drug present in the supernatant was analyzed
by UV-vis spectrophotometry, previously validated at 243 nm (the maximum absorption
wavelength for DEX). Encapsulation efficiency (EE%) and drug-loading (DL%) were calcu-
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lated using Equations (1) and (2), respectively. All analyses were performed in triplicate,
and the data are expressed as mean =+ SD [35].

total drug — drug in supernatant
EE (%) = . 8 totalilrug P ) %100 1)

DL (%) = total drug in nanoparticle < 100 o)
*7 " total nanopaticles

2.5. Atomic Force Microscopy (AFM)

The shape and surface of PLGA NPs, with and without DEX, were observed using
atomic force microscopy (AFM) (Shimadzu, Tokyo, Japan). The dispersions were diluted
just before analysis, with purified water in a proportion of 1:50 (v/v), and transferred to
a coverslip, which was placed after the addition of the nanoparticles in a desiccator for
24 h. Samples were then analyzed using an SPM-9700 (Shimadzu, Tokyo, Japan) AFM
microscope at a temperature of 25 °C with a 1 Hz scan rate [34].

2.6. Physicochemical Stability

DEX-loaded formulations and drug-free formulations were stored in hermetically
sealed bottles at 5 °C for 5 weeks. Every 7 days, samples were collected to determine the
particle size and zeta potential. Measurements were performed at 25 °C. All analyses were
performed in triplicate, and the data are expressed as mean =+ SD [34].

2.7. In Vitro Drug Release

For the in vitro release study of DEX, Franz vertical diffusion static cells (Crown
Scientific, Somerville, MA, USA) thermostated at 37 + 0.5 °C were used. In the donor
compartment, 2 mL of different colloidal dispersions were added. This remained hermeti-
cally sealed and separated from the recipient compartment by a synthetic 0.45 um cellulose
acetate filter, previously hydrated in phosphate buffer for 24 h. The receiver compartment
was filled with 11 mL of phosphate buffer solution, adjusted to pH 7.4, and magnetically
stirred at 360 rpm throughout the experiment. At specific intervals, 1 mL aliquots were
collected, and the drug was analyzed at 243 nm, which was maximum absorption wave-
length UV-vis spectrophotometry. The standard curve for DEX analyses was constructed
using the same used phosphate buffer solution at the experiments, using cell cuvette of
1 cm, at 25 °C, and previously validated. The same volume of buffer solution was added
to maintain sink conditions. The drug release data were analyzed using linear regression,
according to mathematical models, to determine the DEX release mechanism present in
PLGA NPs. The correlation coefficient [R?] was determined in each case, and consequently,
the release orders were determined. All analyses were performed in triplicate, and the data
are expressed as mean =+ SD [34].

2.8. Induction of OM by 5-FU and Experimental Groups of Hamsters

This research was approved by the Ethics Committee on the Use of Animals of the
Federal University of Rio Grande do Norte (CEUA-UFRN), permit number 002001/2017.
The experimental OM model was induced in golden Syrian hamsters (Mesocricetus aura-
tus) males weighing 180 g. They were maintained with rations, water ad libitum, at a
temperature of 22 £ 2 °C, and a light/dark cycle of 12 h [15,36]. OM was induced by
two intraperitoneal (i.p.) injections of 5-FU (Fauldfluor®, Libbs pharmaceutical Ltd.a, Sao
Paulo, Brazil) at doses of 60 mg/kg and 40 mg/kg, on the first and second day, respectively,
followed by mechanical trauma (MT) on day 4, based on a previously described experimen-
tal oral mucositis model [37]. The mechanical trauma was performed under anesthesia [2%
xylazine hydrochloride (10 mg/kg, i.p.; Xilazin, Syntec of Brazil Ltd.a, Sao Paulo, Brazil)
and 10% ketamine hydrochloride (80 mg/kg, i.p.; Cetamin, Syntec of Brazil Ltd.a, Sao
Paulo, Brazil)] using a sterile 25 x 7 mm needle to superficially scratch the mucosa of the
right cheek pouch to potentiate oral mucositis. The hamsters were euthanized with 2%
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thiopental (100 mg/kg, i.p.) (Thiopentax, CRISTALIA- Pharmaceutical Chemicals Ltd.a,
Sao Paulo, Brazil) on the 10th day of the experimental model [5].

