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Abstract: Reactive oxygen species (ROS) are highly reactive molecules generated in living organisms
and an excessive production of ROS culminates in oxidative stress and cellular damage. Notably,
oxidative stress plays a critical role in the pathogenesis of a number of oral mucosal diseases, including
oral mucositis, which remains one of cancer treatments’ most common side effects. We have shown
previously that oral keratinocytes are remarkably sensitive to oxidative stress, and this may hinder the
development and reproducibility of epithelial cell-based models of oral disease. Here, we examined
the oxidative stress signatures that parallel oral toxicity by reproducing the initial events taking
place during cancer treatment-induced oral mucositis. We used three oral epithelial cell lines (an
immortalized normal human oral keratinocyte cell line, OKF6, and malignant oral keratinocytes, H357
and H400), as well as a mouse model of mucositis. The cells were subjected to increasing oxidative
stress by incubation with hydrogen peroxide (H,O;) at concentrations of 100 uM up to 1200 uM, for
up to 24 h, and ROS production and real-time kinetics of oxidative stress were investigated using
fluorescent dye-based probes. Cell viability was assessed using a trypan blue exclusion assay, a
fluorescence-based live-dead assay, and a fluorometric cytotoxicity assay (FCA), while morphological
changes were analyzed by means of a phase-contrast inverted microscope. Static and dynamic
real-time detection of the redox changes in keratinocytes showed a time-dependent increase of ROS
production during oxidative stress-induced epithelial injury. The survival rates of oral epithelial
cells were significantly affected after exposure to oxidative stress in a dose- and cell line-dependent
manner. Values of TC50 of 800 pM, 800 uM, and 400 uM were reported for H400 cells (54.21 & 9.04,
p < 0.01), H357 cells (53.48 £ 4.01, p < 0.01), and OKF6 cells (48.64 & 3.09, p < 0.01), respectively.
Oxidative stress markers (MPO and MDA) were also significantly increased in oral tissues in our dual
mouse model of chemotherapy-induced mucositis. In summary, we characterized and validated an
oxidative stress model in human oral keratinocytes and identified optimal experimental conditions
for the study of oxidative stress-induced oral epithelial toxicity.
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1. Introduction

Chemotherapy and radiotherapy are highly effective treatments for cancer. However,
these treatments can also damage healthy tissues [1-5]. Oral mucositis (OM) is a patho-
logical condition characterized clinically by erythema, ulceration and pseudomembrane
formation of the oral mucosa, resulting in severe function-altering pain and discomfort
that can affect the patient’s nutritional intake and oral hygiene. This condition can worsen
in severity up to the point where patients are not able to comply with routine daily oral
care [6-8]. Despite its severity, frequency, and economic impact, to date, there is no sin-
gle intervention that effectively prevents or treats OM and most of the current standard
therapies for mucositis are predominantly palliative [9,10].
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Identifying innovative strategies to treat OM cannot disregard the pathogenic mech-
anisms underlying the development of this condition [11,12]. It is now thought that
mucositis is determined by a sequence of several biological and cellular events that arise in
the cells and tissues of the submucosa (endothelium and connective tissue) and culminate
in damage and breakdown of the epithelial barrier, resulting in the development of mucosal
ulcers [13]. The first step in this cascade of events is the generation of reactive oxygen
species (ROS) [13]. At a molecular level, chemotherapy and radiotherapy-induced mucosal
injuries are associated with the production of ROS at early pre-clinical stages and sequential
activation of oxidative stress pathways [14,15]. Importantly, recent studies suggest that
targeting epithelial cells is a promising strategy to treat antineoplastic treatment-induced
mucosal injury [16].

It has been shown that excessive production of ROS, such as hydrogen peroxide,
superoxide, and hydroxyl radicals, plays an essential role in cell damage and loss of
function in many tissues and organs [17]. Hydrogen peroxide (H,O,) is a highly reactive
compound that induces cellular injury. The HyO;-induced oxidant model has been widely
used to study the response of cells to oxidative stress [18]. Oxidative stress is one of the
main causative factors for the induction of cell apoptosis [19]. Incubation of cells with
potentially harmful molecules, such as H,O,, induce sub-cytotoxic stress and bring the
cells into a senescence-like state, termed stress-induced premature senescence [20-22].
This process, however, is cell type-dependent and we have shown previously that ROS
have distinctive effects in oral keratinocytes and fibroblasts [22]. Specifically, oxidative
stress in fibroblasts induces cellular senescence and this, in turn, leads to the production
of ROS. Oral keratinocytes are more sensitive to oxidative stress and undergo cell death
in the presence of potent pro-oxidant stimuli, which clinically translates into the mucosal
ulceration seen in OM [22]. This remarkable sensitivity of oral keratinocytes to oxidative
stress may, therefore, hinder the development of epithelial cell-based models of OM.

Several in vitro models of the oral mucosal barrier have recently been developed,
wherein the effects of either chemotherapy agents or ionizing radiation on oral keratinocyte
viability and proliferation were examined, to optimize the mucositis-associated epithelial
changes observed in vivo [23-28]. Although these models are two dimensional (2D) and
do not accurately represent what occurs in situ, where the cells live in three dimensions,
monolayer cultures of oral keratinocytes have been widely used to mimic specific parts of
the oral mucosal epithelial barrier [23,29].

Taking into account the pro-oxidant mechanisms involved in the pathogenesis of oral
mucositis, it seems clear that new research models of oxidative stress-induced mucositis, in
which the new therapeutic interventions can be tested in oral mucosal cells, are needed.
Several attempts to characterize oxidative stress using in vitro models of oral mucosal
inflammation have been conducted recently [22,30-34]. In particular, it is essential to
establish a dose-response curve of the effects of ROS in oral keratinocytes. Therefore, the
aim of the present study was to establish an in vitro model of oxidative stress-induced oral
mucosal toxicity, using hydrogen peroxide and monolayer cultures of oral keratinocytes to
simulate what is thought to occur in oral mucositis.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

To establish an in vitro model of oxidative stress-induced oral mucosal toxicity with
hydrogen peroxide, we used three adherent monolayer cultures of oral keratinocytes
(OSCC cell lines H400 and H357, and immortalized normal human oral keratinocytes,
OKEF6). The cell lines, H400 [35], a human oral alveolar squamous cell carcinoma cell
line (Cat#06092006), and H357 [35], a human tongue squamous cell carcinoma cell line
(Cat#06092004), were purchased from Sigma-Aldrich, Castle Hill, NSW, Australia. We
used the human oral-derived squamous cell carcinoma cell line in our model because the
cells are easy to culture and the results have high reproducibility, in analogy with the
existing oral mucosa models [23]. The OKF6 [36], immortalized normal human floor of
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the mouth keratinocyte, was kindly provided by the Oral Health Cooperative Research
Centre (OHCRC), The University of Melbourne, Australia. The choice of this cell line
was based on work from previous research, which showed that the OKF6/TERT cells
are a valuable and reproducible model of normal oral epithelial cells, as they resemble
primary oral keratinocytes in studies of cytotoxicity or inducible cytokine and beta-defensin
expression [37-40].

Details of culture conditions for the keratinocyte cell lines have been documented
previously [41-43]. Cells were grown in 100 mm Petri plastic dishes (Corning 430167,
Sigma-Aldrich, Castle Hill, NSW, Australia). The H400 and H357 cell lines were grown
in complete growth medium consisting of Dulbecco’s modified Eagle’s medium (DMEM)
(D5796) and nutrient mixture F-12 Ham (N6658) in a 1:1 ratio (Sigma-Aldrich, Australia),
supplemented with 10% v/v foetal bovine serum (FBS) (SFBS-F, Bovogen, Keilor East, VIC,
Australia), 1% penicillin streptomycin mixture (P4333, Sigma-Aldrich, Castle Hill, NSW,
Australia), and 0.5 g/mL hydrocortisone (HC) (H6909, Sigma-Aldrich, Castle Hill, NSW,
Australia), in a humidified atmosphere at standard conditions (5% CO,, 37 °C). The OKF-6
cells were also cultured in 100 mm Petri plastic dishes (Corning 430167, Corning, NY, USA),
using keratinocyte serum-free medium (K-SFM) (#17005-042, Thermo Fisher Scientific,
Scoresby, VIC, Australia) containing 25 pug/mL bovine pituitary extract and 0.2 ng/mL
human recombinant epidermal growth factor (as per the manufacturer’s instructions),
0.4 mM CaCly, and 1% penicillin streptomycin mixture (P4333, Sigma-Aldrich, Castle Hill,
NSW, Australia), and supplemented with 1% v/v Newborn Calf Serum (NCS) (N4637,
Sigma-Aldrich, Castle Hill, NSW, Australia). The OKF6 cells were grown under the same
standard conditions (humidified atmosphere, 5% CO, at 37 °C). The keratinocyte cells,
when grown to 80% confluency, were, subsequently, detached via a pre-treatment of
10 mM EDTA for 5 min, followed by incubation with 0.25% trypsin in a 1 mM EDTA
solution (T4049, Sigma-Aldrich, Castle Hill, NSW, Australia), for 3 min. The viability of
the keratinocytes was confirmed by trypan blue exclusion (trypan blue dye, 0.4% solution,
1450021, Bio-Rad, Hercules, CA, USA).

2.2. Optimizing Seeding Density of Cells

In preliminary experiments, the optimization of the human oral keratinocyte cell
number for FDA fluorescent assay in 96-well plates was tested in a cell proliferation assay
using monolayer cultures of oral keratinocytes (H400, H357, and OKF6). Briefly, H400,
H357, and OKF6 cells were seeded in 96-well plates at four different seeding densities
(5 x 10%,1 x 10%, 1.5 x 10* and 2 x 10* cells/well). Cells were then incubated overnight
to allow cell adhesion to the plate, and, subsequently, studied over 72 h. The culture
medium was replenished every 24 h. Fluorescent reading was performed and cell pro-
liferation, as a function of fluorescence, was measured every 24 h at four different time
points (day-0, day-1, day-2, and day-3). Data were expressed as mean cell proliferation
attributed to the FDA fluorescent intensity. Seeding density that remained in the expo-
nential phase, from day-0 up until day-3, was chosen as a standardized seeding density
for each cell line. Cell confluence over time was measured by inverted microscopy imag-
ing (FLoid™ Cell Imaging Station, Cat#: 4471136, Life Technologies Australia Pty Ltd.,
Mulgrave, VIC, Australia).

2.3. Induction of Oxidative Stress by HyO, Treatment

A series of preliminary experiments to establish an in vitro oxidative stress-induced
oral mucositis model by using H,O,, a well-known inducer of oxidative stress [18,44],
was performed. The effect of HO, dose and duration, inducing cellular injuries, without
completely compromising cell culture viability were tested in cell-based assays using
monolayer cultures of oral mucosa keratinocytes (H400, H357, and OKF6 cell lines). Briefly,
following overnight incubation after seeding, cells were exposed to oxidative stress for
up to 24 h. Various concentrations of HyO,, ranging between 100 and 1200 uM diluted in
culture media, were tested over the given time points. The initial range of concentrations
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was determined based on existing literature [22,45-47]. At the end of the incubation period
the morphological changes were assessed and photographed with a FLoid cell imaging
system (FLoid™ Cell Imaging Station, Life Technologies Australia) using white light and
20 x magnification. Subsequent to treatment with H,O,, the cells’ viability / proliferation
were measured by using a trypan blue exclusion assay, fluorescence-based live—dead assay,
and fluorometric cytotoxicity assay (FCA) to determine the optimal time and concentration
of HyO, to induce cellular injuries.

2.3.1. Cell Viability and Growth Assay

In a preliminary experimental phase, the effect of different H,O, doses and duration
on cell viability and proliferation were assessed using monolayer H400 cultures. Briefly,
keratinocytes cells were seeded into 6-well plates (1 x 10° cells/well) and grown in a
humidified atmosphere at standard conditions (5% CO;, 37 °C). At 60% confluence, cells
were exposed to increasing concentrations of HyO, (0, 200, 400, and 800 uM) diluted in
1.5 mL of experimental medium and incubated at 37 °C, for up to 24 h. To determine the
H,0O,-mediated cell death, the cell number and cell viability in three-wells of each group
were counted chronologically at 2, 6 and 24 h timepoints, by using a trypan blue exclusion
assay (TC10™ Automated Cell Counter, Bio-Rad, Watford, UK). The viability of control
cells (without treatment) was considered 100%, and H,O,-mediated cell death was assessed
by comparing the viability of treated cells with that of control cells. The ICsy value was
defined as the concentrations of HyO, that inhibited the cell viability of treated cells to 50%
compared to the untreated control. This preliminary study aimed to assess the best time
and the optimal concentration of H,O; to induce cellular injury.

