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Abstract

The radiomodulatory effect of photobiomodulation (PBM) has recently been studied in cancer
cells. The aim of this study was to investigate cellular mechanisms involved in the X-ray
radiosensitivity of HelLa cells pre-exposed to PBM. HeLa cells were irradiated with 685 nm laser
at different energy densities prior to X-ray ionizing radiation. After irradiation, clonogenic cell
survival, cell death due to apoptosis and autophagy were determined. Levels of intracellular
reactive oxygen species (ROS), DNA damage and, cell cycle distribution after PBM were
measured. PBM at different energy densities (5-20 J/cm?) was not cytotoxic. However, HeLa cells
pre-exposed to 20 J/cm? showed enhanced inhibition of colony formation following ionizing
radiation. Enhanced radiosensitivity was due to increased oxidative stress, DNA damage, and
radiation-induced apoptosis and autophagy. These results suggest that 685 nm PBM at a higher
energy density could possibly be a promising radiosensitizing agent in cervical cancer, to decrease
the radiation dose delivered, and therefore prevent the side-effects that are associated with cancer
radiotherapy
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1. Introduction

Cervical cancer is the most common gynecological malignancy among women after
endometrial and ovarian cancers [1]. Although surgery is the first line treatment for cervical
cancer, it is unlikely that surgery alone will be sufficient to remove all remaining cancerous
cells. Radiotherapy with ionizing radiation (IR) helps to remove any remaining neoplastic
cells and has also been shown to reduce risk of recurrence [2]. The outcome of radiotherapy
is not always satisfactory, since cervical cancer cells have lower sensitivity to IR compared
to other cancer types [3, 4]. It is therefore important to sensitize these cells to IR, to increase
the chances of successful treatment without intolerable side-effects.

Genotoxicity and DNA damage is the central lethal event in cells exposed to IR. Among
them, double-strand breaks (DSBs) in DNA can damage genomic integrity leading to cell
death in mammalian cells [5-7]. On the other hand, the capacity of cells to carry out DNA
repair is the main determinant in sensitivity of cancer to IR. Increased DNA repair capability
can lead to radioresistance. Therefore, modulation of cellular responses to IR through
reducing the DNA repair capacity of cells has been a longstanding goal in radiation biology
[8]. The repair of DSBs and radiation-induced apoptotic cell death are both energy-
demanding processes consuming a large amount of cellular ATP [9, 10]. Therefore,
regulating mitochondrial bioenergetics could alter the cellular responses to genotoxic
stressors such as IR [11].

Photobiomodulation (PBM) or low-level laser irradiation (LLLI) can modulate several
cellular responses [12-17]. The absorption of photons emitted from lasers or other light
sources by cellular photoacceptors creates oxidative stress at a cellular level and leads to
generation of a burst of intracellular reactive oxygen species (ROS) [13, 18-20]. Lower
energy densities of PBM that only produce a brief burst of low-intensity ROS can stimulate
beneficial processes such as proliferation, differentiation, and viability [12, 21]. On the other
hand higher energy densities that produce a high level of ROS that can be prolonged can
induce pro-apoptotic effects and can inhibit proliferation in vitro [15, 19, 22]. These
paradoxical effects of PBM are called “biphasic dose response” and depend on the energy
density of light delivered [12]. ROS homeostasis and ROS-mediated signaling have an
important role in cellular response following PBM. The generated ROS by PBM even at
very low energy densities can initiate redox-signaling and can activate redox-sensitive
transcription factors such as the Akt/GSK3beta pathway and nuclear factor kappa B (NF-kB)
[23-25]. These transcription factors stimulate anti-apoptotic and/or cell survival responses.
Increasing the energy of PBM provides an ever-larger amount of ROS that may eventually
reach cytotoxic levels. Cytotoxic levels of ROS cause various types of cellular damage and
can induce apoptosis via inactivation of the Akt/GSK3beta signaling pathway [13, 14, 19].
Furthermore, apoptosis can be directly initiated from mitochondrial ROS generation
following high energy PBM. This apoptosis results from reduction of mitochondrial
membrane potential and the so-called “ROS-dependent ROS release” [13, 26].

