™ |

Check for
updates

Research Article Vol. 9, No. 3| 1 Mar 2018 | BIOMEDICAL OPTICS EXPRESS 1283 I

Biomedical Optics EXPRESS -

Manipulating the mitochondria activity in
human hepatic cell line Huh7 by low-power
laser irradiation

ANNA LYNNYK,! MARIIA LUNOVA,"2 MILAN JIRSA,2 DARIA EGOROVA,®
ANDREI KuLikov,® SARKA KUBINOVA,"* OLEG LuNov,"” AND ALEXANDR
DEJNEKA'

!Institute of Physics of the Czech Academy of Sciences, Prague, 18221, Czech Republic

’Institute for Clinical & Experimental Medicine (IKEM), Prague, 14021, Czech Republic

SITMO University, St. Petersburg, 197101, Russia

*Institute of Experimental Medicine of the Czech Academy of Sciences, Prague, 14220, Czech Republic
*lunov@fzu.cz

Abstract: Low-power laser irradiation of red light has been recognized as a promising tool
across a vast variety of biomedical applications. However, deep understanding of the
molecular mechanisms behind laser-induced cellular effects remains a significant challenge.
Here, we investigated mechanisms involved in the death process in human hepatic cell line
Huh7 at a laser irradiation. We decoupled distinct cell death pathways targeted by laser
irradiations of different powers. Our data demonstrate that high dose laser irradiation
exhibited the highest levels of total reactive oxygen species production, leading to cyclophilin
D-related necrosis via the mitochondrial permeability transition. On the contrary, low dose
laser irradiation resulted in the nuclear accumulation of superoxide and apoptosis execution.
Our findings offer a novel insight into laser-induced cellular responses, and reveal distinct
cell death pathways triggered by laser irradiation. The observed link between mitochondria
depolarization and triggering ROS could be a fundamental phenomenon in laser-induced
cellular responses.
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1. Introduction

Light plays a crucial role in important biological processes directly related to a human health
such as: vision, vitamin-D metabolism, circadian rhythm and psychosocial state. It is not
surprising that light, as a physical cue, has been found useful in different clinical applications
such as phototherapy, photodynamic therapy (PDT) and skin rejuvenation [1-4]. In particular,
low power red and near-infrared (NIR) lasers are gaining steadily increasing attention in a
wide range of biomedical applications ranging from ophthalmology to oncology [2, 3, 5, 6].
Low-power laser irradiation with red light (600-680 nm) has been shown to modulate various
biological processes, such as cell proliferation and differentiation [7], cell viability, motility
[8], and cell apoptosis [9, 10]. Burst of research in this direction resulted in therapeutic
applications of low power red and near-infrared light to promote wound healing, hair growth,
tissue regeneration or reduce pain and inflammation termed as Low Level Light/Laser
Therapy (LLLT) [3, 6, 11-13]. Although LLLT became widely used to treat a variety of
ailments, it remains controversial [14—16]. These inconsistencies in the literature are not
surprising. Despite that the biological effects of low power red and near-infrared (NIR)
radiation have been studied for decades, its underlying biochemical mechanisms remain
poorly understood. Moreover, LLLT therapy demonstrates a biphasic dose response curve,
where low doses appear to have beneficial therapeutic effects while higher doses are harmful
(phototoxic) [17, 18]. So far, effects of low power red and near-infrared light on biological
responses and safety have not been investigated thoroughly. Furthermore, for each laser
treatment, a large number of parameters must be taken into account, such as the wavelength,
fluence, power density, pulse structure etc. Thus, only the knowledge of the spatiotemporal
mechanisms of the laser-induced effects will enable the deliberate exploitation of cellular
signaling processes. Such knowledge is crucial for the development of well-controlled laser
applications to achieve a significant therapeutic benefit.

Mitochondria have been reasonably proposed as an intracellular target of red and near-
infra-red light [9, 19]. Recent works showed that low-power red (633 nm) laser irradiation
triggers cell apoptosis through the mitochondrial signaling pathway (mitochondria/caspase-3)
[9, 20]. Up to now, only a few studies have investigated the impact of red laser irradiation on
hepatocyte cell behavior [21, 22]. It has been demonstrated that red (632.8 nm) laser
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irradiation changes cytosolic free calcium concentration and results in changes of the
mitochondrial membrane potential [21, 22]. Moreover, it has been shown that red laser light
may initiate apoptosis via the induction of reactive oxygen species-mediated mitochondrial
permeability transition [9]. It has also been reported that red light-induced red damage is
mainly caused by the production of reactive oxygen species (ROS) in the mitochondria [3, 9,
20, 23]. Since tissues with higher energy requirement like red muscle and liver have a higher
number of mitochondria, it makes liver-derived cell lines an attractive model to study laser
irradiation effects on living cells. Interestingly, mitochondrial damage has been implicated in
both necrotic and apoptotic cell death [24, 25]. Furthermore, it is now well established that
there is a substantial molecular crosstalk between apoptosis and necrosis pathways and
mitochondria play crucial role in this crosstalk [26, 27]. In this context, we explored
specifically designed laser potential for remote control of mitochondria activity and triggering
different signaling cascades utilizing the same laser wavelength.

2. Materials and methods
Design and characterization of the laser system

To produce uniform laser irradiation for biological applications, we utilized the system shown
on Fig. 1(A). The optical circuit includes a laser diode module LDI-FP-660-20-X-3-SM04-
FU-CW with a fiber output of red light at the wavelength of 655 nm. The system offers the
ability to adjust the output power of laser radiation (Fig. 1(B)). As a delivery system for laser
radiation, a single-mode optical fiber of the SMF-28 type (Corning, New York, US) with a
reduced diameter at the output end (biconical optical taper) was connected to the laser diode
through an optical socket (Fig. 1(B)). Unlike other existing methods of optical radiation
delivery, a fiber taper with a waist diameter of 15 £ 5 um allows to influence not only
individual cells, but also certain regions of cells whose size exceeds the diameter of the
waistband. Biconical optical tapers were produced by an apparatus for welding optical fibers
Fujikura FSM-100M/P utilizing the previously published methodology [28]. Further, in order
to eliminate the undesirable effects of optical radiation propagation, a protective coating of
titanium dioxide (TiO,) was formed by the ion sputtering method at the waistband of the
biconical taper. After the process of spraying the protective coating, the fiber optic taper was
scraped a few millimeters from the narrowest point in the waist, and the fiber end was
polished on a Bare Fiber Polisher (Krell Technologies, Neptune City, NJ).