2.3.2. Evaluation of Epithelial Cell Viability Rate with Fluorescence-Based
Live-Dead Assay

The selected HyO, dosage range and duration, as determined by preliminary exper-
iments described above, were further confirmed by assessing the effect of H;O; on cell
viability and proliferation in monolayer H400 cultures. Briefly, cells were incubated for 24 h
with increasing concentrations of H,O, (400, 800, and 1200 uM) by using the fluorescence-
based live-dead assay. At 24 h after H,O, treatment, the H400 cells were labeled with
fluorescein diacetate (FDA) and propidium iodide (PI) stains. Two fluorescent dyes allowed
two-color discrimination of the population of living cells population from the population
of dead cells, following the manufacturer’s instructions. All experiments in this phase were
performed in technical triplicates.

2.3.3. Evaluation of Epithelial Cell Viability Rate with Fluorometric Cytotoxicity
Assay (FCA)

Normal (OKF6) and malignant (H400 and H357) oral keratinocytes were treated
with increasing concentrations of HyO, (100 uM-1200 uM) for up to 24 h. Cell viabil-
ity /proliferation was assessed using a fluorometric cytotoxicity assay (FCA) to determine
the HyO,-mediated cell death. Viability of control cells (without treatment) was considered
100%, and HyO,-mediated cell death was assessed by comparing the viability of treated
cells with that of control cells. The ICs5y value was defined as the concentrations of H,O»,
that inhibited cell viability of treated cells to 50% compared to untreated control. There
were 3-5 replicates used for each group/cell line.

2.4. Determination of Intracellular ROS Production and Kinetics

Intracellular ROS production was measured in OKF6 cells by using the cell-permeant
5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA, Invit-
rogen, Thermo Fisher Scientific, C6827), as per the manufacturer’s instructions. In brief,
1.5 x 10* cells/well were seeded in a dark, clear-bottom 96-well microplate (Sigma-Aldrich)
in complete culture media and incubated overnight under standard conditions (5% CO,,
37 °C). The media were then replaced and the cells were incubated under standard
conditions and allowed to grow until they reached 70-80% confluence. The culture
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medium was then replaced and OKF6 cells were exposed to 5 uM of CM-H,DCFDA
solution prepared in Hanks’ balanced salt solution (HBSS) without phenol red (Sigma-
Aldrich) and incubated for 30 min in the dark in a humidified incubator under standard
conditions. The medium with CM-H;DCFDA was then removed, and the plate was
washed with HBSS before the addition of growth medium with or without H,O, (400
uM) to the wells. CM-H;DCFDA is a chloromethyl derivative of HyDCFDA, and it is
a fluorogenic dye and a useful indicator of hydroxyl, peroxyl, and other ROS activity
within a cell. It is a cell-permeable non-fluorescent probe, and after diffusion into the
cells, CM-H,;DCFDA is deacetylated by cellular esterases to a non-fluorescent compound,
2/,7'-dichlorodihydrofluorescein (CM-H,DCF), which is later oxidized by ROS into 5-(and-
6)-chloromethyl-2’,7'-dichlorofluorescein (CM-DCF), a highly fluorescent compound, stain-
ing the cell cytoplasm with bright green fluorescence [48,49]. To determine a time course
for intracellular ROS generation, the kinetic increases in fluorescence of CM-DCF were
measured at time points 0, 15, 30, and 45 min, and at 30 min intervals thereafter for 6 h at
the respective excitation and emission wavelengths of 485/20 nm and 528/20 nm, using the
Synergy HTX Multi-Mode Reader (Bio-Tek, Shoreline, WA, USA). ROS generation of the
control vehicle was considered (1 unit), and ROS formation was measured as the change in
CM-DCEF fluorescence (-fold increase) relative to the control vehicle.

2.5. Real-Time Quantification of Oxidative Stress in Oral Keratinocytes Using Fluorescent
Dye-Based Redox Probes

In further experiments, the real-time measurement of intracellular ROS production
at a time point of 3 h was performed using the fluorescent dye-based ROS probes CM-
H,DCFDA, as per the manufacturers’” instructions. Intracellular ROS measurement was
based on the procedure reported by Ro et al. [49], with some modifications. In brief, OKF6
cells were seeded in a cell culture-treated 6-well plate (Sigma-Aldrich) at a density of
0.3 x 10° cells/well in complete culture media and incubated in a humidified atmosphere
at standard conditions (5% CO,, 37 °C). The cells were allowed to grow until they reached
70-80% confluence, with the growth medium replenished every 48-72 h. At 80% confluence,
the cells were pre-treated with 400 uM of H,O, and incubated at standard conditions for
4 h. After cell culture treatments, the plate was washed twice with 2 mL/well of PBS, and
the media were replaced and OKF6 cells were incubated with 5 uM of CM-H,DCFDA
solution prepared in Hanks’ balanced salt solution (HBSS) without phenol red (Sigma-
Aldrich) and incubated for 30 min in the dark in a humidified incubator under standard
conditions. After that, the plate was washed twice with 2 mL/well of HBSS, and the cells
were covered with 2 mL/well of HBSS/Ca/Mg and were examined under a FLoidTM
cell imaging station digital inverted microscope (ThermoFisher Scientific, Waltham, MA
USA) using a filter set for fluorescein (FITC) cell imaging (488 nm excitation and 530 nm
emission). The fluorescence intensity excited at 488/530 nm was used as a surrogate
indicator of the cell redox (ROS production) status, with an expected increase of the
intensity in the presence of oxidative stress. The intensity of fluorescence was measured in
seven random and different fields per well per condition in three independent experiments.
The images were transferred as “.tiff” files into a computer and were analyzed using
the Image]J software [50,51]. The ROS level of control vehicle was normalized to 1 unit,
and the changes in CM-DCF fluorescence were expressed as fold increase relative to the
control vehicle.

2.6. Immunohistochemistry Analysis

For the invivo arm of the study, samples from an existing murine model of
chemotherapy-induced mucositis [52] were collected. Briefly, C57BL/6 female mice aged
6-12 weeks and weighing between 15 and 20 g received IV saline every 48 h, from day 1
to 13 (control), whereas mice from the treatment group were exposed to IV 5-Flurouracil
(5-FU) (50 mg/kg/day), every 48 h, from day 1 to 13, resulting in the development of
mucositis [52]. On day 14, the animals were sacrificed, and tongue samples were excised
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at the tracheal level, harvested, and fixed in 10% buffered formalin for 24 h, at room tem-
perature, in preparation for histological analyses. These tissues were paraffin embedded,
sectioned and de-paraffinized, and underwent heat-induced epitope-retrieval (HIER) with
0.1 M citrate buffer. Non-specific epitopes were blocked using the Novocastra Peroxidase
Block. For immunohistochemical staining, we used tissues from 6 animals (3 controls
and 3 treated) following a protocol reported by us previously [52]. Anti-Myeloperoxidase
(ab65871, Abcam, Thebarton, Australia) rabbit polyclonal antibody and the mouse and
rabbit specific HRP/DAB IHC detection kit—micro-polymer (ab236466, Abcam, Australia),
with goat anti-rabbit IgG secondary antibody (Abcam, Australia) as a secondary antibody,
was used. Counterstaining was undertaken with haematoxylin. This methodology was
adapted for the use of anti-malondialdehyde antibody (ab27642, Abcam, Australia). Op-
timization was undertaken to determine the ideal concentration of the primary antibody;,
which was determined to be 0.2 ug/mL for both MDA and MPO.

Following immunohistochemical staining, the cells within the oral epithelium of the
samples were identified via automation, using QuPath open-source digital software v. 0.2.01
“cell positive detection” function, and verified manually via visual assessment. An unpaired
t-test, undertaken through the statistical analysis function in GraphPad prism version 8.0.1
for windows (GraphPad Software Inc., San Diego, CA, USA), was used to analyze the
differences in positive cell count between the control and 5-FU-treated mice.

2.7. Statistical Analyses

Statistical analysis was performed using GraphPad Prism version 8.0.1 for windows
(GraphPad Software Inc., San Diego, CA, USA). Cell viability data were expressed as mean
percentage viability relative to the untreated control (100%) £ standard deviation (SD).
ROS levels are reported as the mean CM-DCF fluorescence change (-fold increase) = SD
relative to control as Control = 1. All other data are presented as the mean =+ standard
deviation (SD). Statistical significance between two groups was determined by using an
unpaired t-test. Statistical significance between two independent groups with more than
one dependent variable was compared using multiple t-tests and determined using the
Holm-Sidak method. If more than two groups were being compared statistical analysis
was conducted using one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test to detect inter-group differences. Multiple linear regressions were evaluated using
the regression tool to identify collinearity among the independent variables. Differences
were considered statistically significant if p < 0.05. The letter “n” indicates the number of
independent experiments.

3. Results
3.1. Growth Kinetics and Optimization of Cell Number for Cell Viability Assay

To identify the optimal seeding density of oral keratinocytes cells, using FDA fluores-
cent assay, a cell number titration assay was conducted in 96-well plates using three cell
lines (H400, H357, and OKF6). Fluorescent intensity over time and experimental replicates
for each seeding density per cell line were plotted using GraphPad Prism software to visu-
alize exponential growth. On average, a cell seeding density of 2 x 10* cells/well showed
the highest fluorescence signal over time in all the investigated cell lines. In contrast, a
seeding density of 5 x 10° cells/well showed the lowest fluorescence signal during all
investigated time points (time 0, 24, 48, and 72 h; Figure 1a). We observed steadier cell
proliferation when the initial cell seeding density was increased. Furthermore, the time
period during which cells were able to grow exponentially also increased (Figure 1a). We
also noticed that the increase in the initial cell seeding density ensured that cell confluence
remained below ~90% throughout the assay, or that this level of confluence was reached as
late as possible in the assay, and this trend was cell-line specific.
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Figure 1. The proliferation of H400, H357, and OKF6 cells over 72 h at varying cell seeding densities.
Three monolayer cultures of oral mucosa keratinocyte (OSCC cell lines, H400 and H357, immortalized
normal human oral keratinocytes, OKF6) seeded in 96-well plates at 5 x 103, 1 x 104, 1.5 x 10%,
and 2 x 10* cells/well were grown under standard conditions (37 °C, in a 5% CO, incubator).
Cells were observed over 72 h, replenishing culture medium every 24 h. (a) Cell proliferation and
viability at four different time points (0, 24, 48, and 72 h) assessed by fluorescein diacetate (FDA)
fluorescence in Synergy HTX Multi-Mode Reader (Bio-Tek, USA) at the respective excitation and
emission wavelengths of 485/20 nm and 528/20 nm. (b) Pearson correlation index between viable
oral keratinocyte cell number and fluorescence intensity over time. (c) Representative micrographs of
OKEF6 cells showing confluence over time. Images (FLoid cell imaging system, Life Technologies) with
magnification at 20 x. Scale bar of 100 um applies to all panels. All measurements were performed in
triplicate with mean =+ SD for 5 technical replicates per cell line.

We observed that, when cells were seeded at a density of 2 x 10* cells/well, full
confluence was reached at the 72 h timepoint (Figure 1c). However, within the time point
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range 48-72 h, the exact time when the cells became fully confluent was not assessed.
Interestingly, despite the presence of mitotic activity, when cells were seeded at 5 x 10°
cells/well, the cell confluence remained below ~40% throughout the assay (Figure 1c).
In the case of the H400 cell line, the cells showed exponential growth between 0-72 h
when seeded at densities of 1 x 10%, 1.5 x 10%, and 2 x 10* cells/well. Nevertheless,
H400 cells seeded at 5 x 10% cells/well showed exponential growth until 48 h, with the
growth curve reduced thereafter (Figure 1a). In regard to H357 and OKF6, both cell lines
grew exponentially between 0-72 h when seeded at 1.5 x 10* and 2 x 10* cells/well.
However, when seeded at 5 x 10% and 1 x 10* cells/well, both H357 and OKF6 cells
showed exponential growth until they plateaued at 48 h, after which they showed a growth
decrease (Figure 1a).

Subsequently, we investigated the correlation between viable oral keratinocyte cell
number and fluorescence intensity over time (Figure 1b). This correlation proved to be linear
for cells seeded at a density of 2 x 10* cells/well with correlation coefficients of R = 0.9570,
0.9471, and 0.9685 for H400, H357, and OKF®6 cell lines, respectively. A slight decrease of
linearity was observed at cell concentrations below 2 x 10* cells/well at an initial seeding
density of 1.5 X 10%, R = 0.9433, 0.9393, and 0.9384 for the H400, H357, and OKF6 cell
lines, respectively. At an initial seeding density of 1 x 10%, the correlation coefficients were
R =0.9507, 0.845, and 0.8127 for the H400, H357, and OKF6 cell lines, respectively. The
strength of linearity reached the lowest value at a cell concentration of 5 x 103 (R = 0.7396,
0.2297, and 0.4800 for H400, H357, and OKF6 cell lines, respectively (Figure 1b).

Based on the current findings, we concluded that the seeding density should be chosen
according to individual cell line growth kinetics in order to ensure the following: (1) cell
growth following an exponential pattern after seeding, (2) confluence reached as late as
possible, and (3) a reliable linear response observed during the incubation time. In our case,
we found that seeding densities of 1-2 x 10% cells/well for H400, 1.5-2 x 10* cells/well for
H357, and 1.5-2 x 10* cells/well for OKF6 fulfilled these criteria.