Recently, the radiomodulatory effects of PBM have been reported in various cells especially
cervical cancer cells [27-29]. However, the mechanism of the radiomodulatory effects of
PBM in cervical cancer cells is still uncertain. This study aimed to investigate the cellular
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responses when PBM was followed with X-ray ionizing radiation in human cervical cancer
cells. Additionally, we evaluated the role of oxidative stress, DNA damage and cell cycle
progression.

2. Materials and Methods

2.1. Cell line and culture conditions

Human cervix adenocarcinoma cell line HeLa was purchased from National Cell Bank of
Iran (NCBI C115, Pasteur Institute, Iran). The cells were cultured in RPMI-1640 medium
(Gibco-31800-089), containing 10% fetal bovine serum (Gibco-10270), 100 U/ml penicillin
(Sigma, USA-PENNA) and 100 pg/ml streptomycin (Jaberebn-Hayan, Iran- 4D1751) in a
humidified incubator with 5% CO, at a temperature of 37°C.

2.2. Photobiomodulation

The protocol of PBM was described in detail in our previous study [27]. A continuous wave
685 nm laser (BTL-5000, Prague, Czech Republic) with 50 mW output power was used for
PBM. This device was specifically designed to provide uniform irradiation from beyond the
wall of the culture plates on which the cells were seeded. The reduction in power density
caused by this type of irradiation was calculated using a laser power meter (ThorLab
PM100A, USA). Laser irradiation was applied once at 16.6 m\W/cm?2 power density at 0
(control), 5, 10, 20 J/cm? energy densities at O (control), 5, 10 and 20 minutes, respectively.
The area of exposure was held constant, and included the entire area of the colonies on the
culture plates.

2.3. Mitochondrial activity assay

Mitochondrial activity was measured using the tetrazolium salt assay (MTT). HeLa cells
were trypsinized and seeded at an initial density of 1x10% cells/cm? in 96 well plates. After
24 hours, the cells were irradiated with 685 nm laser light at 5, 10 and 20 J/cm? energy
densities. At 48 hours after PBM, medium was removed from each well and 50 mL MTT
solution (Sigma, USA-M2128) (2 mg/mL) was added. After three hours incubation, medium
was removed and 100 pL dimethyl sulfoxide was added (Merck, Germany- 102952) to each
well. Absorbance at 570 and 630 nm wavelengths was measured with BioTek plate reader.
Difference of absorbance at the two wavelengths represented the amount of formazan
produced. At 48 h post PBM mitochondrial activity can be taken as a measure of cell
proliferation.

2.4. Clonogenic survival assay after X-ray ionizing radiation

The clonogenic assay protocol was described in our previous study [27]. Briefly, the cells
were seeded into each well of 12 well-plates. Prior to X-ray radiation, the cells were
irradiated with 685 nm laser at 0 (control), 5, 10 and 20 J/cm? energy densities. After a one-
hour incubation, the cells were exposed to 6 MeV X-ray photons (Siemens Primus linear
accelerator, Germany) at a dose rate of 200 cGy/minute. Then, cells were incubated for nine
days to form colonies. The colonies were fixed in 2% formaldehyde (Sigma, USA- F8775)
and stained with crystal violet (0.5%) (Sigma, USA- C3886). The survival fraction was
calculated for each dose of X-ray IR (0, 2, 4, 6 Gy).
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2.5. Apoptosis Detection and Quantification

Morphological changes due to apoptosis induced by PBM alone and the combination with
X-ray radiation were detected by fluorescence microscopy (Zeiss, Germany) of cultures
stained with acridine orange/ethidium bromide (AO/EB) and quantified using flow
cytometry according to published procedures [30, 31]. Treated HeL a cells were pelleted,
resuspended in 200 uL of PBS, and stained with AO-EB. The final concentrations of AO
(Sigma, USA- A6014) and EB (Sigma, USA- E7637) were 0.1 and 0.25 mM, respectively.
All samples were stained and analyzed immediately at room temperature. Flow cytometric
analysis was performed on CyFlow Space (Parpec, Germany). Data were analyzed by using
FloMax software.

