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Abstract Low-level laser therapy (LLLT) is used in the
treatment of chemoradiotherapy- or radiotherapy-induced
oropharyngeal mucositis (ORM). In head and neck
cancer, tumor cells may lie in the LLLT irradiation field,
and LLLT might promote tumor progression. We there-
fore investigated the effect of LLLT on proliferation, cell
cycle distribution, and apoptosis in a human oral
carcinoma cell line (SCC-25), non-malignant epithelial
cells (BEAS-2B), and fibroblasts in vitro. The cell lines
were subjected to LLLT on three consecutive days for
15 min. Cell proliferation was assessed using the MTT
assay, cell cycle distribution by flow cytometry and
propidium-iodide DNA staining, and apoptosis using an
Annexin V-FITC assay. Controls were sham-treated, but
not exposed to the laser treatment. LLLT treatment
resulted in increased fibroblast proliferation (p<0.001),
whereas decreased cell proliferation was observed after
LLLT treatment of BEAS-2B (p=0.003) and SCC-25 cells
(»<0.001). In SCC-25 cells, an increased percentage of S-
phase cells and decreased percentage of Gl-phase cells
were observed (p<0.001). Moreover, a proapoptotic effect
of LLLT was observed in SCC-25 cells (»p=0.02). LLLT
did not exhibit a tumor-promoting effect in this in vitro
study.
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Introduction

Oropharyngeal mucositis (ORM) is a common and severe
early complication in the treatment of head and neck cancer
patients undergoing chemoradiotherapy or radiotherapy
alone [1]. ORM may occur as early as 1 week after the
onset of therapy and may lead to pain, dysphagia,
dehydration, micronutrient deficiencies, weight loss, and
potentially life-threatening aspiration. Delay of anticancer
treatment, a common consequence of ORM, affects
treatment outcome and disease prognosis [2]. Oral hygiene,
as well as anti-inflammatory and analgesic therapies, is
currently the most established strategies in prevention and
treatment of ORM [3]. In the pathogenesis of ORM,
radiation and chemotherapy trigger cellular and DNA
damage in the epithelium as well as in the submucosa.
Irradiation-induced reactive oxygen species initiate a
complex downstream cascade including nuclear factor-xB
(NF-kB) activation and release of proinflammatory cyto-
kines including TNF-«, IL-1f3, and IL-6. Positive-feedback
loops lead to signal amplification resulting in tissue injury
via matrix metalloproteinases (MMPs) [4]. It is, however,
still unclear as to what extent airway epithelial cells
contribute to the production of inflammatory cytokines.
Interestingly, a recent study revealed no inflammatory
response of airway epithelia following irradiation with 2,
5, and 8 Gy [5].

Low-level laser therapy (LLLT) is the application of
monochromatic coherent light at energy levels low enough
that temperature elevation in the tissue is below 0.1°C.
Continuously emitting low-power laser sources in the
range of 1 to 500 mW are usually employed. The
wavelength is typically in the red or near infrared
spectrum (600—1,000 nm). Helium—neon lasers or diode
lasers (e.g., gallium—aluminum-arsenide) are frequently
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used. In ORM, the energy densities (doses) applied to the
mucosa range between 1.8 and 10 J/em?. LLLT is
administered once or several times on consecutive days
or each second or third day. Usually, 9-12 spots are
irradiated at different sites of the oral mucosa in contact
mode or with a distance of approximately 1 cm between
the laser probe and the mucosal surface. Recently, Huang
et al. reported that not only the irradiation dose (J/cm?),
but also the dose rate, influences the biological and
clinical effects. The dose rate depends on the power
density (irradiance, W/ecm?) and exposure time. Keeping
the total irradiation dose constant, the authors observed
differential effects with high-power densities and short
exposure times compared to low-power densities and long
exposure times [6]. Although the total dose was similar to
that used in various clinical trials on LLLT in ORM, the
dose rates differed substantially.

In animal studies, LLLT was shown to promote tissue
repair and exert anti-inflammatory effects in ORM [7, §].
LLLT was also reported to be effective in the prevention of
ORM. In clinical studies, higher grade mucositis occurred
less frequently and pain scores were significantly reduced
[9-11]. Molecular mechanisms of LLLT were found to
involve mitochondrial pathways [6]. In vitro, cell prolifer-
ation has been a frequently observed effect after LLLT in
various cell types including stem, mesenchymal, muscle,
and blood cells [12]. Furthermore, LLLT might also affect
specific proteins involved in cell cycle control and
apoptosis [13, 14]. In this regard, LLLT may also interfere
with antineoplastic treatment.