3.2. Epithelial Cell Proliferation Inhibited by HyO; in a Time- and Dose-Dependent Manner

In a series of preliminary experiments designed to establish an in vitro model of ox-
idative stress-induced oral mucositis by using hydrogen peroxide (H,O,), we initially used
monolayer epithelial cultures (H400 cells) to establish a dose range and duration of H,O,
treatment that would inhibit cell proliferation and induce cell injury, without completely
compromising cell culture viability (Figure 2a). The H-400 cells were incubated for 2 h,
6 h, and 24 h with three different concentrations of H,O, (200 uM, 400 uM, and 800 uM),
and, then, each of the important factors, such as time of incubation and dose of H,O,, were
validated by determining the best time and the optimal concentration of H,O; to induce
cellular injury. As reflected by a trypan blue exclusion assay, the results showed a decrease
in cell viability after incubation with H,O,, and this correlated with treatment time and
dose. Compared with the untreated control group, H400 cells treated with 200 uM, 400 uM,
and 800 uM H,O, showed decreasing trends in cell viability after 6 h, and 24 h, but not
after 2 h. In contrast, after 2 h exposure to increasing H,O, concentrations (200, 400 and
800 uM), H400 cell viability slightly increased. However, this increase was not significant
as compared to control (p > 0.05; Figure 1a). A significant decrease in cell survival was
noted after 24 h incubation with 400 uM and 800 uM H;,O;, as compared to the control
(62.99% =+ 8.32, p < 0.005, and 47.13% =+ 4.88, p < 0.001, respectively; Figure 2a). We also
investigated the effect of HyO,-mediated oxidative stress on H400 proliferation (Figure 2b).
A progressive increase in the cell number was observed in controls and in the 200 uM
H,O,.treated samples over time. Conversely, treatment with 400 and 800 pM H,O, induced
a biphasic, time-dependent effect in cell proliferation. In fact, at these concentrations, H400
cell treatment showed an initial increase in proliferation until 6 h after treatment, while
at 24 h this trend inverted, with a significant decrease in cell number when compared
to the control (p < 0.05) (Figure 2b). The pattern of an initial increase in proliferation
followed by a subsequent decrease in cell number (biphasic effects on cell proliferation)
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is a well-documented phenomenon in the field of cellular biology and toxicology [53-57].
Furthermore, assessment of the correlation between total number of cells number and H,O,
dose over time, a strong negative correlation between total cells number and H,O, dose at
the 24 h timepoint was observed. This correlation proved to be statistically significant with
a linear relationship and a correlation coefficient of R = —0.9277 (p < 0.001) (Figure 2c).
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Figure 2. Effect of Hy,O, treatment on the H400 cell growth. (a) H400 cells were exposed to increasing
concentrations of HyO, for the indicated times. Cell viability was measured at time points by using
trypan blue exclusion assay using a TC10™ Automated Cell Counter (Bio-Rad). Bars indicate mean
cell viability ratios in H,O,-treated over untreated cells. Error bars represent one standard deviation
of the mean of three technical replicates. Statistical significance is given as follows: ** p < 0.005 and
*** p < 0.001 as compared to control. (b) H400 cultures were treated with increasing concentrations
of HyO, for the indicated times and cell count was measured by using the TC10™ Automated Cell
Counter (Bio-Rad). Data are represented as mean cell number £ SD of three technical replicates.
Statistical significance is given as follows: ** p < 0.005 and *** p < 0.001 as compared to control.
(c): Pearson correlation index between total H400 cells number and H,O, dose over time.
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Based on our results, we concluded that exposure of H400 cells to H,O;-induced
cellular damage by oxidative stress and caused a decrease in cell viability and proliferation
in a time- and concentration-dependent manner. We identified 800 1M as the concentration
of HyO;, that, at 24 h, was able to inhibit H400 cell viability to a proximate level of the
ICs5p. Hence, a range of concentrations close to 800 uM and the 24 h timepoint were further
explored in subsequent experiments, establishing the oxidative stress-induced injury model
in H400 cells.

3.3. Cytotoxic Effect of HyO, on Oral Keratinocytes

To overcome the limitations due to the use of a viability assay that utilizes the exclu-
sion of certain dyes by live cell membranes (trypan blue exclusion), we used Fluorescein
diacetate (FDA) staining that identifies live cells rather than dead cells, as it stains only
living cells. While FDA selectively stains viable cells, injured and dead cells were stained
with propidium iodide (PI), an analog of ethidium bromide (EB). Therefore, in a subsequent
experiment, we tried to validate the results obtained from previous experiments using a
simultaneous double-staining procedure with FDA-PI stains.

We found that the identification of cells stained by FDA was unequivocal, with live
cells being stained bright green and nonviable cells stained bright red when investigated
under an inverted fluorescence microscope with the filter set on the FITC and Texas Red
fields for the FDA and PI detection, respectively (Figure 3a). Subsequently, the oxidative
effect of H,O, was evaluated (Figure 3b,c). Using FDA fluorescence, we demonstrated
that exposure of H400 cells to 800 and 1200 uM H,O; for 24 h induced a dose-dependent
decrease in cell viability of 1200 (Figure 3b). In particular, incubation with 800 uM H,O, for
24 h decreased cell viability by about 50% when compared to control cells (43.1% =+ 8.45,
p < 0.05). Furthermore, a strong negative correlation between the cell viability ratio and
H,0; dose after 24 h of H,O, incubation was noticed (R = —0.9033, p < 0.001; Figure 3c).
These findings were consistent with our previous findings when using a trypan blue assay.

To conclude, we found that the FDA-PI staining is a rapid, cost-efficient, and more reli-
able method to discriminate live cells when compared to trypan blue exclusion. An FDA-PI
assay was, therefore, chosen for subsequent experiments investigating the
H,0O,-medjiated toxicity in other cell lines.

3.4. Establishment of an Oxidative Stress-Induced Mucosal Injury Model with HyO,-Treated
Oral Keratinocytes

In a previous series of preliminary experiments, we determined the optimal experi-
mental conditions, including cell seeding densities, a range of concentrations for H,O,, and
the incubation time to establish an oxidative stress-induced model in monolayer cultures of
oral keratinocytes. In a subsequent series of experiments, we established an HyO,-induced
oxidative stress model using three monolayer cultures of oral mucosal keratinocyte, derived
from cancer (H400, and H357), and normal (OKF6) oral epithelial cells to simulate what
is thought to occur in radiation- or chemotherapy-induced oral mucositis. Based on the
findings from the preliminary experiments, oral epithelial cells were incubated, with a
broad range of increasing concentrations of H,O, (100-1200 uM), for 24 h. The in vitro
effects of HyO, on H400, H357, and OKF6 cells’ growth and viability were examined after
24 h using a fluorometric cytotoxicity assay (FCA) by using FDA satin. Untreated cells
were used as control and the fluorescence density was in proportion to the number of
viable cells. The results showed that administration of H,O, clearly decreased cell viability
in H400 cells after 24 h in a concentration-dependent manner over the examined ranges
(200-1200 uM H;0O5). Loss of cell viability after 24 h exposure to H,O, was significantly
lower in H400 cells compared to untreated control cells for H,O, concentrations of 600 uM
and higher (Figure 4a). Similarly, the administration of increasing concentrations of H,O,
(ranging from 100-1300 uM HyO,) was able to markedly reduce cell viability after 24 h in
both H357 and OKF6 cell lines. This effect was significantly different compared to control
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untreated cells for concentrations of 400 uM and higher, and 100 uM and higher for H357
and OKEF6 cells, respectively (Figure 4b,c).
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Figure 3. HyO,-induced cell death in oral keratinocytes. Representative fluorescein diacetate (FDA)
and propidium iodide (PI) staining of H400 cells exposed to increasing concentrations of H,O, for
24 h. Cell viability was quantified at the 24 h time point using an inverted fluorescence microscope
(FLoid™ Cell Imaging Station, Life Technologies Australia). Fluorescence of vital cells was measured
in six different random fields/well per treatment in three technical replicates. Captured images were
transferred to a computer and analyzed to count stained vital cells using Image J Software (Image]J
v. 1.50i, National Institutes of Health). (a) Representative micrographs (20 x) of H400 cells treated
with HyO, showed vitality staining of the cells (from left to right: Bright-field, FDA signal, and PI
signal). The same field is shown in each image filter condition. Scale bar represents 100 um and
applies to all panels. (b) Mean cell viability ratios in HyO,-treated over untreated H400 cells. Error
bars represent one standard deviation of the mean of three technical replicates. (c) Pearson correlation
index between cell viability ratio and H,O, dose after 24 h of H,O, incubation. Data are expressed as
mean + SD of three technical replicates. * p < 0.05, ** p < 0.005 and *** p < 0.001.
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Figure 4. HyO,-induced loss of cell viability in malignant and normal oral epithelial cells. H400 (a),
H357 (b), and OKF6 (c) cells, were seeded at densities of 1.5 x 10* in 96-well plates and incubated
for 24 h with increasing concentrations of HyO,. Cell viability (a—c) after 24 h of incubation with
H,0O, was measured by fluorescein diacetate (FDA) fluorescence in a Synergy HTX Multi-Mode
Reader (Bio-Tek, USA). The data are expressed as the relative response of treated cells as compared
to untreated controls (100%) and represent means + SD from at least three technical replicates of
1-3 biological replicate experiments. Statistical significance is given as follows: * p < 0.05, ** p < 0.005,
and ** p < 0.005, as compared to untreated controls.
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Similarly, administration of increasing concentrations of H,O, (ranging from
100-1200 uM HpO7) markedly reduced cell viability after 24 h in both H357 and OKF6 cell
lines. This effect was significantly different compared to control untreated cells for concen-
trations higher than 400, and 100 uM for H357 and OKF6 cells, respectively (Figure 4b,c).

The calculated ICs, values following 24 h exposure to HyO, were approximately 800,
800 and 400 pM for H400, H357, and OKF6 cells, respectively (Figure 4b,c). A concentration
close to the ICsg values for the three cell types (800 uM for H400 cells; 800 uM for H357
cells; 800 uM for OKF6 cells) were considered to be the most appropriate concentrations
of HyO; to induce cellular injuries in oral epithelial cells and were chosen for successive
experiments to investigate HyO,-mediated toxicity.

3.5. Effect of HyO,-Induced Oxidative Stress on Morphological Changes in Oral Keratinocytes

To evaluate the effect of H>O, on cell-morphology, H400, H357, and OKF6 cells
were treated with a broad range of concentrations of HyO, (100-1200 uM) for up to 24 h.
Cell morphology was assessed in bright field micrographs (Figure 5). Morphological
observation of untreated cells showed that the cells retained their original polygonal
morphology and were stably adherent to the culture plates. In contrast, cells treated for
24 h with H,O, at concentrations < 600, 400, and 100 uM, for H400, H357, and OKF6 cells,
respectively, displayed morphological alterations compatible with apoptotic cell death.
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Figure 5. Effect of HyO, (400 uM) on the induction of ROS production. OKF-6 cells were cultured
in complete keratinocyte serum free media (K-SFM, #17005-042, Thermo Fisher Scientific) for 24 h
in 96-well culture plates (Cat#: CLS3603; Sigma-Aldrich) under standard conditions (5% CO2 at
37 °C). Culture medium was then removed and cells were incubated with the fluorescent probe,
5-(and-6)-chloromethyl-2,7’-dichlorodihydrofluorescein diacetate (CM-H,;DCFDA), for 30 min. A
fluorescent probe was then replaced with complete culture medium in the absence, or presence, of
H,0; (400 uM). ROS production was measured as the change in CM-DCEF fluorescence (-fold increase)
relative to control as CRT = 1 at timepoints 0, 15 min, 30 min, 45 min, and every 30 min for up to 6 hrs.
CM-DCF fluorescence intensity was measured using Synergy HTX Multi-Mode Reader (Bio-Tek,
USA) with maximum excitation and emission spectra of 495 nm and 529 nm, respectively. Data
are from one independent experiment, n = 4 per group (four technical replicates). Values represent
mean + SD, where *** p< 0.001, compared to the H;O, (400 uM) treated group. Abbreviations: tp-1,
time plateau-1; tp-2, time plateau-2.
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These features included cell shrinkage, blebbing, condensation and fragmentation of
nuclear chromatin, and formation of vesicles resembling apoptotic bodies. Affected cells
also displayed other types of morphological alterations, such as loss of polygonal shape
at the expense of a round appearance, loss of adhesion with neighboring cells, tendency
to remain as single cells rather than grouping in cell colonies, and loss of adhesion on the
culture plates (Supplementary Figures S1 and S2a,b).