2.6. Autophagy Detection

To detect the occurrence of autophagy in HelL a cells, staining of acidic vesicular organelles
(AVOs) with acridine orange (Sigma, USA- A6014) was performed. Lysosome-related
markers such as AVOs are used to evaluate autophagy. In acridine orange (AO)-stained cells,
the cytoplasm and nucleolus fluoresce green, while acidic compartments fluoresce red. The
intensity of the red fluorescence emission is proportional to the degree of acidity.
Morphological changes due to autophagy induced by PBM alone and the combination with
X-ray radiation were examined by fluorescence microscopy (Zeiss, Germany) of cultures
stained with AO and quantified using flow cytometry. After PBM and X-ray radiation, HeLa
cells were incubated for 6 hours. Then, the cells were stained with 2 ug/mL acridine orange
for 15 minutes.

2.7. Reactive oxygen species (ROS) assay

Quantitation of ROS generated by PBM was performed by 2°,7”-dichloro-dihydrofluorescin
diacetate (DCF-DA, Sigma-D6883) staining. DCF-DA passes easily through the cell
membrane where it is deactylated to a non-fluorescent dihydrofluorescein, and an increase in
fluorescence signal can be observed upon its oxidation. After PBM, the cells were
trypsinized and plated at 2x10* cells/cm? density into 12-well plates. After 48 hours, the
cells were irradiated with laser light at different energy densities. Thirty minutes later, DCF-
DA was added to the medium at a final concentration of 2uM. The plates were incubated for
45 minutes in the dark (37°C, 5% CO5). Then medium containing DCF-DA was removed
and washed twice with PBS. The fluorescence emission of ROS can be detected by using
excitation at 488 nm (blue) and emission at 530 nm (green) wavelengths. The generation of
ROS was visualized and quantified using fluorescence microscopy and fluorescence plate
reader (BioTek H4), respectively.

2.8. DNA damage assay

The single cell gel electrophoresis, commonly called the “comet assay”, is a simple and fast
method for detecting DNA breaks at the single cell level. In this study, the alkaline comet
assay was performed immediately after PBM. Immediately after PBM, cells were
trypsinized and suspended in 70 pL low melting point agarose (Sigma, USA- A9414) (0.5%
in PBS) and 65 L of the suspension was deposited on a fully frosted slide which was pre-
coated with 80 ml 1% agarose (Sigma, USA- A9539) in PBS. The agarose was allowed to
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set at 4°C for 10 min. The slides were then put into a tank filled with lysis buffer solution
(2.5 M NaCl (Sigma, USA- S7653), 0.1 M EDTA (Sigma, USA- 798681), 10 mM Tris
(Sigma, USA- 10708976001)/HCI (Sigma, USA- H1758) adjusted to pH 10, 1% Triton
X-100 (Merck, Germany- 108643) freshly added) for 1 hour at 4°C. To allow DNA
unwinding, the slides were incubated in fresh electrophoresis buffer (0.3 M NaOH (Sigma,
USA- S8045) and 1 mM EDTA, pH 13.6) for 30 min at 4°C. The slides were then placed
into an electrophoresis tank and electrophoresis was performed at 16 V (1 V/cm, 300 mA)
for 30 min at room temperature. After electrophoresis, the slides were placed in fresh
neutralization buffer (0.4 M Tris/HCI adjusted to pH 7.5) before staining with 50 pl ethidium
bromide solution (20 pug/ml) and were observed at 20x magnification using a fluorescence
microscope (Zeiss Axoscope 2, Germany). Through a randomized process a 100 cells per
slide were visually scored and analyzed using image analysis software (Tri Tek Comet Score
1.5).

2.9. Cell cycle assay

Cell cycle assay by quantitation of DNA content is a common method to distinguish cells in
different phases of the cell cycle by flow cytometry. Approximately 1x10° HeLa cells/cm?
treated with PBM were washed twice by centrifugation (200g, 5 min, 4°C) in PBS and were
fixed in cold 70% ethanol (Sigma, USA- 24102). The fixed cells in ethanol were kept at least
2 hours at —20°C. Then, the cells were washed twice with cold PBS by centrifugation and
the cell pellet were resuspended in 300 L of PBS containing 100 pg/mL RNAse (SinaClon
BioScience, Iran-PR891628C), 10 pg/mL propidium iodide (PI) (Sigma, USA- P4170) and,
10 ml of 0.1 % (v/v) Triton X-100 (Merck, Germany- 108643) for 15 minutes in the dark.
The fluorescence emission of Pl can be detected by using excitation at 488 nm (blue) and
emission at >650 nm (red) wavelengths. Data were analyzed by using CyFlow Space
(Parpec, Germany) and analyzed using FloMax software.