The treated groups were divided into 3 subgroups that differ only in the concentration
of dexamethasone (DEX) encapsulated in PLGA NPs (0.1, 0.5, or 1 mg/kg). These groups
(PLGA-DEX) were subjected to OM by 5-FU and mechanical trauma [38] and received the
administration of PLGA-DEX NPs (0.1, 0.5, or 1 mg/kg; i.p.) once a day, for 10 days, 60 min
before the 5-FU administration, on the 1st and second days. The control animals were
divided into 3 control subgroups: a group of healthy hamsters, not subjected to OM, that
received no treatment (normal); a group of animals that received only mechanical trauma
and daily i.p. injections of 0.4 mL of purified water (trauma) and hamsters that received
5-FU, mechanical trauma and daily i.p. injections of purified water (5-FU).

The animals were euthanized on the 10th day of the experimental model, and the
cheek pouches were photographed, subjected to macroscopic analysis and harvested for
the following analyses: histopathological, immunohistochemistry, cytokines, measurement
of malonaldehyde (MDA), and real-time quantitative polymerase chain reaction (QRT-PCR)
considering at least five samples per group.

2.9. Macroscopic and Histopathological Analysis of Oral Mucosa

On the 10th day, the oral mucosa was exposed and evaluated in a single-blinded
fashion and graded as follows: Score 0: completely healthy mucosa, without erosion or
vasodilation. Score 1: the presence of erythema, with no evidence of mucosal erosion. Score
2: severe erythema, vasodilation, and superficial erosion. Score 3: formation of ulcers on
one or more faces, affecting no more than 25% of the mucosal surface area, severe erythema,
and vasodilation. Score 4: cumulative ulcer formation, reaching approximately 50% of the
mucosal surface area. Score 5: complete ulceration, making it impossible to expose the
mucosa [16,39].

For histopathological analysis, the oral mucosa was fixed in a 10% formaldehyde
buffered solution. The paraffin blocks with tissue were cut into 5 um-thick sections for
hematoxylin—eosin staining (H&E) and examined by light microscopy 40 x (Nikon E200
LED, Nikon Corporation, Tokyo, Japan) and then scanned with Pannoramic MIDI II scanner
(3DHISTECH Ltd., Budapest, Hungary); images were obtained using the Pannoramic
Viewer software (3DHISTECH Ltd., Budapest, Hungary). Each specimen was classified
into scores. Score 1: normal epithelium, connective tissue without vasodilation, absence or
slight cellular infiltration, absence of hemorrhagic areas, ulcerations, or abscesses. Score
2: areas with mild vasodilation or reepithelialization, mild inflammatory infiltration with
mononuclear prevalence, absence of hemorrhagic areas, edema, ulcerations, or abscesses.
Score 3: moderate vasodilation, areas of epithelial degeneration, inflammatory infiltration
with the prevalence of neutrophils, presence of hemorrhagic areas, edema and eventual
ulceration, and absence of abscesses. Score 4: severe vasodilation and inflammatory
infiltrate with the presence of neutrophils [40,41].

2.10. Determination of Cytokine and Malonaldehyde Levels

Cytokine quantification was developed using the enzyme-linked immunosorbent
assay (ELISA) with an R&D Systems kit (Minneapolis, MN, USA) [42]. Initially, the primary
antibodies were incubated in Nunc-type microplates for 16 h at 4 °C. The next day, the
biological samples were homogenized with phosphate buffer. The plates incubated the
previous day were washed with tween-20 to block the wells of these plates with bovine
serum albumin. After resting and washing, the plates were incubated with the samples
for 2 h at 4 °C. Then, tween-20 was used; the detection antibodies were added for tumor
necrosis factor-alpha (TNF-o) (detection range: 62.5-4000 pg/mL; sensitivity: 50 ng/mL of
recombinant rat TNF-«), and interleukin 1 beta (range of detection: 62.5 to 4000 pg/mL;
sensitivity: 12.5 ng/mL of recombinant rat IL-13) and the plates remained at rest under the
same conditions as in the previous step. Streptavidin (tetramethylbenzidine and hydrogen
peroxide) was then added to the plate wells, followed by the stop solution. Finally, the



Pharmaceutics 2021, 13, 53

6 of 18

plates were read at 490 nm using an ELISA plate reader Polaris (Celer, Belo Horizonte,
Brazil) [5].