3.6. Assessment of ROS Production during Oxidative Stress-Induced Epithelial Injury In Vitro

Following the optimization of culture conditions, we wanted to confirm if ROS pro-
duction occurred in keratinocytes treated with HyO,; thus, mimicking the physiopathol-
ogy of OM in tissues. To monitor the changes in ROS production in keratinocytes upon
H,0O; treatment, we employed a fluorescent dye-based probe, based on the redox-active
green fluorescent (CM-H;DCFDA), a highly sensitive thiol peroxidase that is oxidized by
H,0,, yielding a fluorescent adduct that is trapped intracellularly [49]. By introducing the
CM-H,DCFDA probe in keratinocytes, we could monitor any change in the intracellular
redox state in the absence, or in the presence, of HyO, in OKF6 cells over a 6 h time period.

We found that the addition of HyO, determined a rapid increase in ROS levels in the
experimental group. The increase in ROS levels was seen from the first few minutes after
adding H,O, and continued throughout all measured time points over the 6 h monitoring
time (Figure 5). More precisely, a significant increase (p < 0.0001) in the ROS levels in the
H0O; (400 uM) treated group, compared with that in the control group, started 15 min
after the addition of HyO; and continued during all the tested time points over the 6 h
monitoring period.

The results also showed two time periods when ROS production levels in the
H,0O,-treated group plateaued for a while before starting to change again (Figure 5). ROS
levels first plateaued (Time plateau-1) between 0.5-1 h and the ROS levels in the H,O,
treatment group plateaued at about 4.65 & 0.58 (folds increase), compared to the control
group. After that, the ROS production levels started to increase again until they plateaued
(Time plateau-2) between 3.5-5.5 h, at about 7.61 £ 0.75 (folds increase), compared to
the control group. Time plateau-2 was when H,O,-induced ROS production reached the
highest level. More precisely, 4 h was the time point when ROS production in cells treated
with 400 uM H,O, reached the maximum level, as determined by the CM-H,DCFDA
staining kinetic assay (Figure 5).

3.7. Dynamic Real-Time Detection of the HyO,-induced Redox Changes in Oral Keratinocytes
Using ROS Sensitive Fluorescent Sensors

Given the vital role that ROS production and oxidative stress play in tissue injury
during the onset of OM [17], we further investigated the dynamic changes of ROS pro-
duction in HyO,-treated OKF6 cells in vitro. By introducing the CM-H,;DCFDA probe in
keratinocytes, we could monitor any change in the ROS production state upon exposure
to H-MW-HA, either in the absence, or the presence, of H,O;-induced oxidative stress by
measuring the changes in CM-DCF fluorescence intensity under the fluorescent microscope.
The OKF6 cells were treated with HyO, (400 uM) for 4 h, the time point that, as shown in
our previous experiments, coincided with the highest levels of ROS production for OKF6
when treated with H,Os.

As expected, and in agreement with the results obtained in measuring the ROS pro-
duction and kinetics in OKF6, treatment of OKF6 cells with 400 uM H,O, for 4 h resulted in
increased ROS production (p < 0.0001) of 5.54 & 1.37 folds increase, compared to the control
group value (Figure 6A). In all examined fields, the increase in the fluorescent intensity of
cells in the HyO,-treated group was apparent, compared to all other experimental groups,
when the cells were examined under the fluorescent microscope (Figure 6B). Thus, we
suggest that at the time point 4 h, the increased ROS production was attributed to treating
OKF6 cells with HyO5, indicating that oxidative stress plays a part in cell injury.
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Figure 6. H,O;-induced ROS production in oral keratinocytes. OKF-6 cells were cultured in complete
keratinocyte serum free media (K-SFM, #17005-042, Thermo Fisher Scientific) for 24 h in 6-well
culture plates (Cat#: CLS3516; Sigma-Aldrich) under standard conditions (5% CO; at 37 °C). Culture
medium was then replaced with complete culture medium supplemented either in the absence or
the presence of HyO; (400 uM) and the cells were incubated for 4 h. Culture medium was then
removed and the cells were incubated with the fluorescent probe, 5-(and-6)-chloromethyl-2’,7'-
dichlorodihydrofluorescein diacetate (CM-Hy; DCFDA), for 30 min. Then, the fluorescent probe was
replaced with Hank’s buffer saline solution (HBSS), and the plates were viewed under the FLoid™
cell imaging station digital inverted microscope (ThermoFisher Scientific, USA). The microscope
settings selected included the fluorescein (FITC) filter (488 nm excitation and 530 nm emission).
(A) The intensity of CM-DCF fluorescence was measured in seven different fields per well per
condition (seven technical replicates) in three independent experiments (three biological replicates).
ROS production was measured as the change in CM-DCF fluorescence (-fold increase) relative to
control as CRT = 1. Values represent mean =+ SD. Where, *** p < 0.001. (B) Representative micrographs,
at 20x magnifications, of oral keratinocytes treated with, or without, H,O, (400 uM). Fluorescence
intensities of oxidized probes (CM-DCF from CM-H2DCF) were quantified using the Image] software.
Image threshold was set using Auto-threshold method (Huang) and the mean intensity of the
threshold area was measured. The representative micrographs showed the bright field (left panel),
fluorescent intensity of 5-(and-6)-chloromethyl-2/,7’-dichlorofluorescein (CM-DCF) (middle panel),
and Auto threshold (right panel). The same field is shown in each image filter. Scale bar represents
100 um and applies to all panels.

3.8. Malondialdehyde (MDA) and Myeloperoxidase (MPO) Expression in a Mouse Model
of Mucositis

To confirm the potential translatability of our findings from the in vitro study in a
real-world scenario, we aimed to examine the redox status in an in vivo pre-clinical model
of chemotherapy-induced mucositis. This was achieved through the utilization of our
previously developed in vivo preclinical model which reproduced both the clinical and
histologic features of mucositis in mice [52]. Specifically, we tested the levels of MDA (mal-
ondialdehyde) and MPO (myeloperoxidase) enzymes as a surrogate indicator of oxidative
stress in the oral epithelia of mice treated with 5-FU and compared them with untreated
control mice. MDA is a product of the peroxidation of cell membranes, a consequence
of the overproduction of ROS caused by the release of MPO, an enzyme associated with
inflammatory processes and predominantly found in neutrophils [58,59]. The immunoreac-
tivity of MPO and MDA were quantified through immunohistochemical staining, as both
MPO and MDA are oxidative stress biomarkers that have been previously determined to
be relevant to the disease pathogenesis of chemotherapy-induced mucositis [60,61], with
MPO being overexpressed in oral tissues of mice receiving 5-FU [53]. The results showed
elevated MDA and MPO levels in the oral epithelia of the 5-FU treated mice, indicating



Biomolecules 2023, 13, 1239

16 of 24

increased oxidative stress in this group. Immunostaining experimental and controlled
mouse sections showed MDA- and MPO-positive cell counts. MDA and MPO staining un-
derwent significant increase in mice treated with 5-FU. Specifically, MDA immunostaining
revealed a greater, statistically significant cell count in the experimental group, compared
to the control (1383.33 &+ 476.19 vs. 378.33 & 104.62; p = 0.0234). MPO immunoreactivity
was also confirmed to be significantly greater in the 5-FU treatment group than the control
group (46.67 £ 14.84 vs. 237.33 £ 23.31; p = 0.0023), (Figure 7), in agreement with previous
findings [53].
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Figure 7. MPO and MDA immunostaining quantification and analyses. Control and 5-FU treated
mice tongue samples were immunostained with DAB for MPO (A) and MDA (B), and counterstained
with hematoxylin. Highlighted here, by the black arrows, are cells positively stained with DAB
(reacting to MPO or MDA positive antigens) and hematoxylin. MPO and MDA immunoreactivity
were quantified and represented graphically. Values represent mean + SD. Where, ** p < 0.01,
and * p < 0.05. MPO, Myeloperoxidase; MDA, Malondialdehyde; DAB, Diaminobenzidine.

Overall, the study established a direct link between chemotherapy-induced mucositis
and oxidative stress, with the excessive production of ROS being identified as an underlying
mechanism.

4. Discussion

The molecular mechanisms underlying chemotherapy- and radiotherapy-induced
oral mucositis involve the production of ROS at early stages and consequent activation of
oxidative stress pathways [14,15,22,62]. We, therefore, wanted to establish a new experi-
mental in vitro model of oxidative stress-induced oral mucositis in which cellular activities
and new therapeutic interventions could be characterized. Given that the H;O,-induced
oxidant model has been widely used to study cell response to oxidative stress [18], here,
we developed a novel in vitro model of oxidative stress-induced oral mucositis using
hydrogen peroxide to treat human oral epithelial cell lines. Specifically, in the present
study, we studied the cytotoxic effect of HyO; on proliferation, viability and apoptosis of
oral keratinocytes and our results demonstrated that H,O; led to an anti-growth effect
on H400, H357, and OKFé6 cells by both suppression of cell proliferation and induction of
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apoptosis. This in vitro model of H,O,-induced oral mucositis allowed the detection of
changes in cellular activities in cultured oral keratinocytes, excluding other submucosal
cellular components.

OM is a complicated pathological process that involves the effects of chemotherapy
and radiotherapy on the keratinocytes and other cell types in the submucosal tissue, such
as endothelial cells and fibroblasts [8,13,63]. To date, the exact mechanisms underlying
the development of oral mucositis have not been completely elucidated [5,16,64]. Lack
of a suitable in vitro model for oral mucositis could be a part of the possible difficulties
in understanding the exact mechanism underlying the development of this condition.
Monolayer cultures of oral keratinocytes have been widely used to mimic a specific part of
the oral mucosal epithelial barrier [23,29]. Recently, human immortalized untransformed
skin keratinocyte HaCaT line [65] has been more widely used to model the oral mucosa
and for comparison with squamous head and neck cancer [66-72], whereas immortalized
oral OKF6 keratinocytes [36] have been used less often to model oral mucositis [73]. In
our model, we also used the human oral squamous cell carcinoma cell lines (H400 and
H357), in analogy with the existing oral mucosa models [23]. Moreover, these cell lines
are currently the best characterized oral epithelial cell lines available, easy to culture, and
capable of generating highly reproducible results [35]. However, our results showed that
the model can also be applied successfully using immortalized oral keratinocyte (OKF6)
cell lines. Hence, this cell line was chosen for the successive experiments to model the oral
mucosal epithelium, and for comparison with oral cancer cells.

In addition to cost and ethical considerations, an advantage of in vitro models over ani-
mal testing includes the ability to monitor dynamic and rapid mucosal biological responses
to the oxidative stress damage. Recently, several models have been developed where
the effects of either ionizing radiation or chemotherapeutic agents on oral keratinocyte
proliferation were examined to reiterate the mucositis-associated epithelial changes ob-
served in vivo [25-28]. By comparison, in our model we used H,O; to induce the oxidative
stress-induced cellular injury. Although we can use this model to ask focused mechanistic
questions regarding the pathogenesis of oral mucositis, as well as the role of interventions
to prevent the condition, it should be acknowledged that one of the limitations of this
study is that monolayer cultures of oral keratinocytes represent two dimensional cultures
so does not represent accurately what is occurring in situ, where the cells live in three
dimensions [29]. Furthermore, oral mucositis is a condition where complex multi factors
are included in its pathogenesis, which cannot be entirely optimized in vitro, including
local and systemic factors (e.g., oral microbiota, xerostomia, neutropenia).

In the current study, the cytotoxic potential of H;O; on oral keratinocyte cell lines was
evaluated by means of trypan blue exclusion assay, fluorescence-based live-dead assay,
and fluorometric cytotoxicity assay (FCA). Trypan blue exclusion is the most common
test for cell viability; however, a number of limitations of this assay are related to the
exclusion of certain dyes by live cell membranes. For example, cells must be counted
within 3-5 min from the dye staining, because the number of blue-staining cells increases
with time after the dye’s addition [74]. When counting a large number of samples, it
is extremely inconvenient to perform all the tests on the same day by counting one cell
suspension at a time before staining the next sample. Trypan blue exclusion is also a time-
and cost-consuming assay. Therefore, a rapid and more reliable method of discriminat-
ing live cells from dead cells was required, and the FCA assay was chosen. The FCA
belongs to a non-clonogenic microplate-based assays group that measures total living cell
density after a short incubation time [75,76]. FCA applications are comparable to those
of the commonly used colorimetric MTT assay [77], with slightly different endpoints. By
measuring the fluorescence generated when the non-fluorescent probe fluorescein diacetate
(FDA) is hydrolyzed, the FCA measures the esterase activity of cells with intact plasma
membranes [76,78]. The fluorescence detection makes the FCA a more sensitive assay,
when compared to the MTT assay [75]. The FCA has been used in a semiautomated 96-well
setup since the late 1980s, and several publications have indicated its benefits in drug
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development using cancer cell lines [79-81]. Hence, it was deemed to be a reliable assay
that was suitable for our experimental plan.