2.10. Statistical Analysis

3. Results

Statistical analyses were performed using SPSS 17 software. Data are presented as means +
standard error of mean (SEM). For continuous variables, means were compared by one-way
analysis of variance (ANOVA) and Tukey’s post hoc testing. The level of statistical
significance with 95% level of confidence was set at a two-tailed p-value of 0.05.

3.1. PBM did not significantly influence the proliferation of HeLa cells

The results of proliferation of HeLa cells measured at 48 hours after PBM at different energy
densities is shown in Figure 1. PBM with 685 nm wavelength at an energy density up to 20
Jlem? did not significantly affect the proliferation rate of HelLa cells.

3.2. PBM reduced cell survival fraction after X-ray IR in clonogenic survival assay

Table 1 shows the percentage of HeLa cells surviving after X-ray IR according to clonogenic
survival assay. The cells were pre-exposed by PBM at 0 (control), 5, 10 and 20 J/cm? with
685 nm wavelength. Compared with control HeLa cells (X-ray radiation only without PBM),
the survival fraction of HelLa cells treated with 4 Gy and 6 Gy doses of X-ray radiation was
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significantly decreased when pre-treated with PBM at 20 J/cm?2 energy density. These results
indicate that PBM at a higher energy density produced radiosensitization of HeLa cells and
enhanced the cytotoxic response to IR in a dose-dependent manner.

3.3. PBMinduced intracellular ROS production

Intracellular ROS production was assessed at 30 min after PBM. Florescent microscopy
showed that PBM could induce intracellular ROS production in HeLa cells (Figure 2). The
cells treated with PBM showed higher ROS intensity in a dose dependent manner as
compared to untreated cells (Figure 3). The quantitative measurement of ROS intensity
showed that PBM at 5 J/cm? energy density the ROS levels were approximately 2.4-fold
higher than the control value. ROS production was increased to approximately 2.7-fold and
4.4-fold at the energy densities 10 J/cm? (images not shown) and 20 J/cm? of PBM.

3.4. PBM induced DNA damage in HelLa cells

We found that DNA damage was induced by PBM, as demonstrated by the alkaline comet
assays. The alkaline comet assay revealed that DNA fragments migrated to form comet-like
images indicative of DNA damage (Figure 4). In the control cells (untreated with PBM),
high-density DNA was observed in the comet heads with smooth margins and intact nuclei.
For quantifying DNA damage, Olive tail moment was calculated by the product of the
amount of DNA and the mean distance of migration in the tail [32]. Compared with control
HeLa cells (untreated with PBM), the mean Olive moment significantly increased more than
2.7-fold in the cells treated with 20 J/cm2 PBM. (Figure 4)

3.5. PBM slightly increased X-ray induced apoptosis in HeLa cells

A representative fluorescent photograph of apoptotic cells is shown in Figure 6. According
to flow cytometry analysis (Figure 5-a,b), PBM alone, even at a higher energy density (20
Jlem?2), was unable to induce apoptosis efficiently (2.8%). After 6 Gy X-ray radiation alone,
the apoptotic cell fraction significantly increased (9.5% v.s. 0.9% in control cells). In HeLa
cells treated with PBM, X-ray radiation was able to induce more apoptotic cell fraction
(12%). However, it is likely that this increased apoptosis was due to additive contributions of
the separate effects of PBM and X-ray radiation (Figure 6) rather than any synergistic
combination.

3.6. PBM induced autophagy in HeLa cells

A representative red fluorescent micrograph of AVOs is shown in Figure 7 which indicates
fluorescence microscopy of autophagy in HelLa cells after IR, and the combination of PBM
followed by IR. Acridine orange images were taken at 6 hours after PBM or X-ray radiation.
Increased positive cytoplasmic staining for AVOs after PBM combined with IR with
suggests that autophagy could be a potential mechanism to explain the increased
radiosensitivity after PBM + IR.