The MDA content was quantified [14]. Samples of the oral mucosa were homogenized
with Tris-HCI buffer 1:5 (w/v) at 4 °C and centrifuged at 2500x g and 4 °C for 10 min. Ho-
mogenate supernatants were used to determine the concentration of MDA. The absorbance
of each sample was measured at 586 nm. The results are expressed in nanomoles of MDA
per gram of tissue.

2.11. Immunohistochemical Analysis

Immunohistochemistry was developed using the standardized method of streptavidin-
biotin-peroxidase. Thin sections of mucosal tissue (3 um) were obtained with a microtome
and transferred to silanized slides Star Frost Advanced Adhesive (Knittel, Braunschweig,
Germany) that were dewaxed and rehydrated with subsequent antigenic recovery by
proteinase K. To block endogenous peroxidase, hydrogen peroxide was used, and sections
were incubated with primary antibodies (Santa Cruz Biotechnology, INTERPRISE, Paulinia,
Brazil) for COX2 (1:400), TGFf (1:400), and NF-kf (1:400); after 18 h at 4 °C, the excess of
the primary antibody was removed. The secondary antibody was added (Biocare Medical,
Concord, CA, USA) at 25 °C, followed by the horseradish peroxidase conjugate (Biocare
Medical, Concord, CA, USA). Immunoreactivity to the various proteins was visualized with
a colorimetric-based detection kit following the protocol provided by the manufacturer
(TrekAvidin-HRP Label, Biocare Medical, Concord, CA, USA) [5]. Negative control sections
were simultaneously processed as described above, but the primary antibody was replaced
with antibody diluent, and none showed COX2, TGFf or NF-kf3 immunoreactivity.

The specimens were evaluated by optical planimetry microscopy (Nikon E200 LED,
Nikon Corporation, Tokyo, Japan) with a high-power objective lens 40x [5]. The intensity
of the immunostaining was categorized as mild or intense by two examiners in a double-
blind mode and classified into scores. Score 1: the absence of positive cells (0%). Score
2: a small number of positive cells or isolated cells (<10%). Score 3: moderate number of
positive cells (11-50%). Score 4: a large number of positive cells (>50%) [5,41].

2.12. Real-Time Quantitative Polymerase Chain Reaction

In the qRT-PCR, the homogenate was prepared from oral mucosa samples using the
Trizol reagent (Life Technologies, Carlsbad, CA, USA) to extract nucleic acids. RNA was
isolated from DNA using the SV total RNA isolation system kit (Promega, Madison, WI,
USA), and NanoDrop equipment (Thermo Scientific NanoDrop Products, Wilmington,
DE, USA) was used to determine the level and purity of the RNA present in the extracted
volume (Desjardins and Conklin, 2010). The mRNA was converted into complementary
deoxyribonucleic acid (cDNA) using reverse transcriptase (high-capacity cDNA reverse
transcription kit, Foster City, CA, USA) and the following thermal cycle schedule: 10 min
at 25 °C; 120 min at 37 °C; 5 min at 85 °C and o 4 °C. A final volume of 20 uL of cDNA
was obtained. Primer Express™ software version 3.0.1 (Applied Biosystems, Foster City,
CA, USA) was used to design the primers used in this analysis (Table 1).

Table 1. Primer sequences designed in Primers Express™ for qRT-PCR.

Gene/Species Forward Sequence Reverse Sequence
GADPH
. GACTCA TGA CCA CAGTCC ATGC AGA GGC AGG GAT GAT GTT CTG
Mesocricetus auratus

CILZ CCG GCA ACC CGA ATC A TGA TAG ACC GCC ACC TCC AT
Rattus norvegicus

MKP1 . CCT GTA CCT GGG AGTGCTT CCCAAGGCGTCGAGCATAT
Rattus norvegicus

NE-«B p65

Mesocricetus auratus

GAA GAA GCG AGACCTGGAGCA A  GTTGAT GGT GCT GAGGGATGCT
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The reaction for quantification of mRNA expression in real time was performed in a
96-well plate using the reverse (R) and forward (F) primers, cDNA, 5 pL. Power up SYBR
Green Master Mix, free nuclease water, and 2 uL cDNA. The run was developed on the
Step One Plus™ Real-Time PCR system thermocycler (Applied Biosystems, Foster City,
CA, USA) following the temperature cycle of 95 °C for 20 s, followed by 40 cycles of 3 s at
95 °C, and 40 cycles of 30 s at 58 °C. The specificity of the PCR products was confirmed
by the melting curves. The comparative cycle threshold (Ct) was applied to determine
the expression of the genes, with Ct being the number of cycles necessary to observe the
first fluorescence signal that exceeds the threshold (baseline), representing the beginning
of the exponential amplification of the genetic material. This method analyzes the gene
expression of the sample in the control (normal group) using the Ct values. The expression
data were standardized using the reference gene GADPH in the formula 2~44Ct [43,44].