In our study, a broad range of concentrations of H,O, (100-1200 uM) were tested
in order to assess the toxic effects of continuous exposure to HyO, on the viability and
growth of oral keratinocyte cells. Our data showed that HyO, was able to exert a dose-
and time-dependent toxic effect on the tested epithelial cell lines. In fact, a significant
change in cell survival was shown after incubation of H400 cells for 24 h with 400 uM
H,0O; and higher. When exposed to different concentrations of HyO; for 24 h, H400 cells,
H357 cells, and OKF6 cells showed a significant dose-dependent decrease in cell survival.
The ICsg value in the H400 cells, H357 cells, and OKF6 cells were approximately 800,
800, and 400 uM, respectively, based on FCA assays. These findings are consistent with
other previous observations, indicating that H;O, concentration-dependence and time-
dependence promoted damage in different normal and malignant cells lines [22,82-85].
However, the approximate ICsy value of HyO; in our study, after 24 h exposure, was
higher than the ICsy (150 uM) reported by Zhou et al. using HTR-8/SVneo cells [84]. In
a separate study, Moll et al. [85] used H,O, concentrations of up to 1000 uM to evaluate
apoptosis and proliferation in human term placentas. Furthermore, Murata et al. [86] used
a concentration of 100 uM H;O, for 24 h to determine apoptotic and invasion rates in term
extra-villous trophoblast cell lines. The variability in results from these previous studies
might be attributed to the variation in HyO, sensitivity of the studied cells.

In a dose-dependent manner, H,O; increased the number of dead cells, based on a
trypan blue exclusion assay, and propidium iodide (PI)-positive cells in the H400 cells, sug-
gesting that HyO,-induced epithelial cell death occurred via apoptosis. The HyO,-induced
apoptotic cell death in the tested epithelial cell lines was evident from morphological stud-
ies (phase contrast and PI staining). Apoptosis of dying cells is characterized by particular
morphological and biochemical alterations [87]. Changes include cell shrinkage, nuclear
condensation and fragmentation, blebbing of the cell membrane, apoptotic body formation,
in addition to the loss of cell attachment to neighbors, all of which are common features of
apoptotic cells [88]. In this study, three different types of assays were performed to gain
clues about the mode of cell death induced by HO, against H400, H357, and OKF6 cells:
trypan blue exclusion, phase contrast microscopy, and fluorescence-based live-dead assay.
Trypan blue exclusion is the most common test that can exclude live cells from non-viable
cells [74]. Trypan blue exclusion study showed that H,O, induced cell deathin H400 OSCC
cells through a shift in live cell population proportional to increasing H,O, concentrations
from 2 to 24 h. One of the most cost-effective methods to determine cell apoptosis is mor-
phological analysis through phase contrast and fluorescence inverted microscopy [89]. Our
observations identified noticeable morphological changes consistent with apoptotic cell
death in treated cells, including loss of cellular adhesion to neighbors, membrane blebbing,
and chromatin condensation and fragmentation, along with the creation of apoptotic bodies.
An FDA stain was used in conjunction with propidium iodide to determine dead cells after
the loss of cell membrane integrity and the results showed nonviable cells were stained
bright red.

Chemoradiotherapy-induced mucosal injury, particularly OM, is initiated by cytotoxic
agents that cause oxidative stress in both mucosal and submucosal compartments [15,90,91].
Oxidative stress plays a key role in developing chemoradiotherapy-induced OM [15,92-94].
Among the key reactive oxygen species (ROS), hydrogen peroxide (H,O;) is an intermedi-
ate to both hypochlorite radical and hydroxyl radical (OH) production [95,96], and there
is much evidence that H,O; is a mediator of oxidative damage in cells [97]. Excessive
production of these ROS affects several cellular structures and leads to DNA damage,
protein modification, lipid peroxidation, disruption of cell signalling, and cellular death,
causing destruction to extracellular matrix (ECM) components, such as collagen, hyaluro-
nan, and proteoglycans [98,99], and further altering the metabolism of cells responsible for
the synthesis of dermal ECM [100].
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To better understand the cellular mechanism and the dynamics underlying this effect,
we adopted a free radical (H,O,)-induced oxidative stress model that we established
in vitro in our previous experiments. Here, we wanted to assess the redox status in oral
keratinocyte cells when treated with HyO,. The CM-DCF-based fluorimetric assay revealed
that H,O, could induce ROS in human normal oral keratinocyte cells even after only 15 min
of exposure, and the ROS levels increased in a time- and dose-dependent manner. Similar
findings were reported in previous studies conducted with HaCaT human keratinocyte
cells [101] and human umbilical vein endothelial cells (HUVECs) [102], although the
exposure duration to HyO, in those studies was typically longer than 1 h. Additionally,
Cirillo et al. [22] demonstrated a significant increase in ROS levels in normal human oral
fibroblast (NHOF) cells after transient exposure to 600 uM of H;O, for more than 1 h
over 5 days, which aligns with our results. More recent literature has shown that HaCaT
cells exposed to 1 mM [103] or 1.6 mM [104] of H,O; for less than 1 h also exhibited a
significant increase in ROS levels, which further corroborates our findings. Overproduced
ROS can cause damage to important biomolecules, such as DNA, proteins, and lipids [105].
For instance, hydrogen peroxide could cause oxidative DNA damage in normal human
oral fibroblast (NHOF) cells [22]. Based on this evidence, we postulated that the balance
between ROS generation and an antioxidant system was destroyed by the surplus ROS
produced by H,O;, ultimately resulting in DNA damage. Further experiments, however,
are needed to substantiate the oxidative DNA damage in normal human oral keratinocytes
in a model of oxidative stress.

The in vivo arm of the study intended to further investigate the role of oxidative stress
markers such as MDA and MPO in the pathogenesis of chemotherapy-induced OM using
a murine model. Here, we reported a significantly higher number of cells stained with
the antibodies of interest. This substantiates the current findings of the literature, which
propose MDA and MPO as potential candidates for oxidative stress modulation, and link
these stress markers to chemotherapy-induced mucositis [106,107].

The trend for MDA to be significantly higher in the chemotherapy-induced OM mouse
models are complementary to the findings in the literature. It has been reported that,
following exposure to antioxidants, murine models of OM showed lower MDA levels.
Additionally, exposure to chemical and/or radiation insults, driving further oxidative
stress, increase MDA levels [94]. Here, we reported a tendency for heightened MDA
following 5-FU exposure, in isolation of other treatments, in a mouse model. MPO from
our results appears promising as a potential therapeutic target in OM management. As an
upstream molecule of the oxidative stress process, it is responsible for the lipid peroxidation
that contributes to superoxide radical formation and, therefore, to oxidative stress [108].
The use of a well-established pre-clinical model and the evaluation of specific stress markers
enhance the understanding of the pathophysiology of mucositis, contributing to potential
future therapeutic strategies to mitigate its adverse effects during cancer treatment.

In summary, we successfully developed and characterised anin vitro model of oxida-
tive stress-induced oral toxicity, using hydrogen peroxide, which is based on human oral
epithelial cell lines. We evaluated the cytotoxicity and morphological changes induced by
H,0, on three different cell lines (H400, 357, and OKF6) and found that H,O, inhibited cell
proliferation and induced marked morphological changes. Furthermore, our study showed
that HyO, induced a dose-dependent cell death that was morphologically compatible with
apoptosis and increased ROS levels, leading to damage in important biomolecules, such
as DNA, proteins, and lipids. To better understand the toxicological effect of HyO, on
epithelial cells, future research should focus on understanding the molecular markers and
signaling pathways involved in cell apoptosis, such as assessing caspase activity and P43
protein expression, via cell-based assays and western blot analysis. Additionally, we used a
previously developed murine-model of chemotherapy-induced mucositis to investigate
and quantify levels of MDA and to confirm MPO upregulation. MDA and MPO are key
markers of oxidative stress and their correlations with oral mucositis in 5-FU treated mice
corroborates the role of oxidative stress in the pathogenesis of mucositis. Our findings
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support previous studies that suggest these markers may be potential targets for oxidative
stress modulation to mitigate the effects of chemoradiation in the oral mucosa [109,110].

5. Conclusions

Our study successfully established an in vitro model of HyO,-induced oral toxicity
using human oral epithelial cell lines. This model detected changes in cellular activities in
cultured oral keratinocytes, excluding other submucosal cellular components, and demon-
strated the dose-dependenteffect of H,O, on the proliferation, viability, and production
of ROS in the studied cell lines. Our findings suggest that this model is a suitable tool for
understanding the pathogenesis of oral mucositis and for evaluating potential interventions
to prevent the condition. Furthermore, the in vivo arm of the study revealed that MPO
and MDA may be significant markers in the oxidative stress pathway associated with
OM and could potentially be targeted therapeutically. These valuable insights can guide
future research into developing effective interventions to alleviate the deleterious effects of
anti-cancer therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom13081239/s1, Figure S1: Effect of HyO; on cell morphol-
ogy; Figure S2: H,O, induced morphological alteration consistent with apoptotic features in oral
epithelial cells.

Author Contributions: Conceptualization, methodology, software, validation, investigation, formal
analysis, data curation, writing—original draft preparation, A.ILM.; Conceptualization, methodology,
supervision, and writing—review and editing, A.C. and N.C.; supervision, writing—review and
editing, M.].M.; immunohistochemistry on mice tissue, data collection, statistical analysis, writing—
review and editing, S.S., H.N., D.H.S., M.P, H.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded, in part, by the Australian Dental Research Foundation (ADRF,
grant n. 209-2017 to A.ILM. and N.C.). A.LM. was in receipt of a Postgraduate Research Scholarship,
n. 38736, from the Ministry of Higher Education and Scientific Research (Iraq) (MOHESR).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Full datasets are available upon reasonable request to the correspond-
ing author.

Acknowledgments: The authors would like to acknowledge the support of the University of Mel-
bourne and STEMM Research (UK) for making the necessary laboratory resources available.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sonis, S.T. Mucositis as a biological process: A new hypothesis for the development of chemotherapy-induced stomatotoxicity.
Oral Oncol. 1998, 34, 39-43. [CrossRef] [PubMed]

2. Duncan, M.,; Grant, G. Oral and intestinal mucositis—Causes and possible treatments. Aliment. Pharmacol. Ther. 2003, 18, 853-874.
[CrossRef]

3. Sonis, S.T. Mucositis: The impact, biology and therapeutic opportunities of oral mucositis. Oral Oncol. 2009, 45, 1015-1020.
[CrossRef] [PubMed]

4. Campos, M.L; Campos, C.N.; Aarestrup, FEM.; Aarestrup, B.]. Oral mucositis in cancer treatment: Natural history, prevention and
treatment. Mol. Clin. Oncol. 2014, 2, 337-340. [CrossRef] [PubMed]

5. Bertolini, M.; Sobue, T.; Thompson, A.; Dongari-Bagtzoglou, A. Chemotherapy induces oral mucositis in mice without additional
noxious stimuli. Transl. Oncol. 2017, 10, 612-620. [CrossRef]

6. Murphy, B.A.; Gilbert, J. Dysphagia in head and neck cancer patients treated with radiation: Assessment, sequelae, and
rehabilitation. Semin. Radiat. Oncol. 2009, 19, 35-42. [CrossRef] [PubMed]

7. Rosenthal, D.I. Consequences of mucositis-induced treatment breaks and dose reductions on head and neck cancer treatment

outcomes. |. Support. Oncol. 2007, 5, 23-31. [PubMed]


https://www.mdpi.com/article/10.3390/biom13081239/s1
https://www.mdpi.com/article/10.3390/biom13081239/s1
https://doi.org/10.1016/S1368-8375(97)00053-5
https://www.ncbi.nlm.nih.gov/pubmed/9659518
https://doi.org/10.1046/j.1365-2036.2003.01784.x
https://doi.org/10.1016/j.oraloncology.2009.08.006
https://www.ncbi.nlm.nih.gov/pubmed/19828360
https://doi.org/10.3892/mco.2014.253
https://www.ncbi.nlm.nih.gov/pubmed/24772297
https://doi.org/10.1016/j.tranon.2017.05.001
https://doi.org/10.1016/j.semradonc.2008.09.007
https://www.ncbi.nlm.nih.gov/pubmed/19028344
https://www.ncbi.nlm.nih.gov/pubmed/18046995

Biomolecules 2023, 13, 1239 21 of 24

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Yeoh, A.; Gibson, R.; Yeoh, E.; Bowen, J.; Stringer, A.; Giam, K.; Logan, R.; Keefe, D. Radiation therapy-induced mucositis:
Relationships between fractionated radiation, NF-kB, COX-1, and COX-2. Cancer Treat. Rev. 2006, 32, 645-651. [CrossRef]

Sonis, S5.T. Oral mucositis. Anticancer Drugs 2011, 22, 607-612. [CrossRef]

Nicolatou-Galitis, O.; Sarri, T.; Bowen, ].; Di Palma, M.; Kouloulias, V.E.; Niscola, P.; Riesenbeck, D.; Stokman, M.; Tissing, W.;
Yeoh, E. Systematic review of anti-inflammatory agents for the management of oral mucositis in cancer patients. Support. Care
Cancer 2013, 21, 3179-3189. [CrossRef]

Biswal, B.M. Current trends in the management of oral mucositis related to cancer treatment. Malays. J. Med. Sci. MJMS 2008, 15,
4-13. [PubMed]

Cinausero, M.; Aprile, G.; Ermacora, P; Basile, D.; Vitale, M.G.; Fanotto, V.; Parisi, G.; Calvetti, L.; Sonis, S.T. New Frontiers in the
Pathobiology and Treatment of Cancer Regimen-Related Mucosal Injury. Front. Pharmacol. 2017, 8, 354. [CrossRef] [PubMed]
Sonis, S.T. The pathobiology of mucositis. Nat. Rev. Cancer 2004, 4, 277-284. [CrossRef]

Criswell, T.; Leskov, K.; Miyamoto, S.; Luo, G.; Boothman, D.A. Transcription factors activated in mammalian cells after clinically
relevant doses of ionizing radiation. Oncogene 2003, 22, 5813-5827. [CrossRef] [PubMed]

Yoshino, F,; Yoshida, A.; Nakajima, A.; Wada-Takahashi, S.; Takahashi, S.-s.; Lee, M.C.-i. Alteration of the redox state with reactive
oxygen species for 5-fluorouracil-induced oral mucositis in hamsters. PLoS ONE 2013, 8, e82834. [CrossRef] [PubMed]
Al-Dasooqi, N.; Sonis, S5.T.; Bowen, ].M.; Bateman, E.; Blijlevens, N.; Gibson, R.].; Logan, R.M.; Nair, R.G.; Stringer, A.M.; Yazbeck,
R.; et al. Emerging evidence on the pathobiology of mucositis. Support Care Cancer 2013, 21, 2075-2083. [CrossRef] [PubMed]
Afonso, V.; Champy, R.; Mitrovic, D.; Collin, P.; Lomri, A. Reactive oxygen species and superoxide dismutases: Role in joint
diseases. Jt. Bone Spine 2007, 74, 324-329.