Cell culture

The human hepatocellular carcinoma cell line Huh7 obtained from the Japanese Collection of
Research Bioresources (JCRB) were cultured in EMEM medium (American Type Culture
Collection, ATCC) supplemented with 10% fetal calf serum (FCS) as recommended by the
supplier. Cultures were kept in a humidified 5% CO, atmosphere at 37°C and the medium
was changed twice a week.

Laser treatment

Huh7 cells were seeded in 35 mm tissue culture IBIDI p-dishes (IBIDI, Munich, Germany)
24 h before laser irradiation. Depending on the experiment, cells were labeled either prior
laser irradiation or immediately after. Positioning of optical tapers in the closest proximity to
the cells was performed using an Eppendorf micromanipulator (5171, Eppendorf, Wesseling-
Berzdorf, Germany) that was connected to a Nikon Diaphot 200 microscope (Nikon, Tokyo,
Japan) (Fig. 1(A)). Optical tapers were sterilized with 75% ethanol prior positioning to the
cells.
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Chemicals

The following fluorescent probes were used: Cellular ROS/Superoxide Detection Assay Kit
(Abcam, Cambridge, United Kingdom) to detect the generation of ROS and superoxide; and
acetoxymethylester of calcein (calcein-AM, 1 uM) and ethidium homodimer (EthD-1, 4 uM)
to monitor cell viability; JC-1 (2 pM) to monitor mitochondrial membrane potential and
VAD-FMK conjugated to FITC (FITC-VAD-FMK) to detect caspase-3 activation. Calcein-
AM, ethidium homodimer and JC-1 probes were purchased from Thermo Fisher Scientific.
Cellular ROS/Superoxide Detection Assay Kit and FITC-VAD-FMK were purchased from
Abcam. To specifically investigate mitochondrial ROS, cells were loaded with MitoTracker
red CM-H,XRos (reduced form of MitoTracker red; 0.5 uM; Thermo Fisher Scientific) by
incubating them for 15 min. The cell-permeant SYTO 13 green fluorescent nucleic acid stain
(5 uM; Thermo Fisher Scientific) was used to label nucleus. The optimal incubation time for
each probe was determined experimentally.

The following reagents were used: cyclosporin A (CsA, 10 uM) to inhibit the
mitochondrial permeability transition; necrostatin-1 (Nec-1, 10 pM) as a potent and selective
inhibitor of necroptosis; N-acetyl-L-cysteine (NAC, 5 mM) to scavenge ROS; staurosporine
(STS, 2 uM) as a known inducer of apoptosis; pyocyanin (200 pM) as a known ROS inducer.
Necrostatin-1, cyclosporine A and N-acetyl-L-cysteine were purchased from Sigma—Aldrich.
Staurosporine and pyocyanin were purchased from Abcam. CellMask Deep Red purchased
from Thermo Fisher Scientific was used for plasma membrane staining.

Measurement of cellular viability

Cell viability was analyzed by fluorescent live/dead cell assay kit (Thermo Fisher Scientific).
This two-color fluorescence cell viability assay is based on the ability of calcein AM to be
retained within live cells, inducing an intense uniform green fluorescence and EthD-1 to bind
the nuclei of damaged cells, thus producing a bright red fluorescence in dead cells [29]. For
timed-course analysis, Huh7 cells were seeded in 35 mm tissue culture IBIDI p-dishes
(IBIDI, Munich, Germany) 24 h before labeling. Cells were stained with calcein-AM (1 uM)
and EthD-1 (4 uM) for 30 min. After labeling cells were exposed to laser light. Subsequently
images were captured using Bio-Rad MRC-1024 laser scanning confocal microscope (Bio-
Rad, Cambridge, MA) for 50 min with 2 min interval between images. Imagel software
(NIH) was used for image processing. Fluorescence intensity of both dyes was measured at
the respective time points and was normalized to total fluorescence 30 min after dye loading.
In order to confirm the validity of the live/dead staining were also treated with 10% ethanol
for 10 min and subsequent imaging (data not shown).

Detection of intracellular reactive oxygen species (ROS)

ROS levels were measured using the Cellular ROS/Superoxide Detection Assay Kit (Abcam,
Cambridge, United Kingdom). Cells were seeded onto 35 mm tissue culture IBIDI p-dishes
(IBIDI, Munich, Germany). After laser treatment cells were labeled with fluorescent reporter
dyes, which are oxidized by ROS with high specificity, according to the manufacturer’s
instruction (Abcam, Cambridge, United Kingdom). For total ROS detection we used the cell
permeant reagent 2’,7° —dichlorofluorescein diacetate (DCFDA), a fluorogenic dye that
measures hydroxyl, peroxyl and other ROS activity within the cell. Dihydroethidium
(hydroethidine or DHE) was used for superoxide detection. Fluorescent images were captured
using Bio-Rad MRC-1024 laser scanning confocal microscope (Bio-Rad, Cambridge, MA).
Fluorescence intensity was measured using Image] software (NIH, Bethesda, MD).
Quantification of ROS levels was done using previously published methods [30-34]. Briefly,
we calculated fluorescence using the formula [(Fy o - Fy)/Fy], where Fyjo is fluorescence at
time 10 min (time needed for the dye to effectively label reactive oxygen species in cells) and
F,y — fluorescence at time 0 min. The fluorescence, then, was normalized to the fluorescence
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of negative control giving a value of ‘Relative ROS/Superoxide level’. We and others showed
that this method is reliable and efficient for evaluating the potency of pro-oxidants and can be
used to evaluate the efficacy of antioxidants against oxidative stress in cells [30-34].
CellMask Deep Red plasma membrane stains from Thermo Fisher Scientific have been used
for the cell identification during staining of ROS and superoxide content of the cell.