We, therefore, aimed to investigate the effects of LLLT
on proliferation, cell cycle distribution, and apoptosis of
cells involved in mucosal tissue regeneration and repair
(epithelial cells and fibroblasts) and on oral squamous cell
carcinoma (SCC) cells. We used a diode area laser
providing low-dose rates in this study, as clinically, this
diode area laser is suitable for large field external LLLT of
ORM.

Materials and methods
Cell cultures

Three cell lines were used in this study. BEAS-2B cells are
immortalized but not transformed human bronchial epithelial
cells (purchased from ECACC, Salisbury, UK), PDL fibro-
blasts (from Prof. Dr. Nikolai Miosge, Dept. Prosthodontics,
Georg-August-University, Gottingen, Germany) are human
gingival fibroblasts, and SCC-25 is a registered human oral
SCC cell line (DMSZ, Braunschweig, Germany). All cell
culture media and supplements were purchased from PAA
(Linz, Austria).
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Treatments

Cells were plated for FACS analysis of cell cycle
distribution and apoptosis at 2x10° cells/100 mm petri
dish (plated in 10 ml) in complete media: DMEM/Low
Glucose (PDL fibroblasts), RPMI 1640 (BEAS-2B), and
DMEM/F12 (1:1) (SCC-25). For the cell proliferation
assay, cells were plated in 96-well plates at a density of
10,000 cells per well (plated in 100 pl) in complete
media. Forty-eight hours after seeding, cells were
exposed to LLLT for 15 min on three subsequent days,
always at the same time of day. A GaAlAs diode area
laser source (FL 3500, 660 nm, 350 mW, Heltschl
GmbH, Schluesslberg, Austria) was located 2 cm above
the cell culture, and the culture dishes were uncovered
under the laser source. The diode area laser source
consisted of seven equal diodes. Each diode emitted an
elliptic laser field with a Gaussian distribution of
irradiance. Actual field characteristics at the culture
plates were investigated with an optical power meter.
Emitted laser light completely covered the 96-well plates.
Within the irradiated area, power densities ranged from
0.39 to 63.7 mW/cm?. In the petri dishes, approximately
half of the cell culture surface was covered by the emitted
light. Controls were sham-treated (dishes were removed
from the incubator, the culture dish cover was removed,
and cells were incubated for 152, 5, and 8 min at room
temperature, but were not exposed to the laser). One day after
the last exposure or sham treatment, cells were prepared for
the final readout tests (MTT, cell cycle distribution, or
Annexin V-FITC assays). All experiments were performed
in two plating sessions, both in triplicate (n=6).

Cell proliferation assay

Cell proliferation was evaluated using the tetrazolium salt
(MTT) method as previously described [15]. The MTT
cell proliferation assay is a quantitative colorimetric
method used to determine cell proliferation based on
detection of metabolic activity. It utilizes the yellow
tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium-bromide), which is metabolized by
the mitochondrial succinic dehydrogenase activity of
proliferating cells, to yield a purple formazan reaction
product [16]. After the required incubation time, 10 pl of
5 mg/ml MTT solution (in H,O) was administered to the
cells (100 ul). Cells were incubated for 42, 5, and 8 h at
37°C and then the formazan reaction product was
dissolved using sodium dodecylsulphate in 10 mM HCI
at 37°C for 242, 5, and 8 h. Absorbance was read at
550 nm using a microtiter plate reader (Athos 2010,
Salzburg, Austria). Absorbance at 550 nm is linearly
correlated with cell proliferation.
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Cell cycle analysis

Cell cycle distribution was analyzed by flow cytometry
and propidium-iodide (PI) DNA staining in ethanol-fixed
cells as described previously [17]. Briefly, cells were
harvested by trypsinization, and resuspended at a concentra-
tion of 2x10° cells/ml in ice-cold 80% ethanol, in which
cells were fixed for 302, 5, and 8 min at 4°C. Cells were then
collected by centrifugation at 400x g for 52, 5, and 8 min at
4°C. Cell pellets were resuspended in 500 pl of 2 mg/ml
RNase A (Marligen, I[jamsville, MD, USA) in Hank's
balanced salt solution (HBSS, PAA), and incubated for 52,
5, and 8 min at room temperature followed by incubation
with 500 pl of 0.1 mg/ml PI solution for 302, 5, and 8 min at
room temperature in the dark. Cells were than collected by
centrifugation at 400 x g for 5 min at 4°C, and resuspended in
500 pl isoflow sheath fluid (Coulter, Miami, FL, USA). Cell
cycle distribution was analyzed on histograms in an Epics
XL-MCL (Coulter) using the EXPO 32 ADC software
(Coulter).