Gille, J.; Joenje, H. Cell culture models for oxidative stress: Superoxide and hydrogen peroxide versus normobaric hyperoxia.
Mutat. Res./DNAging 1992, 275, 405-414.

Holbrook, N.J.; Ikeyama, S. Age-related decline in cellular response to oxidative stress: Links to growth factor signaling pathways
with common defects. Biochem. Pharmacol. 2002, 64, 999-1005.

Frippiat, C.; Dewelle, J.; Remacle, J.; Toussaint, O. Signal transduction in H,O,-induced senescence-like phenotype in human
diploid fibroblasts. Free Radic. Biol. Med. 2002, 33, 1334-1346. [CrossRef]

Kiyoshima, T.; Enoki, N.; Kobayashi, I.; Sakai, T.; Nagata, K.; Wada, H.; Fujiwara, H.; Ookuma, Y.; Sakai, H. Oxidative stress
caused by a low concentration of hydrogen peroxide induces senescence-like changes in mouse gingival fibroblasts. Int. . Mol.
Med. 2012, 30, 1007-1012. [CrossRef] [PubMed]

Cirillo, N.; Vicidomini, A.; McCullough, M.; Gambardella, A.; Hassona, Y.; Prime, S.S.; Colella, G. A Hyaluronic Acid-Based
Compound Inhibits Fibroblast Senescence Induced by Oxidative Stress In Vitro and Prevents Oral Mucositis In Vivo. J. Cell.
Physiol. 2015, 230, 1421-1429. [CrossRef] [PubMed]

Bierbaumer, L.; Schwarze, U.Y.; Gruber, R.; Neuhaus, W. Cell culture models of oral mucosal barriers: A review with a focus on
applications, culture conditions and barrier properties. Tissue Barriers 2018, 6, 1479568. [CrossRef] [PubMed]

Sobue, T.; Bertolini, M.; Thompson, A.; Peterson, D.E.; Diaz, P.I.; Dongari-Bagtzoglou, A. Chemotherapy-induced oral mucositis
and associated infections in a novel organotypic model. Mol. Oral Microbiol. 2018, 33, 212-223. [CrossRef] [PubMed]

Sonis, S.; Andreotta, P.; Lyng, G. On the pathogenesis of mTOR inhibitor-associated stomatitis (mIAS)—Studies using an
organotypic model of the oral mucosa. Oral Dis. 2017, 23, 347-352. [CrossRef] [PubMed]

Tschachojan, V.; Schroer, H.; Averbeck, N.; Mueller-Klieser, W. Carbon ions and X-rays induce pro-inflammatory effects in 3D oral
mucosa models with and without PBMCs. Oncol. Rep. 2014, 32, 1820-1828. [CrossRef] [PubMed]

Lambros, M.P; Parsa, C.; Mulamalla, H.; Orlando, R.; Lau, B.; Huang, Y.; Pon, D.; Chow, M. Identifying cell and molecular
stress after radiation in a three-dimensional (3-D) model of oral mucositis. Biochem. Biophys. Res. Commun. 2011, 405, 102-106.
[CrossRef]

Tobita, T.; Izumi, K.; Feinberg, S.E. Development of an in vitro model for radiation-induced effects on oral keratinocytes. Int. J.
Oral Maxillofac. Surg. 2010, 39, 364-370.

Abbott, A. Biology’s New Dimension; Nature Publishing Group: New York, NY, USA, 2003.

Yiannis, C.; Huang, K.; Tran, A.N.; Zeng, C.; Dao, E.; Baselyous, O.; Mithwani, M.A.; Paolini, R.; Cirillo, N.; Yap, T. Protective
effect of kava constituents in an in vitro model of oral mucositis. J. Cancer Res. Clin. Oncol. 2020, 146, 1801-1811. [CrossRef]
Lin, K.-Y.; Chung, C.-H.; Ciou, ]J.-S.; Su, P-F.; Wang, P.-W.; Shieh, D.-B.; Wang, T.-C. Molecular damage and responses of oral
keratinocyte to hydrogen peroxide. BMC Oral Health 2019, 19, 10. [CrossRef]

Picciolo, G.; Mannino, F; Irrera, N.; Minutoli, L.; Altavilla, D.; Vaccaro, M.; Oteri, G.; Squadrito, F; Pallio, G. Reduction of
oxidative stress blunts the NLRP3 inflammatory cascade in LPS stimulated human gingival fibroblasts and oral mucosal epithelial
cells. Biomed. Pharmacother. 2022, 146, 112525. [CrossRef] [PubMed]

Picciolo, G.; Mannino, F; Irrera, N.; Altavilla, D.; Minutoli, L.; Vaccaro, M.; Arcoraci, V.; Squadrito, V.; Picciolo, G.; Squadrito, E;
et al. PDRN, a natural bioactive compound, blunts inflammation and positively reprograms healing genes in an “in vitro” model
of oral mucositis. Biomed. Pharmacother. 2021, 138, 111538. [CrossRef] [PubMed]

Picciolo, G.; Pallio, G.; Altavilla, D.; Vaccaro, M.; Oteri, G.; Irrera, N.; Squadrito, F. 3-Caryophyllene Reduces the Inflammatory
Phenotype of Periodontal Cells by Targeting CB2 Receptors. Biomedicines 2020, 8, 164. [CrossRef] [PubMed]

Prime, S.S.; Nixon, S.V.; Crane, L].; Stone, A.; Matthews, ].B.; Maitland, N.J.; Remnant, L.; Powell, S.K.; Game, S.M.; Scully, C. The
behaviour of human oral squamous cell carcinoma in cell culture. J. Pathol. 1990, 160, 259-269. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ctrv.2006.08.005
https://doi.org/10.1097/CAD.0b013e3283462086
https://doi.org/10.1007/s00520-013-1847-y
https://www.ncbi.nlm.nih.gov/pubmed/22570584
https://doi.org/10.3389/fphar.2017.00354
https://www.ncbi.nlm.nih.gov/pubmed/28642709
https://doi.org/10.1038/nrc1318
https://doi.org/10.1038/sj.onc.1206680
https://www.ncbi.nlm.nih.gov/pubmed/12947388
https://doi.org/10.1371/journal.pone.0082834
https://www.ncbi.nlm.nih.gov/pubmed/24376587
https://doi.org/10.1007/s00520-013-1810-y
https://www.ncbi.nlm.nih.gov/pubmed/23604521
https://doi.org/10.1016/S0891-5849(02)01044-4
https://doi.org/10.3892/ijmm.2012.1102
https://www.ncbi.nlm.nih.gov/pubmed/22922974
https://doi.org/10.1002/jcp.24908
https://www.ncbi.nlm.nih.gov/pubmed/25536474
https://doi.org/10.1080/21688370.2018.1479568
https://www.ncbi.nlm.nih.gov/pubmed/30252599
https://doi.org/10.1111/omi.12214
https://www.ncbi.nlm.nih.gov/pubmed/29314782
https://doi.org/10.1111/odi.12616
https://www.ncbi.nlm.nih.gov/pubmed/27896917
https://doi.org/10.3892/or.2014.3441
https://www.ncbi.nlm.nih.gov/pubmed/25174410
https://doi.org/10.1016/j.bbrc.2010.12.135
https://doi.org/10.1007/s00432-020-03253-3
https://doi.org/10.1186/s12903-018-0694-0
https://doi.org/10.1016/j.biopha.2021.112525
https://www.ncbi.nlm.nih.gov/pubmed/34906776
https://doi.org/10.1016/j.biopha.2021.111538
https://www.ncbi.nlm.nih.gov/pubmed/34311536
https://doi.org/10.3390/biomedicines8060164
https://www.ncbi.nlm.nih.gov/pubmed/32560286
https://doi.org/10.1002/path.1711600313
https://www.ncbi.nlm.nih.gov/pubmed/1692339

Biomolecules 2023, 13, 1239 22 of 24

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.
63.

Dickson, M.A.; Hahn, W.C.; Ino, Y.; Ronfard, V.; Wu, ].Y,; Weinberg, R.A.; Louis, D.N.; Li, EP; Rheinwald, J].G. Human
Keratinocytes That Express hTERT and Also Bypass a p16INK4a-Enforced Mechanism That Limits Life Span Become Immortal
yet Retain Normal Growth and Differentiation Characteristics. Mol. Cell. Biol. 2000, 20, 1436-1447. [CrossRef] [PubMed]
Dongari-Bagtzoglou, A.; Kashleva, H. Candida albicans triggers interleukin-8 secretion by oral epithelial cells. Microb. Pathog.
2003, 34, 169-177. [CrossRef] [PubMed]

Dongari-Bagtzoglou, A.; Kashleva, H. Granulocyte-macrophage colony-stimulating factor responses of oral epithelial cells to
Candida albicans. Oral Microbiol. Immunol. 2003, 18, 165-170. [CrossRef] [PubMed]

Feucht, E.; DeSanti, C.; Weinberg, A. Selective induction of human beta-defensin mRNAs by Actinobacillus actinomycetemcomi-
tans in primary and immortalized oral epithelial cells. Oral Microbiol. Immunol. 2003, 18, 359-363. [CrossRef]
Dongari-Bagtzoglou, A.; Kashleva, H.; Villar, C.C. Bioactive interleukin-1a is cytolytically released from Candida albicans-infected
oral epithelial cells. Med. Mycol. 2004, 42, 531-541. [CrossRef]

Hassona, Y.; Cirillo, N.; Lim, K.P.; Herman, A.; Mellone, M.; Thomas, G.J.; Pitiyage, G.N.; Parkinson, E.K.; Prime, S.S. Progression
of genotype-specific oral cancer leads to senescence of cancer-associated fibroblasts and is mediated by oxidative stress and
TGEF-(3. Carcinogenesis 2013, 34, 1286-1295. [CrossRef]

Dalley, A J.; Pitty, L.P.; Major, A.G.; AbdulMajeed, A.A.; Farah, C.S. Expression of ABCG 2 and B mi-1 in oral potentially malignant
lesions and oral squamous cell carcinoma. Cancer Med. 2014, 3, 273-283. [CrossRef] [PubMed]

Celentano, A.; McCullough, M.; Cirillo, N. Glucocorticoids reduce chemotherapeutic effectiveness on OSCC cells via glucose-
dependent mechanisms. J. Cell. Physiol. 2019, 234, 2013-2020. [CrossRef] [PubMed]

Cross, C.E.; Tolba, M.F.; Rondelli, C.M.; Xu, M.; Abdel-Rahman, S.Z. Oxidative stress alters miRNA and gene expression profiles
in villous first trimester trophoblasts. BioMed Res. Int. 2015, 2015, 257090. [CrossRef] [PubMed]

Hseu, Y.C; Yang, T.Y.; Li, M.L,; Rajendran, P.; Mathew, D.C.; Tsai, C.H.; Lin, RW,; Lee, C.C.; Yang, H.L. Chalcone flavokawain A
attenuates TGF-p1-induced fibrotic pathology via inhibition of ROS/Smad3 signaling pathways and induction of Nrf2/ARE-
mediated antioxidant genes in vascular smooth muscle cells. J. Cell. Mol. Med. 2019, 23, 775-788. [CrossRef] [PubMed]

Man, W.; Ming, D.; Fang, D.; Chao, L.; Jing, C. Dimethyl sulfoxide attenuates hydrogen peroxide-induced injury in cardiomyocytes
via heme oxygenase-1. J. Cell. Biochem. 2014, 115, 1159-1165. [CrossRef] [PubMed]

Royack, G.; Nguyen, M.; Tong, D.; Poot, M.; Oda, D. Response of human oral epithelial cells to oxidative damage and the effect of
vitamin E. Oral Oncol. 2000, 36, 37-41. [CrossRef] [PubMed]

Keston, A.S.; Brandt, R. The fluorometric analysis of ultramicro quantities of hydrogen peroxide. Anal. Biochem. 1965, 11, 1-5.
[CrossRef]

Ro, S.-H.; Nam, M.; Jang, 1; Park, H.-W,; Park, H.; Semple, I.A.; Kim, M.; Kim, ].S.; Park, H.; Einat, P. Sestrin2 inhibits uncoupling
protein 1 expression through suppressing reactive oxygen species. Proc. Natl. Acad. Sci. USA 2014, 111, 7849-7854. [CrossRef]
Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.
Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676-682.