Apoptosis assay

Apoptosis was assessed via annexin V/propidium iodide staining. Cells were treated with
different irradiation fluences of laser for 40 min. Phosphatidylserine expression, as an early
sign of apoptosis, was determined via fluorescence microscopy analysis by the binding of
fluorescein isothiocyanate-labeled annexin V (Sigma-Aldrich); propidium iodide (PI) was
used to differentiate necrotic cells. NucRed was used as nuclear staining (Thermo Fisher
Scientific). Fluorescence images were recorded using a Bio-Rad MRC-1024 laser scanning
confocal microscope (Bio-Rad, Cambridge, MA). ImageJ software (NIH, Bethesda, MD) was
used for image processing and fluorescent micrograph quantification. PI and annexin V
fluorescence were calculated by normalizing the corrected total cell fluorescence (CTCF) of
the full area of interest to average fluorescence of the region. The net average CTCF intensity
of a pixel in the region of interest was calculated for each image utilizing a previously
described method [35].

Caspase-3 activity assay

As an apoptosis parameter, caspase-3 activation was detected using the caspase-3 inhibitor
VAD-FMK conjugated to FITC (FITC-VAD-FMK) as a marker. FITC-VAD-FMK is cell
permeable, nontoxic, and irreversibly binds to activated caspases in apoptotic cells. After 40
min post laser irradiation, cells were loaded with FITC-VAD-FMK (Abcam, Cambridge,
United Kingdom) according to the manufacturer’s instructions. Following the staining, cells
were photographed using an epifluorescent microscope IM-2FL (Optika Microscopes,
Ponteranica (BG), Italy). Fluorescence intensity was measured using ImagelJ software (NIH).
As a positive control, cells were treated with 2 uM staurosporine for 3 h.

Quantification of mitochondrial membrane potential

Cells were irradiated with different fluences of laser for 40 min to measure mitochondrial
membrane potential (Am®). After 40 min of irradiation, cells were loaded with 2 pM JC-1
(Thermo Fisher Scientific), a lipophilic cationic fluorescence dye with a dual emission
wavelength for 30 min, in order to analyze the depolarization of the Am®. JC-1 exists either
as a green-fluorescent monomer at depolarized membrane potentials or as an orange/red-
fluorescent J-aggregate at hyperpolarized membrane potentials. It accumulates in
mitochondria depending on Am® and is present either as monomer or J-aggregate. The JC-1
monomer predominating in depolarized mitochondria emits green fluorescence (~530 nm),
whereas the oligomer (J-aggregate) forming in mitochondria with potentials more negative
than —140 mV emits red fluorescence (~590 nm) [36, 37]. JC-1 has advantages over other
cationic dyes in that it can selectively enter into mitochondria and reversibly change color
from red to green as the membrane potential decreases. In healthy cells with high
mitochondrial Am®, JC-1 spontaneously forms complexes known as J-aggregates with
intense red fluorescence. On the other hand, in apoptotic or unhealthy cells with low Am®,
JC-1 remains in the monomeric form, which shows only green fluorescence. The ratio of
green to red fluorescence is dependent only on the membrane potential but not on other
factors such as mitochondrial size, shape, and density, which may influence single-component
fluorescence signals [36, 37]. Following staining, cells were analyzed using Bio-Rad MRC-
1024 laser scanning confocal microscope (Bio-Rad, Cambridge, MA) for 50 min with 2 min
interval between images. Image] software (NIH) was used for image processing and
quantification.
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Detection of mitochondrial reactive oxygen species (Mito-ROS)

Confocal microscopy of cell culture was performed using a Nikon Diaphot 200 microscope
(Nikon, Tokyo, Japan) in combination with Bio Rad MRC-1024 confocal laser scanning
imaging system (Bio-Rad, Cambridge, MA). Cells were loaded with 5 uM SYTO 13 green
(Ex: 490 nm, Em: 516 nm) and 0.5 pM MitoTracker red CM-H,XRos (Ex: 579 nm, Em: 599
nm) for 15 min at 37°C in the dark, and then irradiated with 1 mW laser for 40 min. ImageJ
software (NIH) was used for image processing and fluorescent micrograph quantification.
Cellular fluorescence intensity was calculated by normalizing corrected total cell fluorescence
(CTCF) of the full area of interest to average single cell fluorescence. The net average CTCF
intensity of a pixel in the region of interest was calculated for each image utilizing a
previously described method [38].

Confocal microscopy

Nikon Diaphot 200 microscope (Nikon, Tokyo, Japan) in combination with Bio Rad MRC-
1024 confocal laser scanning imaging system (Bio-Rad, Cambridge, MA) have been used in
this work for the visualization of cells. Eppendorf micromanipulator 5171 (Eppendorf,
Wesseling-Berzdorf, Germany), connected to Nikon Diaphot 200 microscope (Nikon, Tokyo,
Japan), was used for precise positioning of taper. Fluorescence images were taken with the
acquisition software Lasersharp 2000 v5.2 (BioRad, Hercules, CA). ImageJ software (NIH)
was used for image processing and quantification.

Statistical analysis

Quantitative results are expressed as mean £ SEM. Results were analyzed by multi-group
comparison Fisher's LSD and Newman-Keuls tests. Differences were considered statistically
significant at *P< 0.05.