3. Results
3.1. Determination of Particle Size, Zeta Potential, and Encapsulation Efficiency of
PLGA-DEX NPs

The NPs were prepared by the emulsification-solvent evaporation method, using a
concentration of 0.5% PLGA and 0.5% PVA to the solvent dichloromethane: acetone 25:75
(v/v). Drug-free NPs and NPs with different drug and copolymer ratios (DEX: PLGA 1:20,
1:10, and 1:2.5) were prepared.

The results showed the formation of small particles (207.1 + 1.0 nm to 317.2 4+ 4.7 nm),
with desirable values of zeta potential (—2.3 & 2.1 mV to —19.3 £+ 0.2 mV) and PDI
(0.190 £ 0.39 nm to 0.394 £ 0.53 nm). The highest drug encapsulation efficiency was
approximately 65%, observed for formulations containing a 1:10 and 1:2.5 DEX: PLGA
weight ratio. These formulations resulted in a drug-loaded of approximately 0.67% and
0.87%, respectively, which corresponds to a final drug concentration of 250 pg/mL and
1 mg/mL, respectively (Table 2).

Table 2. Diameter, polydispersity index (PDI), zeta potential (PZ), encapsulation efficiency (EE), and drug-loading (DL) in
the analysis of PLGA and PLGA-DEX NPs.

Nanoparticle

i Diameter (nm) + SD PDI +£SD PZ (mV) + SD EE(%) £SD DL (%) & SD
PLGA NPs 2071+ 1.0 0.263 + 021 23421 - -
PLGAI'BFSX NPs 2100 + 438 0.394 + 0.53 ~193 402 64.9 + 0.6 0.87 + 05
PLGA;?EX NPs 2133 + 3.9 0.190 + 0.39 148405 644 + 0.4 0.67 + 0.2
PLGAEEX NPs 3175 £47 0.345 £ 3.2 —83421 104 426 7.17 +32

Notes: nm (nanometer), standard deviation (SD), millivolt (mV).

3.2. Atomic Force Microscopy

AFM images (Figure 1) show the morphological aspects of the shape and surface of
the particles. In the 2D images, drug-free PLGA NPs (Figure 1A) and DEX-loaded PLGA
NPs (Figure 1B) were observed. The addition of DEX to PLGA NPs did not change the
shape of the NPs, which remained spherical.
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Figure 1. Atomic force microscopy (AFM)—2D images—200 nm scale. (A) The nanoparticle of poly(D,
Lactic-co-glycolic) nanoparticles (PLGA NP). (B) dexamethasone-loaded poly (D, Lactic-co-glycolic)
nanoparticles (PLGA-DEX NP). (C) In vitro release profile of dexamethasone free in solution (DEX)
and PLGA-DEX NP. (D) Physical stability of PLGA NP and PLGA-DEX NP for 5 weeks.

According to the in vitro release profile, DEX in PLGA NPs presented a release rate
of approximately 42% (PLGA-DEX NPs), featuring a slow, sustainable, prolonged-release
profile with the capacity to release DEX for up to 600 min. In contrast, the release of free
(isolated) DEX showed a release rate close to 100% in just 120 min, followed by decay,
demonstrating a rapid release profile (Figure 1C).

The diameter of PLGA NPs without DEX remained below 220 nm. The size of the NPs
containing DEX for all systems was approximately 220 nm, which is close to the values
found by DLS (Figure 1D).