3.7. PBM did not induced cell cycle arrest

The results of cell cycle analysis of cellular DNA content in HeLa cells after PBM is shown
in Figure 8. Analysis of the cell cycle profile showed that proportion of cells in different
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phases of the cell cycle was not significantly altered after PBM. The cell population in G2/M
phase reflects cellular proliferation. PBM did not affect HeLa cell proliferation after 685 nm
PBM at different energy densities (see Figure 1).

4. Discussion

The aim of this study was to investigate the mechanism of how the radiosensitivity of HeLa
cells was increased when the cells were pre-exposed to 685 nm PBM. The findings from this
study noted that HeLa cells could indeed be sensitized to IR by pre-exposure to a higher
energy density of PBM. The radiation survival fraction of HeLa cells was decreased after
pre-exposing to 20 J/cm? PBM at 685 nm. We assumed that PBM at higher energy density
could enhance potentially lethal damage (PDL) after IR. Increasing PDL can lead to
hypersensitizing the cells to IR. Fixation of DNA damage or increasing un-repairable DNA
damage is the major component of radiosensitisation. According to our hypothesis, we
selected a short incubation time between PBM and IR to accumulate the PDL before
disappearing acute effects of PBM.

The radiosensitizing effects of PBM at higher energy densities could be also explained by
the ROS homeostasis. The cellular response and outcome will depend on the amount of ROS
generation, the duration of the stress response, as well as cell type. Several studies showed
that PBM causes oxidative stress and generates intracellular ROS in dose-dependent manner
[33-35]. ROS is composed of highly reactive oxidizing agents that are produced as by-
products from cellular metabolism under both normal and pathological conditions, and
especially by cellular exposure to physical insults or chemical toxins [36]. However
physiological (normal) levels of ROS play an important role in signaling pathways involved
in cell proliferation and survival. When oxidative stress surpasses the capacity of cellular
antioxidant systems to neutralize the oxidants, the excess ROS is able to react with almost
all cellular biomolecules to induce oxidative damage to DNA, lipids and proteins. This
oxidative damage will lead to the death of cells damaged beyond their repair capabilities
[13]. Production of ROS which is excessively prolonged, or which is excessive in
magnitude, can both constitute oxidative stress. Our finding showed that 685 nm PBM
induced ROS generation in a dose-dependent manner. A clear distinction between damaging
oxidative stress and beneficial redox signaling is hard to define. However, it is expected that
increasing energy densities of PBM causes increasing levels of oxidative stress that
gradually progress from beneficial levels to relatively damaging levels that can even reach
cytotoxic levels. Oxidative stress has been shown to lead to various types of cellular damage
such as DNA damage [13, 37]. DSBs due to oxidative stress can lead to cell death following
ionizing radiation [8]. Increasing level of DSBs will inhibit DNA repair and enhanced
fixation of damage inducing radiosensitisation. The capacity of the cells to cope with DNA
damage determines cell death due after IR [38]. This can be appreciated by the fact that the
level of expression of DNA damage induced proteins and DNA repair enzymes within
different cells often correlates with the resistance or sensitivity of the respective cells toward
IR. The alkaline comet assay indicated that 685 nm PBM delivered at energy densities above
10 J/cm? caused DNA damage (both SSBs and DSBs) more than 2-fold in comparison with
background control levels. Previously, Houreld et al. (2007) reported that after 30 minutes, a
single exposure of 632.8 nm PBM at 5 J/cm? caused a significant increase in DNA damage
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[39]. However, it is not clear whether this DNA damage is completely repairable. The
phosphorylation of the minor histone H2AX protein to form the -y-H2AX protein is
necessary for the repair of DSBs [40]. The -y-H2AX molecules accumulate at sites of DSBs,
which can be thereby be visualized in fluorescence microscopy. Therefore, persistence of -y-
H2AX indicates impaired DNA repair. Khan et al. (2015) examined y-H2AX after laser
irradiation [41]. They did not find any evidence for non-repaired DSBs after laser
irradiation. Therefore, oxidative DNA damage due to PBM in the range of common
therapeutic doses is likely to be repairable, but nevertheless it may still affect cell
hemeostasis and signaling.