3. Results
Laser system characterization

Several studies using low power lasers have reported phototoxic effects of red and near-
infrared light on human cells [3, 21, 22]. The major drawback in these studies is distant laser
irradiation of biological objects. To investigate the direct laser light effects on living cells, we
designed a special laser system allowing direct irradiation of the cell layer in aqueous
solutions. Another important reason to use such setup is to provide fundamental basis for
development of safe and reliable tools for optogenetics. The success of optogenetics relies on
optical tools that can deliver light directly into tissues [39, 40]. Therefore, studies how cells
react to direct laser irradiation are very important in optogenetics applications. A scheme of
the experimental setup is shown on Fig. 1(A). Positioning of optical tapers in the closest
proximity to the cells was performed using an Eppendorf micromanipulator. The divergence
of laser radiation was measured first (Fig. 1(C)) and, based on these data, we calculated the
dependence of power density from distance for the maximum (1 mW) and minimum (42 uW)
laser powers. We selected such laser powers that are most frequently used in biomedical
applications [3, 6, 11-13]. More specifically, power levels ranged from 50 to 200 mW are
used in LLLT and from 6 to 15 W are applied at high power NIR phototherapy [41]. Specific
tissue characteristics as well as laser parameters contribute to variability of biological effects
triggered by laser irradiation. The following laser radiation parameters are equally important:
wavelength, exposure time, applied energy, focal spot size, energy density and power density
[41]. Among these, the exposure time and power density are very crucial parameters when
selecting a certain type of cell-laser interaction. The majority of laser medical treatments,
such as laser hyperthermia, coagulation, and surgery, involve thermal effects. However, in
LLLT non-thermal laser effects are needed. Since power density thermal thresholds for
exposure to NIR lasers depend greatly on optical tissue properties such as the coefficients of
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reflection, absorption and scattering [41—44], thermal interaction with the laser radiation for
most of soft tissues starts at power densities from 50 kW/cm® with typical exposure time of
several minutes [41-44]. Thus, we selected for our experiments such laser which generates
power density below the thermal threshold. At a maximum power of the laser (equal to 1
mW) the power density at a distance of 500 um was 18.7 kW/cm®. At minimum power (46
uW), the power density was 0.8 kW/cm” at the same distance.

Acute laser damage of Huh7 cell line

To determine the effect of laser irradiation on cellular viability we utilized the LIVE/DEAD
Viability/Cytotoxicity Kit which is a quick and easy two-color assay to determine viability of
cells [29, 45]. This assay quickly discriminates live from dead cells by simultaneously
staining with green-fluorescent calcein-AM to indicate intracellular esterase activity and red-
fluorescent ethidium homodimer-1 to indicate loss of plasma membrane integrity [29, 45].
Consistent with previous reports, red laser irradiation did significantly affect the viability of
Huh7 within the first 40 min of exposure (Fig. 2(A)). Cell damage from exposure to a laser
showed a typical red damage zone (dead cells). Importantly, only continuous red laser
irradiation induced acute toxicity of Huh7 cells whereas imaging setup did not affect viability
of the control cells (Fig. 2(A), Visualization 1, Visualization 2). At lower power, laser light
proved to be less cytotoxic to Huh7 (Fig. 2(B)). In general, the laser beam in aqueous solution
due to divergence was about ~40 micron (Fig. 1C). Several cells were irradiated
simultaneously. Thus, we carefully considered the non-uniform distribution of laser intensity
from the fiber output (Fig. 2(C)). The cells at different area inside the laser spot experienced
different irradiation which resulted in non-uniform cellular response (Fig. 2(C)). Indeed, after
~30 min saturation occurred and all irradiated cells at the laser spot had approximately the
same cell damage state (Visualization 2). This kinetics experiments were crucial to find out
appropriate time frame for further analysis of molecular events triggered by laser irradiation.
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Fig. 1. Characterization of the laser system. (A) Experimental setup. (B) Scheme of the laser
system. LD - laser diode. (C) Divergence of laser beam.
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Accumulation of ROS drives cytotoxic effects induced by red laser