Apoptosis assay

Cell death was analyzed by Annexin V-FITC flow
cytometry analysis as described previously [17]. Briefly,
cells were harvested by trypsinization, and resuspended at a
concentration of 2x10° cells/ml in Binding Buffer (10 mM
HEPES/NaOH, pH 7.4, 140 mM NacCl and 2.5 mM CaCl,).
The cell suspension (200 pl) was aliquoted into FACS
tubes, incubated with 2.5 pl Annexin V-FITC (Santa Cruz
Biotechnology, Santa Cruz, CA, USA; from a 200 pg/ml
solution) and 10 pl PI (from a 50 pug/ml solution; Santa
Cruz Biotechnology) for 15 min at room temperature in the
dark. After incubation, 800 pl of Binding Buffer was added
to each tube and cells were analyzed immediately by flow
cytometry (Epics XL-MCL; Coulter). Baselines were
adjusted to sham-treated controls, and the percentage of
Annexin V', PI" and Annexin V™ + PI' cells was
determined.

Statistical analysis

Descriptive statistics of proliferation, apoptosis, and cell
cycle distribution assays included mean and standard
deviation grouped by cell type and exposure (LLLT vs.
sham exposure). For confirmatory analysis, outcome
parameters were analyzed by a two factorial analysis of
variance with cell type and exposure as factors. The
effects of the factors were analyzed using the Wald test,
with the alpha error set to 0.05. Bonferroni-corrected
planned contrasts were conducted to identify the differ-
ential effects of LLLT exposure on the three cell types
examined here.

Results

Differential effects of LLLT on the cell proliferation
of fibroblasts and epithelial cells

Levels of cell proliferation, determined by the MTT assay,
differed significantly between the three cell types investigated
(»<0.001). The absorbance measured at 550 nm in the MTT
assay was highest in SCC-25 cells (0.32+0.14), followed by
fibroblasts (0.30+0.12), and BEAS-2B cells (0.22+0.79).
Moreover, a differential response to LLLT treatment was
observed between the three cell types (p<0.001). While a
higher absorbance was observed in LLLT-treated fibroblasts
(0.37£0.11) than the sham-treated controls (0.23+0.10,
p<0.001), lower absorbance was observed after LLLT
treatment of BEAS-2B cells (0.18+0.06 vs. 0.25+0.08;
p=0.003) and SCC-25 cells (0.28+0.11 vs. 0.36%0.15;
p<0.001, Fig. 1) than the sham controls. Assuming that cell
proliferation correlates with the absorbance measured in the
MTT assay, we found that LLLT induced a significant 1.6-fold
increase in the level of proliferation in fibroblasts compared
with a significant 0.7-fold and 0.8-fold decrease in the level of
proliferation in BEAS-2B and SSC-25 cells, respectively.

Effects of LLLT on cell cycle distribution

No significant changes in the cell cycle distribution were
detected in fibroblasts after laser treatment (Fig. 2).
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Fig. 1 Differential effects of LLLT on the proliferation of fibroblasts,
epithelial cells (BEAS-2B) and oral squamous cell carcinoma cells
(SCC-25). The MTT assay was used to measure changes in the level
of proliferation of the different cell lines. MTT absorbance at 550 nm
(y-axis) represents the rate of mitochondrial dehydrogenase activity,
which is closely correlated with cell proliferation. In fibroblasts, a
significant 1.6-fold increase in proliferation was observed, while in
non-neoplastic epithelial cells (BEAS-2B), a significant 0.7-fold
decrease in proliferation was recorded. In addition, in neoplastic
epithelial cells (SCC-25), a significant 0.8-fold decrease in prolifer-
ation was observed after 15-min LLLT treatment on three consecutive
days compared to sham-exposed cells
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Fig. 2 Effects of LLLT on the cell cycle distribution of fibroblasts,
BEAS-2B and SCC-25 cells. Flow cytometry was used to measure
changes in the cell cycle distribution of the different cell lines. In
fibroblasts, a trend towards a decreased percentage of GIl- and
increased percentage of S-phase cells was observed after LLLT