3.3. Macroscopic and Histopathological Analysis of OM

Macroscopic and histopathological analyses of the oral mucosa of the normal group
(score 0—Figure 2, Table 3); (score 1—Figure 3, Table 4) showed absence of erosion, va-
sodilation, ulcerations, or abscesses in the connective tissue, or characteristics compatible
with healthy mucosa. In the trauma group (score 1—Figure 2, Table 3); (score 2—Figure 3,
Table 4), areas with mild vasodilation, mild inflammatory infiltration, and absence of ulcers
were observed. The statistical analysis showed differences between the normal and trauma
animals compared to the 5-FU-treated group (Tables 3 and 4). The 5-FU-treated animals
(score 4—Figure 2, Table 3) presented cumulative ulcer formation, making it impossible
to expose the mucosa for macroscopic analysis. While in the histopathological aspect
(score 4—Figure 3, Table 4), they showed severe vasodilation, intense inflammatory infil-
trates, abscesses, and ulcers. The group treated with PLGA-DEX NPs 0.1 mg/kg (score
1—Figure 2, Table 3); (score 2—Figure 3, Table 4) displayed areas with slight vasodilation or
reepithelization, mild inflammatory infiltration, and absence of edema, bleeding, and ulcer-
ations. Animals administered doses of 0.5 or 1 mg/kg of PLGA-DEX NPs (Figures 2 and 3,
Tables 3 and 4) presented epithelium similar to those of 5-FU-treated animals.
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Figure 2. Macroscopic images from hamster oral mucosa with oral mucositis (OM) induced by 5-fluorouracil (5-FU)
and mechanical trauma (MT), treated with PLGA-DEX NPs. (A) Normal group: animals not subjected to induction of
OM received daily administrations of purified water i.p. (B) Trauma group: animals subjected to MT only, without OM
inductions, received purified water i.p. daily. (C) Group 5-FU: animals with OM induced by 5-FU and MT received purified
water i.p. daily. PLGA-DEX NP groups (D) 0.1 mg/kg, (E) 0.5 mg/kg, (F) 1 mg/kg: animals with OM treated with daily
administrations of PLGA-DEX NPs i.p. at the dose specified for each of the three groups.

Table 3. Macroscopic scores from hamster oral mucosa with OM induced by 5-FU and MT. Scores
are represented as medians (n = 5). * p < 0.05; *** p < 0.001, vs. group 5-FU (Kruskal-Wallis test and
Dunn’s multiple comparison test).

Experimental Groups Macroscopic Analysis Scores
Normal 0 (0-0) ***
Trauma 1(0-2)*
5-FU 4 (4-5)
PLGA-DEX 0.1 mg/kg 1(1-2)*
PLGA-DEX 0.5 mg/kg 4 (4-5)

PLGA-DEX 1 mg/kg 4 (3-4)
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Figure 3. Histopathological examination of the hamster oral mucosa. OM was induced by 5-FU and MT, treated with
PLGA-DEX NPs. (A) Normal group: animals without histopathological changes in oral mucosa. (B) Trauma group: animals
subjected to the induction of excoriations in the oral mucosa, without OM; there are blood vessels (triangle) and a small
region of inflammatory infiltrate (an asterisk) dispersed in the conjunctive. (C) Group 5-FU: animals with untreated OM,
characterized by the presence of ulcers (star), intense inflammatory infiltrate (three asterisks), and hemorrhagic foci (arrow)
dispersed throughout the region. PLGA-DEX groups (D) 0.1 mg/kg, (E) 0.5 mg/kg, (F) 1 mg/kg: animals with OM treated
with DEX-loaded PLGA NPs. The groups treated with PLGA-DEX NPs 0.5 and 1 mg/kg presented intense inflammatory
infiltrate (three asterisk) and ulcers (star). The group treated with PLGA-DEX NPs 0.1 mg/kg presented a reduction in
inflammation, marked by a decrease in inflammatory infiltrate (an asterisk).

Table 4. Histopathological scores from hamster oral mucosa with OM induced by 5-FU and MT.
Scores are represented as medians (1 = 5). * p < 0.05; ** p < 0.01 vs. group 5-FU (Kruskal-Wallis test
and Dunn’s multiple comparison test).

Experimental Groups Histopathological Analysis Scores
Normal 1(1-1)**
Trauma 2(1-2)*
5-FU 4(44)
PLGA-DEX 0.1 mg/kg 2(1-2)*
PLGA-DEX 0.5 mg/kg 3(2-3)
PLGA-DEX 1 mg/kg 4 (3-4)