The decrease of the survival fraction after IR in HelLa cells pre-exposed to PBM, indicates
increased cell death. Therefore, it is necessary to identify which cell death pathway is
enhanced when IR is delivered after PBM. To address this, we assessed the ability of pre-
exposure to PBM to induce two types of programmed cell death including apoptosis (type I)
and autophagy (type 1) when followed by IR [42, 43]. Apoptosis is known to be the primary
mechanism of cell death following IR [32]. A high level of resistance to apoptosis induced
by IR is a particular feature of HeLa cells types [3, 4]. In the present study, induction of
apoptosis following IR at a dose of 6 Gy was observed in up to 10% of the cells, as
previously shown by Ghoari et al. (2014) PBM alone at 20 J/cm? slightly induced apoptosis
but it was not significant in comparison with untreated cells [44]. The frequency of IR-
induced apoptosis in HeLa cells pre-exposed to PBM slightly increased over IR alone by the
same % as found for HeL a cells treated by PBM alone. Therefore, it seems that PBM and IR
could increase cell death due to apoptosis additively. In contrast, we found that pre-exposing
HeLa cells to PBM significantly increased autophagy as measured by AVOs after IR.
Autophagy can be an indicator of accumulated intracellular stress caused by different
conditions such as starvation or exposure to IR [45-47]. It seems that oxidative stress due to
PBM at higher energy densities could have triggered autophagy. Finally, we can assume that
induction of autophagy in HeLa cells pre-exposed to PBM is (at least partly) responsible for
the increased cell death observed following IR. Therefore we suggest that PBM may
sensitize HeLa cells to IR through upregulation of autophagy.

The cytotoxicity caused by IR is cell cycle dependent [48]. Cells are generally most sensitive
when undergoing mitosis, and relatively radioresistant at early G1 and late S phases of the
cell cycle. Moreover, cells are relatively radiosensitive in the G1/S transition and the G2/M
phase [49]. The question remains whether the influence of PBM on HelLa cell cycle plays a
role in the radiosensitization phenomenon. Although cells in the GO/1 phase are more
sensitive to radiation than late S-phase cells, radiosensitizing effects were also observed at
higher energy densities of PBM, which resulted in a blockade later in the S phase. However,
the S-phase block itself can not directly explain the radiosensitization. The progression of
the cell cycle is mainly governed by cyclin-dependent kinases (CDK) [50]. G1 phase
progression and S-phase entry both require the activities of CDKs. Cell cycle progression is
dependent on the synthesis and degradation of newly formed CDK molecules. Cell cycle
arrest can occur if CDKs fail to degrade. Our finding shows that PBM could not induce cell
cycle arrest while it could slightly increase cell cycle progression from GO/G1 to S phase as
it has been shown previously [29]. Therefore, cell cycle arrest is not likely to be responsible
for radiosensitization of HelLa cells.
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It must also be considered that the limitation of the present study was that the HeLa cells
received PBM and ionizing radiation in an in-vitro model which might not simulate in-vivo
or a clinical situation. Although quantitative in-vitro data can be extrapolated reasonably to
the in vivo situation with a good understanding of the interdependent factors and cellular
mechanisms, more research utilizing different cell types and PBM parameters and both in-
vivo and clinical setting is needed to support our conclusions.

5. Conclusion

In conclusion, the results of this study suggest that 685 nm PBM can act as a potential
radiosensitizing agent for cervical cancer cells, as shown by the decreased survival fraction
following IR. The increased cell death is partly by more apoptosis and to a greater extent to
more autophagy occurring when IR is preceded by PBM at a higher energy density (at least
20 J/cm?). These sensitizing effect of PBM at higher energy densities could also be caused
by increased oxidative stress and more DNA damage. Hence, 685 nm PBM can be suggested
as a promising candidate for a combination anticancer therapy to decrease the radiation dose
delivered to patients with cervical cancer who are receiving radiotherapy, and therefore help
to prevent the side effects that are associated with cancer radiotherapy. However, this would
require future in-vivo and clinical investigation. It should also be noted that PBM used on its
own, is becoming increasingly employed to reduce or mitigate the side effects of
radiotherapy in cancer patients [51, 52]. The molecular mechanism(s) responsible for the
radiosensitizing effect of PBM are still not completely clear. Therefore it will be necessary
to conduct more research to explore the detailed mechanisms of the radiosensitizing effect of
PBM. In particular, it will be interesting to investigate the effect of PBM when delivered
after IR (rather than before).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MTT assay of HeLa cells at different energy of 685 nm PBM. The data are shown as mean +