Mohammed, A.L; Celentano, A.; Paolini, R.; Low, ].T.; McCullough, M.].; O’ Reilly, L.A.; Cirillo, N. Characterization of a novel
dual murine model of chemotherapy-induced oral and intestinal mucositis. Sci. Rep. 2023, 13, 1396. [CrossRef] [PubMed]
Zheng, L.; Cardaci, S.; Jerby, L.; MacKenzie, E.D.; Sciacovelli, M.; Johnson, T.I.; Gaude, E.; King, A.; Leach, ].D.G.; Edrada-Ebel,
R.; et al. Fumarate induces redox-dependent senescence by modifying glutathione metabolism. Nat. Commun. 2015, 6, 6001.
[CrossRef] [PubMed]

Menon, S.G.; Goswami, P.C. A redox cycle within the cell cycle: Ring in the old with the new. Oncogene 2007, 26, 1101-1109.
[CrossRef] [PubMed]

Altiok, N.; Ersoz, M.; Karpuz, V.; Koyuturk, M. Ginkgo biloba extract regulates differentially the cell death induced by hydrogen
peroxide and simvastatin. Neurotoxicology 2006, 27, 158-163. [CrossRef] [PubMed]

Li, T.-S.; Marban, E. Physiological Levels of Reactive Oxygen Species Are Required to Maintain Genomic Stability in Stem Cells.
Stem Cells 2010, 28, 1178-1185. [CrossRef] [PubMed]

Day, R.M.; Suzuki, Y.J. Cell Proliferation, Reactive Oxygen and Cellular Glutathione. Dose-Response 2005, 3, 425-442. [CrossRef]
Reaves, T.A.; Chin, A.C.; Parkos, C.A. Neutrophil transepithelial migration: Role of toll-like receptors in mucosal inflammation.
Mem. Inst. Oswaldo Cruz 2005, 100, 191-198.

Deng, J.-S.; Chi, C.-S.; Huang, S.-S.; Shie, P-H.; Lin, T.-H.; Huang, G.-]J. Antioxidant, analgesic, and anti-inflammatory activities of
the ethanolic extracts of Taxillus liqguidambaricola. ]. Ethnopharmacol. 2011, 137, 1161-1171.

Azevedo, O.G.R;; Oliveira, R.A.C,; Oliveira, B.C.; Zaja-Milatovic, S.; Aradjo, C.V.; Wong, D.V.T.; Costa, T.B.; Lucena, H.B.M.; Lima-
Junior, R.C.P; Ribeiro, R.A. Apolipoprotein E COG 133 mimetic peptide improves 5-fluorouracil-induced intestinal mucositis.
BMC Gastroenterol. 2012, 12, 35.

De Avila, PH.M.; de Avila, R.I1; dos Santos Filho, E.X.; Cunha Bastos, C.C.; Batista, A.C.; Mendonga, E.F; Serpa, R.C.; Marreto,
R.N,; da Cruz, A.F; Lima, EM,; et al. Mucoadhesive formulation of Bidens pilosa L. (Asteraceae) reduces intestinal injury from
5-fluorouracil-induced mucositis in mice. Toxicol. Rep. 2015, 2, 563-573. [CrossRef]

Sonis, 5.T. New thoughts on the initiation of mucositis. Oral Dis. 2010, 16, 597-600. [CrossRef] [PubMed]

Sonis, S.T. Pathobiology of oral mucositis: Novel insights and opportunities. J. Support. Oncol. 2007, 5, 3-11. [PubMed]


https://doi.org/10.1128/mcb.20.4.1436-1447.2000
https://www.ncbi.nlm.nih.gov/pubmed/10648628
https://doi.org/10.1016/S0882-4010(03)00004-4
https://www.ncbi.nlm.nih.gov/pubmed/12668140
https://doi.org/10.1034/j.1399-302X.2003.00061.x
https://www.ncbi.nlm.nih.gov/pubmed/12753468
https://doi.org/10.1046/j.0902-0055.2002.00097.x
https://doi.org/10.1080/1369378042000193194
https://doi.org/10.1093/carcin/bgt035
https://doi.org/10.1002/cam4.182
https://www.ncbi.nlm.nih.gov/pubmed/24415717
https://doi.org/10.1002/jcp.27227
https://www.ncbi.nlm.nih.gov/pubmed/30240006
https://doi.org/10.1155/2015/257090
https://www.ncbi.nlm.nih.gov/pubmed/26339600
https://doi.org/10.1111/jcmm.13973
https://www.ncbi.nlm.nih.gov/pubmed/30549180
https://doi.org/10.1002/jcb.24761
https://www.ncbi.nlm.nih.gov/pubmed/24415199
https://doi.org/10.1016/S1368-8375(99)00047-0
https://www.ncbi.nlm.nih.gov/pubmed/10889917
https://doi.org/10.1016/0003-2697(65)90034-5
https://doi.org/10.1073/pnas.1401787111
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/s41598-023-28486-3
https://www.ncbi.nlm.nih.gov/pubmed/36697446
https://doi.org/10.1038/ncomms7001
https://www.ncbi.nlm.nih.gov/pubmed/25613188
https://doi.org/10.1038/sj.onc.1209895
https://www.ncbi.nlm.nih.gov/pubmed/16924237
https://doi.org/10.1016/j.neuro.2005.08.004
https://www.ncbi.nlm.nih.gov/pubmed/16185767
https://doi.org/10.1002/stem.438
https://www.ncbi.nlm.nih.gov/pubmed/20506176
https://doi.org/10.2203/dose-response.003.03.010
https://doi.org/10.1016/j.toxrep.2015.03.003
https://doi.org/10.1111/j.1601-0825.2010.01681.x
https://www.ncbi.nlm.nih.gov/pubmed/20846150
https://www.ncbi.nlm.nih.gov/pubmed/18046993

Biomolecules 2023, 13, 1239 23 of 24

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

Lalla, R.V.; Sonis, S.T.; Peterson, D.E. Management of oral mucositis in patients who have cancer. Dent. Clin. N. Am. 2008,
52,61-77.

Boukamp, P,; Petrussevska, R.T.; Breitkreutz, D.; Hornung, J.; Markham, A.; Fusenig, N.E. Normal keratinization in a sponta-
neously immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 1988, 106, 761-771. [CrossRef] [PubMed]

Chen, P; Lingen, M.; Sonis, S.T.; Walsh-Reitz, M.M.; Toback, F.G. Role of AMP-18 in oral mucositis. Oral Oncol. 2011, 47, 831-839.
[PubMed]

Wu, X; Chen, P; Sonis, S.T.; Lingen, M.W.; Berger, A.; Toback, FE.G. A novel peptide to treat oral mucositis blocks endothelial and
epithelial cell apoptosis. Int. ]. Radiat. Oncol. Biol. Phys. 2012, 83, e409-e415. [PubMed]

Bell, S.; Howard, A.; Wilson, J.; Abbot, E.; Smith, W.; Townes, C.; Hirst, B.; Hall, J. Streptococcus pyogenes infection of tonsil
explants is associated with a human (3-defensin 1 response from control but not recurrent acute tonsillitis patients. Mol. Oral
Microbiol. 2012, 27, 160-171. [PubMed]

Maggioni, D.; Garavello, W.; Rigolio, R.; Pignataro, L.; Gaini, R.; Nicolini, G. Apigenin impairs oral squamous cell carcinoma
growth in vitro inducing cell cycle arrest and apoptosis. Int. ]. Oncol. 2013, 43, 1675-1682. [CrossRef]

Seto, K.; Shoda, J.; Horibe, T.; Warabi, E.; Ishige, K.; Yamagata, K.; Kohno, M.; Yanagawa, T.; Bukawa, H.; Kawakami, K.
Interleukin-4 receptor a-based hybrid peptide effectively induces antitumor activity in head and neck squamous cell carcinoma.
Oncol. Rep. 2013, 29, 2147-2153.

Uchida, K.; Veeramachaneni, R.; Huey, B.; Bhattacharya, A.; Schmidt, B.L.; Albertson, D.G. Investigation of HOXA9 promoter
methylation as a biomarker to distinguish oral cancer patients at low risk of neck metastasis. BMIC Cancer 2014, 14, 353. [CrossRef]
Chen, P;; Mancini, M.; Sonis, S.T.; Fernandez-Martinez, J.; Liu, J.; Cohen, E.E.; Toback, F.G. A Novel Peptide for Simultaneously
Enhanced Treatment of Head and Neck Cancer and Mitigation of Oral Mucositis. PLoS ONE 2016, 11, €0152995. [CrossRef]
Shrivastava, R.; Deshmukh, S. A new therapeutic approach to treat oral mucositis using specific MMP blockers in an osmotically
active solution. J. Cancer Res. Treat. 2013, 1, 4-11.

Jones, K.H.; Senft, J.A. An improved method to determine cell viability by simultaneous staining with fluorescein diacetate-
propidium iodide. J. Histochem. Cytochem. 1985, 33, 77-79. [CrossRef] [PubMed]

Larsson, R.; Nygren, P.; Ekberg, M.; Slater, L. Chemotherapeutic drug sensitivity testing of human leukemia cells in vitro using a
semiautomated fluorometric assay. Leukemia 1990, 4, 567-571. [PubMed]

Larsson, R.; Kristensen, J.; Sandberg, C.; Nygren, P. Laboratory determination of chemotherapeutic drug resistance in tumor
cells from patients with leukemia, using a fluorometric microculture cytotoxicity assay (FMCA). Int. . Cancer 1992, 50, 177-185.
[CrossRef] [PubMed]

Blumenthal, R.D. An overview of chemosensitivity testing. In Chemosensitivity; Springer: Berlin/Heidelberg, Germany,
2005; pp. 3-18.

Rubinstein, L.V.; Shoemaker, R.H.; Paull, K.D.; Simon, R.M.; Tosini, S.; Skehan, P.; Scudiero, D.A.; Monks, A.; Boyd, M.R.
Comparison of in vitro anticancer-drug-screening data generated with a tetrazolium assay versus a protein assay against a
diverse panel of human tumor cell lines. J. Natl. Cancer Inst. 1990, 82, 1113-1118. [CrossRef] [PubMed]

Dhar, S.; Nygren, P.; Csoka, K.; Botling, J.; Nilsson, K.; Larsson, R. Anti-cancer drug characterisation using a human cell line panel
representing defined types of drug resistance. Br. ]. Cancer 1996, 74, 888-896. [CrossRef] [PubMed]

Lindhagen, E.; Rickardson, L.; Elliott, G.; Leoni, L.; Nygren, P; Larsson, R.; Aleskog, A. Pharmacological profiling of novel
non-COX-inhibiting indole-pyran analogues of etodolac reveals high solid tumour activity of SDX-308 in vitro. Investig. New
Drugs 2007, 25, 297-303. [CrossRef]

Wickstrom, M.; Haglund, C.; Lindman, H.; Nygren, P.; Larsson, R.; Gullbo, J. The novel alkylating prodrug J1: Diagnosis directed
activity profile ex vivo and combination analyses in vitro. Investig. New Drugs 2008, 26, 195-204.

Datta, K.; Babbar, P; Srivastava, T.; Sinha, S.; Chattopadhyay, P. p53 dependent apoptosis in glioma cell lines in response to
hydrogen peroxide induced oxidative stress. Int. |. Biochem. Cell Biol. 2002, 34, 148-157. [CrossRef]

Liu, T; Zhao, H. Setting up the oxidative cell mode with hippocampal cell of primary culture induced by H,O,.
Wei Sheng Yan Jiu = ]. Hyg. Res. 2014, 43, 719.

Zhou, X.; Zhang, G.-y.; Wang, J.; Lu, S.-1,; Cao, J.; Sun, L.-z. A novel bridge between oxidative stress and immunity: The interaction
between hydrogen peroxide and human leukocyte antigen G in placental trophoblasts during preeclampsia. Am. ]. Obstet.
Gynecol. 2012, 206, 447 .€7-447 .el6.