3.4. Determination of Cytokine and Malonaldehyde Levels

MDA (Figure 4A) was elevated in the 5-FU group, compared to the normal and trauma
groups. Comparison of the 5-FU group with the PLGA-DEX NPs 0.1 mg/kg and 0.5 mg/kg
group showed a statistical difference, (*** p < 0.001; ** p < 0.01).
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Figure 4. Malonaldehyde (MDA) and cytokine quantifications in the hamster oral mucosa to evaluate the therapeutic
outcome of PLGA-DEX NPs in OM induced by 5-FU. (A) MDA. (B) IL-13. (C) TNF-o. Normal group: animals with healthy
oral mucosa. Trauma group: animals subjected only to excoriations in the oral mucosa, but they do not present OM. Group
5-FU: animals with untreated OM only received purified water, i.p. The PLGA-DEX NPs groups (0.1; 0.5 or 1 mg/kg)
received 5-FU and were subjected to MT with consequent OM induction, which was treated with PLGA-DEX NP i.p. in the
dose corresponding to the group to which they belonged. The results are presented as the mean =+ standard error (n = 5).
*p <0.05 * p <0.01, ** p < 0.001 (ANOVA with Tukey’s posttest).

The concentration of IL-13 (Figure 4B) was higher in the 5-FU group than in the
groups without OM (normal and trauma groups). The animals treated with PLGA-DEX
NPs, 0.1 mg/kg, showed a significant reduction in IL-1p3. TNF-« (Figure 4C) was at similar
levels in the normal, trauma, and PLGA-DEX 0.1 mg/kg groups, showing statistically
lower values than the 5-FU group (** p < 0.01; * p < 0.05).

3.5. Immunohistochemistry for NF-xB, TGF, and COX-2

The 5-FU group showed higher immunostaining (score 3) for nuclear factor kappa
B (NF-kB) than the normal animals (score 1) and the group treated with PLGA-DEX
0.1 mg/kg (score 1.5), whose reduction in immunostaining was observed (* p < 0.05 Vs.
5-FU group). The 5-FU animals showed more intense labeling for transforming growth
factor-beta (TGF-f3) (score 3), while the PLGA-DEX group presented intermediate values
(score 1.5) (* p < 0.05 vs. 5-FU group), and the lowest score was observed in the normal
group (score 1). Statistical differences were found between the groups for the expression
of COX-2; the 5-FU group showed the greater intensity of marking (score 4) compared to
the groups PLGA-DEX NPs 0.1 mg/kg (score 2) (* p < 0.05 vs. 5-FU group) and normal
(score 1) (Figure 5).
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Figure 5. Immunoexpression photomicrographs of NF-«B, TGF-f3, and COX-2 in the normal, 5-FU, and PLGA-DEX
0.1 mg/kg groups. The immunostaining of these proteins was greater in the 5-FU group, while the normal and PLGA-DEX
NPs groups exhibited low expression, bars indicating 100 um. Expression scores for NF-«B, TGF-f3, and COX-2 with a 95%
confidence interval. * p < 0.05; ** p < 0.01 (Kruskal-Wallis test, followed by Dunn’s test for post hoc comparisons).

3.6. Quantification of Gene Expression by Real-Time Quantitative Polymerase Chain Reaction for
NF-xB, MKP 1, and GILZ

Treatment of OM with PLGA-DEX NPs 0.1 mg/kg reduced mRNA expression of
NEF-«kB compared to the 5-FU group, showing an expression close to that of the normal
group. PLGA-DEX 0.5 mg/kg or 1 mg/kg treated groups did not show a significant
reduction in NF-«kB compared to animals that received only 5-FU (Figure 6A). The PLGA-
DEX 0.1 mg/kg treated group showed increased gene expression of mitogen-activated
protein kinase phosphatase 1 (MKP1) (Figure 6B) and the glucocorticoid-induced leucine
zipper (GILZ) (Figure 6C), compared to the 5-FU group. Animals treated with NP at a dose
of 0.5 mg/kg or 1 mg/kg did not show an increase in the concentration of MKP1 or GILZ
mRNA, compared to the 5-FU group (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 6. (A) g-RT PCR for NF-kB p65, (B) glucocorticoid-induced leucine zipper (GILZ), (C) MAPK phosphatase 1 (MKP1).
5-FU increased the expression of the NF-kB p65 genes and decreased the gene expression of GILZ and MKP1, compared to

the normal group. The animals in the PLGA-DEX group 0.1 mg/kg showed increased GILZ and MKP1 gene expression as
well as reduced expression of the NF-«B p65 gene, compared to the 5-FU group (1 = 5; * p < 0.05, ** p < 0.01, *** p < 0.001)
(ANOVA followed by Tukey’s posttest).