However, in BEAS-2B cells, the percentage of sub-Gl-
phase cells was higher (»p=0.015) and the percentage of G2-
phase cells was slightly lower (»p=0.004) in LLLT-treated
cells than the sham-treated controls. The percentage of
cells in the other cell cycle phases did not differ
significantly between treated and control cells. In SCC-
25 cells, LLLT induced an increase in the percentage of
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Fig. 3 Proapoptotic effect of LLLT in BEAS-2B and SCC-25 cells.
Flow cytometry was used to measure changes in the level of apoptosis
in the different cell lines. The percentage of Annexin V' cells (y-axis)
represents the relative number of cells undergoing apoptosis. After
LLLT, the relative number of Annexin V" cells was higher than after
sham exposure
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treatment. This effect was significant in epithelial neoplastic SCC-25
cells. In SV40 immortalized non-neoplastic epithelial cells (BEAS-
2B), this effect was not observed. This is possibly due to SV40-
induced cellular events (see text)

S-phase cells (»<0.001), while other phases did not
change significantly. In both the fibroblasts and SCC-25
cells, the increase in S-phase cells paralleled the decrease
in Gl-phase cells. Nevertheless, this change was only
significant in SCC-25 cells.

Effects of LLLT on apoptosis

In BEAS-2B and SCC-25 cells, flow cytometry was used to
compare Annexin V-binding in LLLT- and sham-treated
cells. After LLLT, a slight but insignificant increase in the
relative amount of Annexin V" cells compared with sham-
treated controls was observed (p=0.09; Fig. 3). A slight but
insignificant increase in PI" cells was also observed
following LLLT. In SCC-25 cells, the relative amount of
Annexin V' cells was higher in LLLT-treated cultures than
in the controls (p=0.02; Fig. 3).

Discussion

In prospective controlled trials, LLLT has been reported to
have a positive effect on ORM [9-11, 18, 19]. Recent
studies suggest that increased cell proliferation, as well as
alterations in cell cycle control and apoptosis, are relevant
mechanisms of LLLT [6, 12]. In head and neck cancer, the
primary tumor frequently lies within the radiation field of
LLLT. Therefore, it would be of interest to determine how
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LLLT at the tumor site affects fibroblasts, non-neoplastic
epithelial cells and, in particular, epithelial neoplastic cells.
Here, we examined how LLLT, used in the clinical
treatment of ORM, affects cell proliferation, cell cycle
control, and apoptosis in these three cell types.

In this study, we used a diode area laser device with an
application scheme similar to that used in clinically (15 min
a day for three subsequent days). This regimen in the
treatment of ORM is in accordance with the manufacturer's
guidelines and has been shown to be feasible and effective.
It is noteworthy to mention that the design of diode area
lasers differs considerably from handheld laser devices,
which are usually applied at 1-2 min/cm® of affected
mucosa.

We observed differential effects of LLLT on fibroblasts
and epithelial cells. While significant increases in the level
of proliferation were observed in fibroblasts, the level of
proliferation decreased in both the non-neoplastic and
neoplastic epithelial cell lines (Fig. 1). Due to the fact that
BEAS-2B cells are of bronchial origin, their representation of
oral/pharyngeal cells is limited. Cell cycle analysis revealed
recruitment of the carcinoma cells into the S-phase (Fig. 2).
Likewise, a significant proapoptotic effect was observed only
in carcinoma cells (Fig. 3). These results point to a major
role of fibroblast activation in LLLT-induced tissue repair,
while no positive stimulatory net effect on SCC cells was
found. Due to the limited number of cell lines and the
specific laser exposure, no clinical inferences can be made
from this study.

In this study, we employed a low-dose rate area laser
device that is also used for clinical applications. In contrast
to handheld therapy lasers, area lasers are applied externally
and cover a mucosal surface of several square centimeters.
Since the radiation fields of the single diodes do not
completely overlap, the radiation intensities were not
homogenous in these cell culture experiments.

Tetrazolium-based proliferation assays are used to detect
the metabolic activity of cells. MTT absorbance is closely
correlated with cell proliferation [16]. The observed effects
of LLLT on the proliferative ability of fibroblasts are in
agreement with several earlier reports. A significant
increase in the proliferative ability of human gingival
fibroblasts was observed 24 h after irradiation with a
809 nm GaAlAs-diode laser (1.96-7.84 J/em?, 75-300 s)
[20]. Application of LLLT (809 nm GaAlAs, 5 s, 1 J/em?,
three consecutive days) to isolated fibroblasts from chicken
embryos on three consecutive days was found to signifi-
cantly increase proliferation after 24 h, but not after 72 h
[21]. In one study, significant proliferation persisted only
with the highest energy density (7.84 J/cm?®) or repeated
laser treatment [20]. In NIH-3 T3 fibroblasts, the effects of
treatment with a 904 nm GaAs diode laser led to increased
proliferation, which persisted for 6 days. The NIH-3 T3

cells were exposed to two applications of a total dose of 3,
4, and 5 J/em? in a 6-h interval 24 h after incubation, and
significantly higher cell numbers were detected in the
experimental groups exposed to 3 and 4 J/cm? than the
controls and cultures treated with 5 J/em? [22].