SEM for at least three independent experiments. Statistical analysis between the groups was
determined by ANOVA; *P < 0.05, compared with control cells.
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Figure 2.
Detection of intracellular ROS in HeLa cells treated by PBM at different energy densities

after 30 minutes. Florescence invert microscopy in HelLa cells shows a green DCF
florescence in HelLa cells treated by 685 nm PBM in a dose-dependent manner.
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Figure 3.
Detection of intracellular ROS in HeLa cells. DCF fluorescence signal was monitored at

Excitation/Emission 490/525 nm with bottom read mode using plate reader BioTek H4.
Intracellular ROS production was sustained increasingly to approximately 2.7-fold and 4.4-
fold at the dose densities 10 J/cm? and 20 J/cm? of PBM. The data are shown as mean +
SEM for at least three independent experiments. Statistical analysis between the groups was
determined by ANOVA; *P < 0.05, compared with control cells.
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Figure 4.

Comet assay images after DNA-staining with ethidium bromide after PBM at different

) - I I
0
10 20

energy densities. Estimation of DNA damage following PBM, by the olive tail moment
measurements from alkaline comet assays. Olive movement was sustained increasingly
according to energy densities. In the cells treated with 20 J/cm? PBM, the DNA comets
exhibited broom-shaped tails (Figure 4-c). The percentages of comet-positive HeLa cells
increased at 20 J/cm? energy density compared with the control (Figure 4-d). The data are
shown as mean = SEM for at least three independent experiments. Statistical analysis
between the groups was determined by ANOVA; **P < 0.01, compared with non-irradiated

cells.
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Figureb.
Florescence microscopy characteristics of apoptosis in HeLa cells (Figure 6-a,b). AO/EB

double staining of HeLa cells shows normal cells are uniformly green, early apoptotic cells
are green with bright green dots in their nuclei as a consequence of chromatin condensation
and nuclear fragmentation. Late apoptotic cells/necrosis are orange. Figure 6-c—f shows flow
cytometry output on cells were treated by PBM at 20 J/cm2 and 6 Gy dose of X-ray
radiation. After 6 hours incubation, cells were stained with acridine orange and ethidium
bromide and the intensity of the red and green fluorescence was measured by flow
cytometry in FL1-H and FL3-H channel, respectively.
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Figure®6.
Frequency of apoptotic HeLa cell following PBM and ionizing radiation. The data are

shown as mean = SEM for at least three independent experiments. Statistical analysis
between the groups was determined by ANOVA; *P < 0.05, compared with non-irradiated
cells to PBM.
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Figure7.
Florescence microscopy characteristics of autophagy in HelLa cells. Acridine orange images

were taken at 6 hours after PBM or X-ray radiation. The HeLa cells with positive staining
for AVOs was measured using flow cytometry 6 hours after treatment.

J Biophotonics. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Djavid et al.

100

= =] o
o o o

frequency (%) (mean+SEM)

(=]
(=]

Page 19

m control

m1l/cm?2

l‘,

m5J)/cm2

10 J/cm2

20 J/cm?2

il

Sub GO

Figure8.
Cell cycle distribution of HelLa cell following 685 nm PBM at 0 (control), 1, 5, 10, and 20

Jlem? energy densities. The data are shown as mean + SEM for at least three independent
experiments. Statistical analysis between the groups was determined by ANOVA; *P < 0.05,

compared with non-irradiated cells.
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Table 1

Percentage of cells surviving after X-ray radiation in HeLa cell pre-exposed to 685 nm PBM according to
clonogenic survival assay.

PBM energy density (J/cm?)
lonizing radiation dose
0 5 10 20
0 Gy 100+0.8 | 99.9+0.04 | 99.7+0.2 | 99.9+0.01
2Gy 56.9+10.5 | 38.2+23.5 | 43.4+14 | 32.4+10.6
4Gy 24.8+2.2 20.1+2.4 | 19.3+2.1 | 125427
6 Gy 4.2+1.6 4.1+2.8 3.1+1.3 1.740.77°

The data are shown as mean + SEM for at least three independent experiments. Statistical analysis between the groups was determined by ANOVA;

*
P <0.05, compared with non-pre-exposed cells to PBM.
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