4. Discussion

In this study, 5-FU induced OM in hamsters, as evidenced in macroscopic analyses
by the cumulative formation of ulcers and in the histopathological examination, which
showed intense vasodilation with intense inflammatory infiltrate, abscesses and ulcers.
5-FU is a chemotherapy drug that alters cell function, interfering with DNA synthesis
and, to a lesser extent, inhibiting the formation of RNA. The main cytotoxic activity of
5-FU is induced by the metabolite fluorodeoxyuridine monophosphate, which interacts
with the enzyme thymidylate synthase to block the formation of thymidine triphosphate;
this impairs cell growth since thymidine triphosphate is a precursor for DNA molecular
synthesis [44]. The treatment with PLGA-DEX 0.1 mg/kg prevented the inflammatory
alterations at day 10 when compared with the non-treated group subjected to OM, the 5-FU
control group. It should be noted that PLGA-DEX 0.1 mg/kg prevented injuries induced
by 5-FU and did not improve healing since the 10th day of the experiment corresponds to
maximum mucositis in hamsters [12,16].

In a previous study, we showed that free (isolated) DEX, at a dose of 1 mg/kg, had an
anti-inflammatory and protective effect on OM induced by 5-FU in hamsters [44]. In the
present study, DEX (0.1 mg/kg) encapsulated in PLGA NPs also reduced inflammatory
alterations induced by chemotherapy. The oral mucous membranes of these animals treated
with PLGA-DEX NPs 0.1 mg/kg showed areas with slight vasodilation, reepithelialization,
mild inflammatory infiltration, absence of edema, hemorrhages, and ulcerations. Therefore,
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these animals demonstrated a significant reduction in mucosal damage compared to the
untreated animals (5-FU group). We observed better therapeutic efficacy in animals treated
with PLGA-DEX NPs 0.1 mg/kg, which is a concentration 10 times lower than that used
in the work of Ribeiro et al. (2017). DEX is a potent anti-inflammatory agent; however,
the occurrence of numerous adverse effects related to the dose and duration of therapy
can limit the beneficial results for the patient [45]. Therefore, the incorporation of DEX
into PLGA NPs, as demonstrated in this study, has the advantage of allowing therapeutic
optimization with lower doses of the glucocorticoid.

The in vitro release profile of free (isolated) DEX demonstrated percentage release of
close to 100% in the first 120 min after the start of the test; however, after encapsulation
in PLGA NPs, the release rate became slower, remaining controlled for at least 600 min.
In a study on functional polymeric NPs for modified DEX release, the release rate of the
systems ranged between 2% and 25% [46]. This characteristic suggests that copolymers
such as PLGA are suitable for adapting the release of hydrophobic drugs trapped in the
polymeric matrix [47]. Corroborating our results, the authors demonstrated that PLGA
NPs, loaded with the test substance docetaxel, provide a controlled release profile of the
drug since the PLGA polymer needs to be degraded for the diffusion of docetaxel from the
NP matrix into the biological environment [48].

In our study, the emulsification solvent evaporation method used for the synthesis
of PLGA-DEX NPs gave rise to small particles with desirable zeta potential values. The
best results were obtained with diameter particles smaller than 220 nm, which is ideal for
cell adsorption [49]. A study on DEX-loaded PLGA NPs used in a human placental model
in vitro showed particle sizes of 298 nm, which were larger than those in our study [50].
Previous work has shown that PLGA NPs with a diameter between 100 and 500 nm, can
be used to target drugs to specific targets, such as tumors [48,51,52]. NPs with sizes less
than 500 nm are hardly phagocytized, while those with sizes greater than 100 nm hinder
immune sensitization mechanisms [48].

The zeta potential reflects the surface charge of the particles. PLGA, used as the main
polymer dispersed in the organic phase, gave us a negative zeta potential in all our results.
This can be explained by considering the nonionic nature of the polymer [53]. The highest
drug-loading efficiency was observed in the formulation containing DEX:PLGA in the 1:10
and 1:2.5 weight ratios, with an efficiency of around 65%. A study on the anti-inflammatory
activity of poly (lactic acid) (PLA) NPs containing DEX showed an encapsulation efficiency
of 66%, a value like that presented in our study [54]. In another study on the encapsulation
of DEX in PLGA NPs, the authors used a polymer composition similar to that of our
system and the same ratio of organic solvents in the synthetic process. However, the
result of the encapsulation efficiency was only 3%, with a final DEX concentration of
125 pug/mL. The encapsulation efficiency of our system was much higher, close to 65%,
with DEX concentrations of 250 pg/mL and 1 mg/mL. This was better than that reported by
Gomez-Gete et al. (2007), proving the effectiveness of the synthetic method developed in
our research [55]. The comparison of drug-free PLGA NPs images with DEX-loaded PLGA
NPs confirmed that the drug load did not affect the shape of the NPs, which remained
spherical with a smooth surface. It was previously reported that spherical particles with a
uniform size distribution show improved drug release kinetics [56,57].