In our study, which used low-dose rates, we did not
observe increased proliferation of SCC-25 cells following
LLLT. Data on the effects of LLLT on the proliferative
ability of carcinoma cells are not consistent, possibly due to
the application of different dose rates [6]. In Hep-2 cells,
635 and 670 nm laser exposure at fluencies ranging
between 0.04 and 4.8 J/em® for seven consecutive days
did not result in a proliferative response. However, no zero-
control was reported [23]. Likewise, the proliferative ability
of oral carcinoma cells (strain KB) was unaffected by LLLT
treatment. Irradiation of the oral carcinoma cells was
performed 24 and 72 h after seeding with 4 J/em® and a
wavelength of 685 or 830 nm, respectively. Absorbances
analyzed using the MTT assay tended to decrease up to
72 h after treatment in the controls and experimental groups
[24]. These results and reports from others, on cancer cell
lines do not confirm a general positive stimulatory effect of
LLLT on malignant cells [25]. In contrast, exposure of
cancer cells with high-dose rates (high irradiance and short
exposure times) resulted in increased proliferation. A
significant increase in cell proliferation was observed 24,
48 and 72 h post-exposure of laryngeal cancer explants
irradiated once with an 809-nm diode laser at an irradiance
of 25 mW/em® for 75, 150 and 300 s [26].

Cell cycle analysis was used to investigate the possible
differential effects of laser on cell proliferation in the three
cell types. The cell cycle distribution in laser-treated cells
was compared to the sham controls (Fig. 2). An increased
percentage of S-phase cells was found in the oral cancer
cells and a similar trend was observed in fibroblasts. The
concomitant reduction of Gl-phase cells suggested that
increased cell cycle progression from the G1- to the S-phase
had occurred. Increased expression of cell cycle proteins
including cyclin D1, cyclin D and PCNA, as well as PML
inhibition might contribute to this effect [12]. LLLT might
induce p53 inhibition, thereby contributing to S-phase
accumulation [13]. The S-phase accumulation might also
be correlated with radioresistance [27], which was not tested
directly in our study. In this context, it is noteworthy that the
radiotherapy-induced S-phase accumulation is usually asso-
ciated with DNA damage, which was not detected in LLLT-
treated cells [28]. In addition, since SV40 interferes with p53
expression, the results might be biased in SV40-immortalized
BEAS-2B cells.

During apoptosis, phosphatidylserine (PS) is translo-
cated from the cytoplasmic side of the plasma membrane to
the cell surface, and can be detected in unfixed cell
suspensions or in native cultured cells. Annexin V has a
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strong, Ca®*-dependent affinity for PS and can be used as a
marker for apoptosis [29, 30]. Annexin V-binding is a
relatively early event in apoptosis, when the cell membrane
is still intact. During later stages of apoptosis, the cell
membrane becomes permeable, and accumulation of not
only Annexin V, but also PI is observed. Necrotic cells are
usually Annexin V-negative, but due to their non-functional
membrane pumps accumulate PI. In this study, FITC-
labeled Annexin V was used to immunocytochemically
detect apoptotic cells in laser-treated BEAS-2B and SCC-
25 cells. After laser-treatment, a higher proportion of
Annexin V" and/or PI" cells were observed compared with
the sham-treated controls. An antiapoptotic, possibly
tumor-promoting effect, was not observed in either the
non-neoplastic or neoplastic epithelial cells. This also
highlights that although LLLT might induce oxidative
changes in the irradiated cells, these changes are related to
physiological functions, including cellular signaling and
regulation of gene expression [31], and not to the induction
of cell death.

In conclusion, the interaction of laser light with living
tissues may lead to different effects depending upon several
factors including cell type and laser parameters. In
particular, the dose rate might affect the proliferative
response of neoplastic epithelial cells. In this study, which
used low-dose rates, no proliferative or antiapoptotic effects
of LLLT on SCC cells were observed.
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