In the next step, we evaluated ROS generation triggered by laser irradiation using the ROS-
sensitive fluorescent dyes. We found that red laser irradiation triggered a dose-dependent
ROS production in Huh7 cells (Fig. 3(A-C)). It is clearly shown in Fig. 3(B,C), that laser
irradiation induced dose-dependent ROS accumulation in cells with the highest amount of
ROS, produced after higher laser power (1 mW) irradiation (Fig. 3(B,C)).
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Fig. 2. Laser irradiation induces acute cell death of Huh7 cells. (A) Cell viability was detected
by the fluorescent live/dead cell assay kit (Thermo Fisher Scientific). After loading with
calcein-AM (green) and ethidium homodimer (red) images were acquired by confocal
microscopy from Huh7 cells treated with laser (1 mW). Control cells were untreated. ImageJ
software (NIH) was used for image processing and quantification. Fluorescence intensity of
both dyes was measured at the respective time points and was normalized to total fluorescence.
Data are expressed as means + SEM (n = 3), t = 0 time point served as control, **P< 0.01
**%p< 0.001. (B) Dose-dependent laser-induced cytotoxicity. Cells were irradiated with
different laser fluences and analyzed as in (A). Data are expressed as means + SEM (n = 3), t =
0 time point served as control, **P< 0.01 ***P<0.001. (C) Non-uniform cellular response due
to the non-uniform distribution of the laser intensity from the fiber output. Line intensity
profile and surface intensity plot of cells irradiated with laser (1 mW) as in (B). Graphs show
non-uniform calcein-AM fluorescence depending on displacement from optical taper. ImageJ
software (NIH) was used for image processing and quantification.
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We used two distinct fluorescent probes. One probe used was indicative of cellular
production of different ROS types, the other was superoxide (O,-) specific. This allowed us to
monitor changes in the total ROS level as well as specifically verify the level of superoxide.
Indeed, red laser irradiation triggered a dose-dependent accumulation of superoxide as well
(Fig. 3(A-C)). To confirm the role for ROS in the induction of acute cell death by laser
irradiation, we used the ROS-scavenger N-acetyl-L-cysteine. As expected, ROS scavenger
was able to antagonize the cytotoxic effects elicited by laser irradiation (1 mW) on Huh7 cells
(Fig. 3(D), Visualization 3).
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Fig. 3. Dose-dependent ROS induction by laser irradiation. (A) Cells were labeled with the
ROS-sensitive fluorescent dyes using the cellular ROS/Superoxide detection kit (Abcam,
Cambridge, United Kingdom). Cell membranes were labeled with CellMask. Non-irradiated
cells with no chemical treatment served as a negative control (left panel). Non-irradiated cells
treated with Pyocyanin (200 uM) were used as a ROS positive control (left panel). Cells
irradiated by laser fluences of | mW and 46 uW are shown on the right panel. All fluorescence
images were acquired by confocal microscopy. (B) Quantitative analysis of relative ROS
fluorescence emission intensity from cells treated by laser. ImageJ software (NIH) was used
for image processing and quantification. Data are expressed as means + SEM (n = 3), *P< 0.05
**p< 0.01 ***P< 0.001. (C) Quantitative analysis of relative superoxide fluorescence
emission intensity from cells treated by laser. ImageJ] software (NIH) was used for image
processing and quantification. Data are expressed as means + SEM (n = 3), *P< 0.05 **P<
0.01 ***P< 0.001. (D) ROS scavenger N-acetyl-L-cysteine (NAC) reduces the cytotoxicity
induced by laser. Viability of Huh7 cells exposed to the laser for indicated time periods with
supplementation of 5 mM NAC was detected by the Thermo Fisher Scientific fluorescent
live/dead cell assay kit. Cells were imaged and analyzed as in Fig. 2. Data are expressed as
means + SEM (n = 3), t = 0 time point served as control, *P< 0.05 **P< (.01 ***P<0.001.
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High dose laser treatment induces necrosis of Huh7 cells

Given the facts that hepatocytes have high number of mitochondria and mitochondria play a
crucial role in both necrotic and apoptotic cell death [24, 25], we hypothesized that one could
potentially switch between distinct cellular death types using red laser irradiation. Based on

these considerations, we explored induction of necrotic cell death at high laser power, i.c. 1
mW.

>
oe}

Annexin V

Nucleus Annexin V Pl

JC-1 (green)

ok

Control 30 pm

- s

ON B OO NA
H

Pos. control

Calcein Fluorescence
(Normalized to Time 0)
(Normalized to Time 0)

o = N W A o
EthD-1 Fluorescence
Integrated intensity (AU x 105)
Integrated intensity (AU x 105)

Laser

25

20
Control

Pos. control Control
10 Laser

Fluorescence (RFU x 106) O

m

Paos. control

-
®w o N

Control
Pos. control
Laser Laser

@

JC-1 ratio
Aggregate/Monomer
n

e o090 0 =
I

=)

Fig. 4. High dose (1 mW) laser irradiation induces necrotic cell death of Huh7 cells. (A) Cell
viability was detected by the Thermo Fisher Scientific fluorescent live/dead cell assay kit. Full
growth medium with 1 M glycerol was used as thermoprotective. Cells were imaged and
analyzed as in Fig. 2. Data are expressed as means + SEM (n = 3), ¥**P< 0.01. Cells heated for
1 h at 45 °C were used as a positive control. (B) Cells were treated with laser for 40 min and
then labeled with NucRed nuclear stain (blue), annexin V (green) and PI (red). Cells treated
with 2 uM staurosporine for 3 h served as a positive control. Labeled cells were imaged with
fluorescence microscopy. Representative images out of three independent experiments are
shown. Annexin V and PI fluorescence intensities were analyzed with ImageJ]. Data are
expressed as means = SEM (n = 3), *¥*P< 0.001, "*P< 0.001. (C) Cells were irradiated with
laser for 40 min. Further, post-treatment cells were incubated with caspase-3 inhibitor VAD-
FMK conjugated to FITC (FITC-VAD-FMK). Following the staining, cells were analyzed
using a fluorescent microscope. Fluorescence intensities were analyzed with ImageJ. Data are
expressed as means + SEM (n = 3), ***P< 0.001. (D) Cells were irradiated with laser for 40
min, then stained with 2 pM JC-1 for 30 min, and analyzed by confocal microscopy. Red
fluorescent images of dye aggregates indicate high- Am® mitochondria. As a positive control,
cells were treated with 10% ethanol for 10 min. (E) Quantitative analysis of Am® imaged in
(D). ImagelJ software (NIH) was used for image processing and quantification. Data are
expressed as means + SEM (n = 3), ¥***P< 0.001.

First of all, we investigated whether high power laser-induced cellular toxicity is driven
by possible temperature rise. We supplemented the growth medium of Huh7 cells with 1 M
glycerol. Addition of glycerol to medium has been repeatedly shown to protect cells from
heat-induced death [46, 47]. Indeed, 1 M glycerol supplementation did not protect from laser-



Research Article Vol. 9, No. 3| 1 Mar 2018 | BIOMEDICAL OPTICS EXPRESS 1295 I

Biomedical Optics EXPRESS .

induced acute cytotoxicity (Fig. 4(A)). Contrary, glycerol was effective in protecting cell
death induced by 45 °C heating (Fig. 4(A)). These data suggest that laser-induced acute
cytotoxicity is not related to macroscopic heating effects. Our results confirm other
previously published studies showing that such laser power (and power density) is unlikely to
induce any thermal damage of cells [3, 42]. Furthermore, we measured the absorption
coefficient of the physiological buffer system. The absorption coefficient was 0.03598 1/cm
at 655 nm wavelength. Due to such small absorption coefficient, one can conclude that the
buffer solution is heated to a minimum extent by such laser radiation. Therefore, we can
exclude the effect of local heating as potential effector of laser irradiation on living cells.