The use of nanoparticulate therapeutic systems can improve the effectiveness of
treatments. Since drug-NP conjugates have a diameter between 50 and 800 nm, these fail
to pass through the vessels of healthy regions of the body, which have a space between
the cells of 15-30 nm [44]. On the contrary, the retention of nanoparticulate formulations
becomes favorable in inflamed tissues since there is edema, and consequently, greater space
between cells, increasing the probability of localized anti-inflammatory effects [30,31].
The preferential accumulation of nanoparticles by specific sites is explained by the effect
of retention and permeability (EPR) [58]. In this study, the best results were found in
animals treated with PLGA-DEX NPs 0.1 mg/kg, compared to the higher doses (PLGA-
DEX NPs 0.5 mg/kg or PLGA-DEX NPs 1 mg/kg). Larger doses of the drug associated
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with the PLGA nanoparticle formulation requires an administration of a higher amount of
formulation in a short volume of a colloidal dispersion to supply larger doses of the drug.
Thus, the accumulation of hydrophobic nanoparticles in a specific site of administration
could be expected, reducing the drug diffusion and, consequently, its bioavailability [28,59].
These concepts can explain the results found in the present study, which is not necessarily
dose-dependent.

The 5-FU induced the formation of ROS, which activates the nuclear factor kappa beta
(NF-«B) signaling pathway that is an essential element for the pathophysiology of OM.
NF-«B positively regulates the expression of TNF-a and IL-1f3, proinflammatory cytokines
involved in the amplification of mucositis signals. In addition, NF-kB promotes activation
of COX-2 and TGF-f3 pathways [59,60].

Our data show that PLGA-DEX NPs 0.1 mg/kg prevented the lesions in the oral
mucosa induced by 5-FU, reinforced by a significant reduction of the inflammatory mark-
ers involved in its pathophysiology, such as NF-kB, COX-2, TGF-3, proinflammatory
cytokines (IL-1p, TNF-«), and MDA. In addition, it was observed a significant increase
in the expression of the GILZ gene in the PLGA-DEX NPs 0.1 mg/kg group, compared
to the 5-FU group. GILZ is considered a resolution marker of the inflammatory process
because it inhibits NF-«B [31]. Corroborating with our findings, it was demonstrated
that the anti-inflammatory activity of DEX is associated with inhibition of COX-2 and
NEF-«kB expression [18]. Srinivasan and colleagues have shown that GC enhances GILZ
expression [31]. DEX interacts with the glucocorticoid receptor, which is expressed in the
cell cytoplasm [61]. The drug-receptor complex migrates to the cell nucleus to bind to the
glucocorticoid response elements present in the promoter region of target genes, increasing
or suppressing gene expression [62].

The experimental data show reduced mRNA expression of MKP1 in the 5-FU group.
The animals treated with PLGA-DEX NPs 0.1 mg/kg showed increased MKP1 mRNA ex-
pression. MKP1 inhibits TNF-«, an essential factor involved in the amplification of the oral
mucosa damage induced by 5-FU [63,64]. TNF-« has a direct impact on mucosal cells and
plays an indirect role in activating signaling pathways that reinforce OM signals, leading
to tissue damage, including ceramide, caspase, and NF-kB pathway amplification [65,66].
Thus, the increase in MKP1 and GILZ gene expression by DEX resulted in therapeutic
benefits since it blocked the main proinflammatory cytokine signaling pathway involved
in the pathophysiology of OM [44].

In the present investigation, we demonstrated that DEX-loaded PLGA nanoparticles
were able to prevent clinical signs of oral mucositis induced by the 5-FU chemotherapy.
Our data suggest that the controlled release of dexamethasone from PLGA nanoparticles is
an efficient strategy to reduce the required dosage, as it showed the same effectiveness as a
10-fold lower dose of free dexamethasone.
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