Moll, S.J.; Jones, C.J.; Crocker, L.P; Baker, PN.; Heazell, A.E. Epidermal growth factor rescues trophoblast apoptosis induced by
reactive oxygen species. Apoptosis 2007, 12, 1611-1622. [CrossRef] [PubMed]

Murata, M.; Fukushima, K.; Takao, T.; Seki, H.; Takeda, S.; Wake, N. Oxidative stress produced by xanthine oxidase induces
apoptosis in human extravillous trophoblast cells. J. Reprod. Dev. 2013, 59, 7-13. [CrossRef] [PubMed]

Kerr, J.F; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wideranging implications in tissue kinetics.
Br. J. Cancer 1972, 26, 239-257. [PubMed]

Acebedo, A.R.; Amor, E.C.; Jacinto, S.D. Apoptosis Inducing Activity of HPLC Fraction from Voacanga globosa (Blanco) Merr. on
the Human Colon Carcinoma Cell Line, HCT116. Asian Pac. ]. Cancer Prev. 2014, 15, 617-622. [CrossRef] [PubMed]

Doonan, E; Cotter, T.G. Morphological assessment of apoptosis. Methods 2008, 44, 200-204. [CrossRef]

Iglesias-Bartolome, R.; Patel, V.; Cotrim, A.; Leelahavanichkul, K.; Molinolo, A.A.; Mitchell, J.B.; Gutkind, J.S. mTOR inhibition
prevents epithelial stem cell senescence and protects from radiation-induced mucositis. Cell Stem Cell 2012, 11, 401-414. [CrossRef]


https://doi.org/10.1083/jcb.106.3.761
https://www.ncbi.nlm.nih.gov/pubmed/2450098
https://www.ncbi.nlm.nih.gov/pubmed/21737340
https://www.ncbi.nlm.nih.gov/pubmed/22420966
https://www.ncbi.nlm.nih.gov/pubmed/22520386
https://doi.org/10.3892/ijo.2013.2072
https://doi.org/10.1186/1471-2407-14-353
https://doi.org/10.1371/journal.pone.0152995
https://doi.org/10.1177/33.1.2578146
https://www.ncbi.nlm.nih.gov/pubmed/2578146
https://www.ncbi.nlm.nih.gov/pubmed/2388483
https://doi.org/10.1002/ijc.2910500204
https://www.ncbi.nlm.nih.gov/pubmed/1730510
https://doi.org/10.1093/jnci/82.13.1113
https://www.ncbi.nlm.nih.gov/pubmed/2359137
https://doi.org/10.1038/bjc.1996.453
https://www.ncbi.nlm.nih.gov/pubmed/8826854
https://doi.org/10.1007/s10637-007-9049-4
https://doi.org/10.1016/S1357-2725(01)00106-6
https://doi.org/10.1007/s10495-007-0092-6
https://www.ncbi.nlm.nih.gov/pubmed/17573555
https://doi.org/10.1262/jrd.2012-053
https://www.ncbi.nlm.nih.gov/pubmed/22986926
https://www.ncbi.nlm.nih.gov/pubmed/4561027
https://doi.org/10.7314/APJCP.2014.15.2.617
https://www.ncbi.nlm.nih.gov/pubmed/24568467
https://doi.org/10.1016/j.ymeth.2007.11.006
https://doi.org/10.1016/j.stem.2012.06.007

Biomolecules 2023, 13, 1239 24 of 24

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Chen, C,; Zhang, Q.; Yu, W.; Chang, B.; Le, A.D. Oral Mucositis: An Update on Innate Inmunity and New Interventional Targets.
J. Dent. Res. 2020, 99, 1122-1130. [CrossRef]

Rtibi, K.; Selmi, S.; Grami, D.; Amri, M.; Sebai, H.; Marzouki, L. Contribution of oxidative stress in acute intestinal mucositis
induced by 5 fluorouracil (5-FU) and its pro-drug capecitabine in rats. Toxicol. Mech. Methods 2018, 28, 262-267. [CrossRef]
Russi, E.G.; Raber-Durlacher, J.E.; Sonis, S.T. Local and Systemic Pathogenesis and Consequences of Regimen-Induced Inflam-
matory Responses in Patients with Head and Neck Cancer Receiving Chemoradiation. Mediat. Inflamm. 2014, 2014, 518261.
[CrossRef] [PubMed]

Nguyen, H.; Sangha, S.; Pan, M.; Shin, D.H.; Park, H.; Mohammed, A.I; Cirillo, N. Oxidative Stress and Chemoradiation-Induced
Oral Mucositis: A Scoping Review of In Vitro, In Vivo and Clinical Studies. Int. . Mol. Sci. 2022, 23, 4863. [PubMed]

Rhee, S5.G.; Kang, S.W.; Jeong, W.; Chang, T.-S.; Yang, K.-S.; Woo, H.A. Intracellular messenger function of hydrogen peroxide and
its regulation by peroxiredoxins. Curr. Opin. Cell Biol. 2005, 17, 183-189. [CrossRef] [PubMed]

Vilhardt, F.; van Deurs, B. The phagocyte NADPH oxidase depends on cholesterol-enriched membrane microdomains for
assembly. EMBO J. 2004, 23, 739-748. [CrossRef] [PubMed]

Rice-Evans, C.; Halliwell, B.; Lunt, G.; Davies, K.J. Oxidative stress: The paradox of aerobic life. In Biochemical Society Symposia;
Portland Press Limited: London, UK, 1995; pp. 1-31.

Halliwell, B.; Gutteridge, ].M.; Cross, C.E. Free radicals, antioxidants, and human disease: Where are we now? J. Lab. Clin. Med.
1992, 119, 598-620.

Waddington, R.J.; Moseley, R.; Embery, G. Periodontal Disease Mechanisms: Reactive oxygen species: A potential role in the
pathogenesis of periodontal diseases. Oral Dis. 2000, 6, 138-151. [CrossRef] [PubMed]

Kawaguchi, Y,; Tanaka, H.; Okada, T.; Konishi, H.; Takahashi, M.; Ito, M.; Asai, J. Effect of reactive oxygen species on the elastin
mRNA expression in cultured human dermal fibroblasts. Free Radic. Biol. Med. 1997, 23, 162-165. [CrossRef] [PubMed]

Bae, S.; Lee, E.-].; Lee, ].H,; Park, I.-C.; Lee, S.-].; Hahn, H.J.; Ahn, K.J.; An, S.; An, L.-S.; Cha, H.J. Oridonin protects HaCaT
keratinocytes against hydrogen peroxide-induced oxidative stress by altering microRNA expression. Int. . Mol. Med. 2014,
33, 185-193. [CrossRef]

Park, W.H. The effects of exogenous H,O, on cell death, reactive oxygen species and glutathione levels in calf pulmonary artery
and human umbilical vein endothelial cells. Int. J. Mol. Med. 2013, 31, 471-476. [CrossRef]

Zheng, ].; Piao, M.].; Keum, Y.S.; Kim, H.S.; Hyun, ].W. Fucoxanthin Protects Cultured Human Keratinocytes against Oxidative
Stress by Blocking Free Radicals and Inhibiting Apoptosis. Biomol. Ther. 2013, 21, 270-276. [CrossRef]

Lee, H.; Yeom, M.; Shin, S.; Jeon, K.; Park, D.; Jung, E. Protective Effects of Aqueous Extract of Mentha suaveolens against Oxidative
Stress-Induced Damages in Human Keratinocyte HaCaT Cells. Evid. -Based Complement. Altern. Med. 2019, 2019, 5045491.
[CrossRef] [PubMed]

Ransy, C.; Vaz, C.; Lombes, A.; Bouillaud, F. Use of H,O, to Cause Oxidative Stress, the Catalase Issue. Int. . Mol. Sci. 2020, 21,
9149. [CrossRef] [PubMed]

Lima, V.; Brito, G.; Cunha, F.d.Q.; Rebougas, C.; Falcao, B.; Augusto, R.; Souza, M.; Leitao, B.; Ribeiro, R. Effects of the tumour
necrosis factor-oc inhibitors pentoxifylline and thalidomide in short-term experimental oral mucositis in hamsters. Eur. J. Oral Sci.
2005, 113, 210-217. [CrossRef] [PubMed]

Kolli, VK.; Abraham, P; Isaac, B.; Kasthuri, N. Preclinical efficacy of melatonin to reduce methotrexate-induced oxidative stress
and small intestinal damage in rats. Dig. Dis. Sci. 2013, 58, 959-969. [CrossRef] [PubMed]

Zhang, R.; Brennan, M.L,; Shen, Z.; MacPherson, J.C.; Schmitt, D.; Molenda, C.E.; Hazen, S.L. Myeloperoxidase functions as
a major enzymatic catalyst for initiation of lipid peroxidation at sites of inflammation. J. Biol. Chem. 2002, 277, 46116-46122.
[CrossRef] [PubMed]

Huang, R.; Ai, G.; Zhong, L.; Mai, L.; Chen, ].-N.; Liu, Y;; Li, Y,; Huang, X.; Su, Z.; Zhan, ].Y.-X. Protective Effects of Oxyberberine
in 5-Fluorouracil-Induced Intestinal Mucositis in the Mice Model. Evid.-Based Complement. Altern. Med. 2022, 2022, 1238358.
[CrossRef] [PubMed]

Aratjo, A.A.d.; Aradjo, L.d.S.; Medeiros, C.A.C.X.d.; Leitao, R.Ed.C.; Brito, G.A.d.C.; Costa, D.V.d.S.; Guerra, G.C.B.; Garcia, V.B,;
Lima, M.L.d.S.; Aratjo Junior, R.E.d. Protective effect of angiotensin II receptor blocker against oxidative stress and inflammation
in an oral mucositis experimental model. J. Oral Pathol. Med. 2018, 47, 972-984. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/0022034520925421
https://doi.org/10.1080/15376516.2017.1402976
https://doi.org/10.1155/2014/518261
https://www.ncbi.nlm.nih.gov/pubmed/24757285
https://www.ncbi.nlm.nih.gov/pubmed/35563254
https://doi.org/10.1016/j.ceb.2005.02.004
https://www.ncbi.nlm.nih.gov/pubmed/15780595
https://doi.org/10.1038/sj.emboj.7600066
https://www.ncbi.nlm.nih.gov/pubmed/14765128
https://doi.org/10.1111/j.1601-0825.2000.tb00325.x
https://www.ncbi.nlm.nih.gov/pubmed/10822357
https://doi.org/10.1016/S0891-5849(96)00570-9
https://www.ncbi.nlm.nih.gov/pubmed/9165309
https://doi.org/10.3892/ijmm.2013.1561
https://doi.org/10.3892/ijmm.2012.1215
https://doi.org/10.4062/biomolther.2013.030
https://doi.org/10.1155/2019/5045491
https://www.ncbi.nlm.nih.gov/pubmed/31662774
https://doi.org/10.3390/ijms21239149
https://www.ncbi.nlm.nih.gov/pubmed/33266350
https://doi.org/10.1111/j.1600-0722.2005.00216.x
https://www.ncbi.nlm.nih.gov/pubmed/15953245
https://doi.org/10.1007/s10620-012-2437-4
https://www.ncbi.nlm.nih.gov/pubmed/23053903
https://doi.org/10.1074/jbc.M209124200
https://www.ncbi.nlm.nih.gov/pubmed/12359714
https://doi.org/10.1155/2022/1238358
https://www.ncbi.nlm.nih.gov/pubmed/35677366
https://doi.org/10.1111/jop.12775

	Introduction 
	Materials and Methods 
	Cell Lines and Culture Conditions 
	Optimizing Seeding Density of Cells 
	Induction of Oxidative Stress by H2O2 Treatment 
	Cell Viability and Growth Assay 
	Evaluation of Epithelial Cell Viability Rate with Fluorescence-Based Live–Dead Assay 
	Evaluation of Epithelial Cell Viability Rate with Fluorometric Cytotoxicity Assay (FCA) 

	Determination of Intracellular ROS Production and Kinetics 
	Real-Time Quantification of Oxidative Stress in Oral Keratinocytes Using Fluorescent Dye-Based Redox Probes 
	Immunohistochemistry Analysis 
	Statistical Analyses 

	Results 
	Growth Kinetics and Optimization of Cell Number for Cell Viability Assay 
	Epithelial Cell Proliferation Inhibited by H2O2 in a Time- and Dose-Dependent Manner 
	Cytotoxic Effect of H2O2 on Oral Keratinocytes 
	Establishment of an Oxidative Stress-Induced Mucosal Injury Model with H2O2-Treated Oral Keratinocytes 
	Effect of H2O2-Induced Oxidative Stress on Morphological Changes in Oral Keratinocytes 
	Assessment of ROS Production during Oxidative Stress-Induced Epithelial Injury In Vitro 
	Dynamic Real-Time Detection of the H2O2-induced Redox Changes in Oral Keratinocytes Using ROS Sensitive Fluorescent Sensors 
	Malondialdehyde (MDA) and Myeloperoxidase (MPO) Expression in a Mouse Model of Mucositis 

	Discussion 
	Conclusions 
	References