Exposure of Huh7 cells to high laser power induced no signs of early apoptosis, namely
translocation of phosphatidylserine to the outer cell membrane leaflet, as measured by
binding of FITC-labeled annexin V (Fig. 4(B)). Instead, a concomitant increase in membrane
permeability, as shown by propidium iodide exclusion (Fig. 4(B)), was the predominant
effect. Indeed, annexin V-PI double staining suggested that laser irradiation induced either
late stage apoptotic or necrotic cell death (Fig. 4(B)). Additionally, to confirm that laser
irradiation (1 mW) does not induce apoptosis, we performed caspase-3 activity assay (Fig.
4C). Caspase-3 is an executioner of apoptosis, and its activation constitutes irreversible
morphological changes characteristic of the apoptotic process, such as DNA degradation,
chromatin condensation, and membrane blebbing [48]. Analysis of caspase-3 activation in
cells treated with high fluence laser showed that laser irradiation did not induce apoptotic cell
death in Huh7 (Fig. 4(C)). It is worth noting here that treatment with staurosporine (a well-
known apoptosis inducing compound) resulted in caspase-3 activation (Fig. 4(C)) and
translocation of phosphatidylserine to the outer cell membrane leaflet (Fig. 4(B)).

Mitochondria have been identified as one of major sources of cellular ROS generation
[49, 50]. Moreover, the superoxide anion is generated as a by-product of mitochondrial
oxidative phosphorylation [51]. The generation and accumulation of superoxide is primarily
associated with cellular toxicity and mitochondrial dysfunction [51, 52]. Furthermore, number
of studies point toward mitochondria as a central organelle which activity is affected by red
laser light irradiation and that mitochondria damage is the main cause of laser-induced
cytotoxicity [3, 9, 20, 23]. The induction of mitochondrial membrane surface charge
dissipation and corresponding change of mitochondrial membrane potential (Am®) is
sufficient to trigger apoptosis or necrosis [50, 53]. Thus we used the fluorescent dye JC-1 to
investigate whether laser irradiation (I mW) may perturb mitochondrial function. JC-1
represents a cationic dye that exhibits a potential-dependent accumulation in mitochondria,
which can be monitored by a shift in fluorescence emission from green to red [54]. Untreated
control cells that were stained with the fluorescent dye JC-1 exhibited numerous, brightly
stained mitochondria that emitted red-orange fluorescence (Fig. 4(D,E)), representing J
aggregates that accumulate at normally hyperpolarized membrane potential. After laser
treatment, the J aggregates in Huh7 cells were barely visible, indicating complete collapse of
Am®. Meanwhile, some green fluorescence of monomers appeared in the cytoplasm,
representing the depolarized mitochondria (Fig. 4(D,E)). Interestingly, high dose of ethanol -
a known inducer of rapid accidental necrosis in hepatocytes [55, 56] - triggered much more
severe and rapid mitochondria disintegration than laser irradiation (Fig. 4(D)). These data
suggest that signaling cascades triggered by ethanol and laser may be grossly different. In
particular, 1 mW laser irradiation may induce specific type of necrosis.

Low dose laser treatment results in apoptosis of Huh7 cells

To further validate possibility of triggering different biochemical cascades by the same laser
light irradiation, we focused on cellular responses triggered by low power laser irradiation,
i.e. 46 uW. Analysis of Huh7 treated with low power laser confirmed expression of annexin
V on cellular membrane prior to the increase of the cell membrane permeability (Fig. 5(A)).
Additionally, analysis of caspase 3 activation in cells treated with 46 uW laser showed that,
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indeed, lower laser irradiation dose induced apoptotic cell death, which was evident already
30 min after exposure to the laser (Fig. 5(B)). Importantly, lower laser irradiation dose
resulted in gradual dissipation of mitochondrial membrane potential which was significantly
lower in comparison with high laser irradiation dose, as assed by JC-1 staining (Fig. 5(C)).
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Fig. 5. Low dose laser irradiation induces apoptotic cell death of Huh7 cells. (A) Cells were
treated with low dose (46 wW) laser irradiation for 40 min and then labeled with NucRed
nuclear stain (blue), annexin V (green) and PI (red). Cells treated with 2 uM staurosporine for
3 h served as a positive control. Labeled cells were imaged with fluorescence microscopy.
Representative images out of three independent experiments are shown. Annexin V and PI
fluorescence intensities were analyzed with ImageJ. Data are expressed as means + SEM (n =
3), #**P< 0.001, *P< 0.01. (B) Cells were treated with low dose (46 wW) laser irradiation for
40 min and then incubated with caspase-3 inhibitor VAD-FMK conjugated to FITC (FITC-
VAD-FMK). Following the staining, cells were analyzed using a fluorescent microscope.
Fluorescence intensities were analyzed with ImageJ. Data are expressed as means + SEM (n =
3), ¥*P< 0.01 ***P< 0.001. (C) Cells were treated with low dose (46 uW) laser for 40 min
then stained with 2 pM JC-1 for 30 min and then analyzed by confocal microscopy. As a
positive control, cells were treated with 10% ethanol for 10 min. ImageJ software (NIH) was
used for image processing and quantification. Data are expressed as means + SEM (n = 3),
*#*p< 0.01 ***P< 0.001. (D) Viability of Huh7 cells exposed to the laser light with
supplementation of 10 pM Nec-1 (1 h pre-treatment with Nec-1 followed by 40 min laser
irradiation) was detected by the Thermo Fisher Scientific fluorescent live/dead cell assay kit.
Cells were imaged and analyzed as in Fig. 2. Data are expressed as means £ SEM (n = 3). (E)
Viability of cells exposed to the laser light with supplementation of 20 uM CsA (1 h pre-
treatment with Cs-A followed by 40 min laser irradiation) was detected as in (D). Cells were
imaged and analyzed as in Fig. 2. Data are expressed as means = SEM (n = 3), *P< 0.01
***p<0.001.

As a matter of fact, ROS accumulation and Am® dissipation have been implicated in
biochemically distinct death pathways, e.g. apoptosis, necrosis, necroptosis [25, 57, 58].
Furthermore, there is a signaling crosstalk between these cascades of death pathways via ROS
[27, 58]. Indeed, viability analysis of cells supplemented with necrostatin-1 (Nec-1, a well-
known inhibitor of necroptosis [59]) revealed, that neither low dose, nor high dose laser
irradiation-induced cytotoxicity was affected by Nec-1 (Fig. 5(D)). On the other hand, high
laser irradiation dose induced higher depolarization of the mitochondrial membrane (Fig.
5(C)) and superoxide accumulation (Fig. 3(A,C)) in comparison with low dose. High laser
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irradiation-induced cytotoxicity was inhibited by specific pharmacological inhibitor
cyclosporin A (CsA) of cyclophilin D (CypD), indicating that high laser irradiation triggers
CypD-related necrosis via the mitochondrial permeability transition (mPT) (Fig. 5(E)).
Further, to validate our findings that high laser irradiation triggers CypD-related necrosis, we
analyzed inhibitory effects of CsA on collapse of Am® triggered by laser irradiation. Indeed,
pretreatment of Huh7 cells with 10 pM CsA significantly inhibited mitochondria damage
induced by the laser irradiation (Fig. 6(A)). Additionally, CsA blocked generation of
mitochondrial ROS triggered by laser treatment (Fig. 6(B)). Moreover, to confirm the role for
ROS in the induction of mitochondrial damage by laser irradiation, we used the ROS-
scavenger N-acetyl-L-cysteine. ROS scavenger was able to antagonize the mitochondrial
damage elicited by the laser irradiation (1 mW) on Huh7 cells (Fig. 6(C)). All these findings
confirmed that high laser irradiation triggers CypD-related necrosis via the mitochondrial
permeability transition.
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Fig. 6. Cyclosporin A inhibits depolarization of mitochondrial membrane potential exerted by
1 mW laser irradiation. (A) Cells were irradiated with laser for 40 min, then stained with 2 pM
JC-1 for 30 min, and analyzed by confocal microscopy. Red fluorescent images of dye
aggregates indicate high- Am® mitochondria. Cells were preincubated with 0.1, 1, 10 uM CsA
before treatment with laser. As a positive control, cells were treated with 10% ethanol for 10
min. Quantitative analysis of Am® was performed by Image] software (NIH). Data are
expressed as means = SEM (n = 5), ***P< 0.001. (B) Cultures were co-loaded with SYTO 13
(green) and MitoTracker red CM-H,XRos (red) and confocal images (1000x) obtained after 1
mW laser irradiation. Cells were preincubated with 10 pM CsA before treatment with laser.
Representative images out of three independent experiments are shown. Non-irradiated cells
treated with Pyocyanin (200 uM) were used as a ROS positive control. Mito-ROS fluorescence
intensities were analyzed with ImageJ. Data are expressed as means = SEM (n = 3), *¥**P<
0.001. (C) ROS scavenger N-acetyl-L-cysteine (NAC) reduces the mitochondrial damage
induced by laser. Mitochondrial damage of cells exposed to the laser with supplementation of
5 mM NAC was performed using JC-1 assay as in (A). Data are expressed as means = SEM (n
=3), ***P<(.001.

Low dose laser treatment triggers nuclear accumulation of superoxide

Further, we elucidated possible reasons for triggering different specific types of cell death by
different doses of the same wavelength of laser irradiation. It has been shown that formation
of specific ROS can lead to different molecular cell death mechanisms (necrosis and
apoptosis) and that ROS might dictate different cellular consequences depending on their
overall concentration at steady-state levels and on their site of generation [60, 61]. Moreover,
a recent study shows that oxidants and their targets might be spatially confined within the cell
[62]. Based on these considerations, we explored the effect of different laser doses on sub-
cellular localization of ROS. Indeed, Nuclear accumulation of the superoxide anion triggered
by low laser dose was significantly higher in comparison with high dose laser irradiation and
pyocyanin treatment resulted in the highest superoxide accumulation in the nucleus (Fig.
7(A,B)). Since accumulated in cellular nucleus superoxide is responsible for DNA double-
strand breaks [63] and the literature evidence suggests that DNA double-strand breaks results
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in execution of apoptosis whereas DNA base damage induces necrosis [64], it becomes
understandable why low laser dose triggers apoptosis whereas high dose results in necrosis.
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Fig. 7. Low dose laser irradiation induces nuclear accumulation of superoxide. (A) Cells were
labeled with the ROS-sensitive fluorescent dyes using the cellular ROS/Superoxide detection
kit (Abcam, Cambridge, United Kingdom) and then treated by different laser fluences. The
fluorescence images were acquired by confocal microscopy. Non-irradiated cells with no
chemical treatment served as control. Pyocyanin (200 pM) treatment was used in the non-
irradiated cells representing the ROS + positive control. (B) Quantitative analysis of relative
superoxide fluorescence emission intensity from cells treated by laser. ImageJ software (NIH)
was used for image processing and quantification. Data are expressed as means + SEM (n = 3),
*¥*P<0.01 ***P< 0.001. (C) Scheme of district biochemical signaling activation in cells after
stimulation with different laser doses. Am® — mitochondrial membrane potential.

4. Discussion

Nowadays Low Level Light/Laser Therapy utilizing low-power red lasers is becoming more
and more popular. However, clinical applications of such therapy are restrained due to the
lack of knowledge about the molecular mechanisms of laser-living cell interactions. Red laser
light irradiation has been known to induce ROS production and phototoxicity in different cell
types [3, 9, 20, 23]. Also some photobiomodulation effects of LLLT are known using red and
NIR light at 600—1,000 nm with intensity of 3-90 mW/cm?” [30]. Epidermal stem cells in the
hair follicle bulge were shown to promote hair growth by LLLT treatment [34].
Photobiomodulation has been found efficacious for wound healing, tissue repair and anti-
inflammatory therapy [3]. However, results from clinical trials have been mixed, underlying
mechanisms of LLLT and photobiomodulation are not well understood and therefore
adoption of photobiomodulation has been controversial [30]. Additionally, a large number of
parameters such as the wavelength, fluence, power density, pulse structure, and timing of the
applied light must be chosen for each treatment. Thus, all the aforementioned limitations
make direct head-to-head comparisons of LLLT and photobiomodulation regarding efficacy
and safety particularly challenging.

In light of previous studies demonstrating red laser induced cell apoptosis via the
mitochondria/caspase-3 signaling pathway [9, 20, 65] and taking into account fact that
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mitochondria plays crucial role in both necrotic and apoptotic cell death [24, 25], we
hypothesized that one could modulate mitochondria activity by laser triggering distinct
biochemical cascades. This study was motivated by the lack of a precise molecular pathway
of phototoxicity data for the use of red lasers. Here we show that both high and low doses of
laser irradiation produce intracellular ROS, accumulation of which leads to cell death. Indeed,
ROS are emerging as key effectors in signal transduction [66]. The role of ROS is especially
evident in pathways leading to apoptosis, elicited in response to certain stress stimuli. We
found consistently with previous reports [9, 20] that low dose of laser irradiation induces
apoptosis (Fig. 5(A-C)). Contrary, high laser dose treatment results in CypD-related necrosis
via the mPT (Fig. 4, Fig. 5(D,E) and Fig. 6). Despite that addition of pharmacological
inhibitor cyclosporin A inhibited necrosis induced by high laser dose, CsA was not effective
in inhibition of apoptosis triggered by low lase dose (Fig. 5(E) and Fig. 6). Pretreatment of
Huh7 cells with 10 uM CsA significantly inhibited mitochondria damage and generation of
mitochondrial ROS triggered by the laser treatment (Fig. 6(A,B)). Additionally, we confirmed
the role of ROS in mitochondrial damage due to the laser irradiation (Fig. 6(C)). Our
observation is in line with previously published results showing that CsA failed to prevented
apoptotic cell death induced by red laser [9]. Furthermore, mechanisms that block mPT, like
CsA or knocking out cyclophilin-D, reduce mostly necrosis and, in some cases (not all cell
types are responsive), also suppress apoptosis [67, 68]. On the other hand, the defining event
in apoptosis is mitochondrial outer membrane permeabilization (MOMP), allowing apoptogen
release, whereas the triggering event in necrosis is early opening of the mPT [69, 70].
Interestingly, recent study showed that the transient opening of mPT may help to scavenge
mitochondrial ROS to protect cells in the case of moderate and short stimulation by
femtosecond laser [71]. Another study suggested that short-duration femtosecond-laser
stimulation can induce restorable fragmentation or swelling of any targeted mitochondria
[72]. Additionally, mitochondrial oxidative stress triggered by high-fluence low-power laser
irradiation may affect mitochondrial dynamics [73]. Of note, in our study we focused on
cellular effects induced by continuous laser rather than pulsed. Taking together, those results
suggest the mitochondrial and molecular response to laser irradiation is quite complex. Thus,
it is no surprise that different laser doses trigger distinct biochemical pathways of cell death.
Future studies are needed to reveal in details molecular mechanisms of laser action on living
cells.

On the basis of our results, we propose the following tentative biochemical mechanisms of
laser irradiation action on living cells (Fig. 7(C)). Laser treatment results in ROS
accumulation in cells which leads to oxidative stress. Such oxidative stress results in
dissipation of mitochondrial membrane potential. Depending on dose of laser irradiation
mitochondrial damage is either accompanied by triggering of apoptosis or results in necrotic
cell death (Fig. 7(C)). Mitochondria have a biological fluorophore, cytochrome c oxidase, and
once affected by laser light, it produces ROS and induces mitochondrial impairment [9, 20,
74, 75]. Moreover, it has been demonstrated that irradiation at 632.8 nm affects redox state of
cytochrome ¢ oxidase [76]. Thus, it is not surprising that red laser light targets mitochondria
activity. We propose here a tentative explanation and the model of the observed effects. In
fact, using pharmacological and biochemical approaches, our results identify mitochondria as
one of cellular ‘effectors’ of laser irradiation. Deciphering of exact mechanisms of laser
action on living cells is inherently very complex and requires further experiments and
investigation. Indeed, the identification of the intracellular ‘sensor’ of laser irradiation is a
complex task, which is currently under investigation.

Importantly, upon low dose laser irradiation there is significantly higher accumulation of
the superoxide anion in the cell nucleus (Fig. 7(A,B)) in comparison with high dose
irradiation. As far as nuclear superoxide accumulation is responsible for DNA double-strand
breaks [63] and such breaks results in execution of apoptosis [64], it is becoming evident why
different dose of laser irradiation trigger distinct biochemical pathways of cell death.
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Moreover, in recent years it has become increasingly clear that oxidative and reductive
modifications are confined in a spatio-temporal manner [77]. Therefore, different doses of
laser irradiation result in different intracellular ROS compartmentalization which in turn may
lead to initiation of distinct biochemical cascades.

5. Conclusions

In summary, we have demonstrated that cell treatment with different doses of laser irradiation
led to activation of distinct biochemical signaling that triggers cell death pathways. Therefore,
cytotoxicity of red laser-based therapies should be carefully considered in clinical practice.
Furthermore, we showed that ROS scavenger N-acetyl-L-cysteine reduced cytotoxicity caused
by ROS production induced by laser irradiation. This indicates that dietary supplementation
with antioxidants might be a suitable strategy to reduce laser light-induced oxidative damage.
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