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ABSTRACT

The application of near infrared (NIR)-light to living systems has been suggested as a
potential method to enhance tissue repair, decrease inflammation, and possibly mitigate
cancer therapy-associated side effects. In this study, we examined the effect of exposing
three cell lines: breast cancer (MCF7), non-cancer breast cells (MCF10A), and lung
fibroblasts (IMR-90), to 734 nm NIR-light for 20 minutes per day for six days, and
measuring changes in cellular senescence. Positive senescent populations were induced
using doxorubicin. Flow cytometry was used to assess relative levels of senescence
together with mitochondria-related variables. Exposure to NIR-light significantly
increased the level of senescence in MCF7 cells (13.5%; P<0.01), with no observable
effects on MCF10A or IMR-90 cell lines. NIR-induced senescence was associated with
significant changes in mitochondria homeostasis, including raised ROS level (36.0%;
P<0.05) and mitochondrial membrane potential (14.9%; P<0.05), with no changes in
mitochondrial Ca%". These results suggest that NIR-light exposure can significantly arrest
the proliferation of breast cancer cells via inducing senescence, while leaving non-

cancerous cell lines unaffected.
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INTRODUCTION

Photobiomodulation (PBM) describes changes in cellular activity and transformation in
response to exposure to extrinsic light under controlled conditions (Hamblin, 2017). The
current term PBM therapy (or low-level laser therapy - LLLT) is the non-thermal use of
light that was first introduced by Mester in 1967 (Mester et al., 1968). PBM therapy, which
utilizes red to near infrared (NIR)-light (600 - 1000 nm), appears to promote wound
healing, reduce inflammation, manage pain and age-related symptoms (Hamblin, 2017),
and is becoming increasingly popular due to its ability to penetrate deeper into human
tissue than other wavelengths of light below 600 nm (Ash et al., 2017). PBM is different
to photo-dynamic therapy where a similar light energy is used together with photo
sensitising drug to induce therapy or cell death. The role of PBM in reducing inflammation
is the most widely accepted effect of PBM therapy (Hamblin, 2017), and has been shown
to reduce the expression of inflammatory marker genes in cells (Pooam et al., 2021), skin
(Choietal., 2011), and experimental models of age-related macular degeneration (Begum
et al., 2013). An emerging application of PBM is to mitigate against the side effects of

cancer treatment such as chemotherapy (Robjins et al., 2022).

The mechanism through which PBM may have long lasting effects is not fully understood.
The mode of action of PBM involves a cellular chromophore absorbing a photon and
exciting an electron from a low-energy to a higher-energy orbit (de Sousa, 2017). Karu
(2008) identified cytochrome ¢ oxidase (CCO) in the mitochondrial respiratory chain as a
primary chromophore and proposed “retrograde mitochondrial signaling" to explain how
short exposure to light can result in long-lasting effects (Karu, 2008). Since then, changes
in CCO activity have been observed after PBM (Choi et al., 2021), although alternative
mechanisms for these observations have been proposed including the potential
modulation of water order around mitochondria and/or cellular light-sensitive ion

channels (Sommer et al., 2015; Hamblin, 2017).
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Cellular senescence describes cells that have permanently lost their ability to proliferate
while staying highly metabolically active (Hayflick and Moorhead, 1961), with
mitochondria contributing to the senescent phenotype (Vasileiou et al., 2019). The
senescent response to stress can be beneficial to many physiological processes, including
development, tissue remodelling, and wound healing (He and Sharpless, 2017).
Conversely, the same effect during aging can result in detrimental physiological changes,
including increased inflammation, and the onset of many non-inheritable diseases (da

Silva et al., 2019; McHugh and Gil, 2018).

Given the parallels between the positive effects of PBM and senescence on physiological
processes, we investigated the potential of NIR light to modulate cellular senescence. As
senescence can both affect and be affected by changing levels of ROS and redox
reprogramming, we hypothesise that NIR-light exposure can increase senescence levels
through a bidirectional effect that is dependent on the cell type, mediated by ROS and

modulated by mitochondrial function.

RESULTS

Doxorubicin induces senescence in cancer and non-cancer

cell lines

Premature senescence was induced in MCF7, MCF10A, and IMR-90 cell lines following
treatment with 0.25 pM doxorubicin (Dox). Seven days after Dox-treatment, the
proportion of senescent cells in the population increased by 53.8% + 7.5 (P<0.0001) in
MCF7, 101.0% + 9.7 (P<0.0001) in MCF10A and 55.0% + 8.2 (P=0.0001) in IMR-90 cell

populations (Figure 1).
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Figure 1: The effect of Dox on cellular senescence induction measured by flow

cytometry

(A) MCF7 (N=38), (B) MCF10A (N=7) and (C) IMR-90 (N=4) cells were treated with 0.25 uM
Dox and the senescent levels were quantified with CellEvent fluorescence intensity.
Data are presented as mean changes compared to an untreated control + SEM. *** ;

P<0.001, ****: P <0.0001. Control cells followed the same experimental protocol but

without the addition of Dox.
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NIR-light treatment increases senescence in both control
and Dox-treated populations of MCF7 cancer cells, but not

non-cancer cells

The peak wavelength of the LED light used in this study was characterized as 734 nm
(Figure 2A), with a full-width half maxima of 43 nm. The full daily exposure led to a total

fluence of 63 m)/cm?, which did not induce significant thermal effects (Figure 2B).

NIR-light exposure of 63 mj/cm? over a 20-minute period increased senescence in breast
cancer cells by 13.5% in Dox-untreated, and 13.7% in Dox-treated populations (P=0.008).
However, there was no change in senescence in either non-cancer MCF10A (P=0.97) or
IMR-90 (P=0.07) cell lines, in the presence or absence of Dox. Furthermore, in all three cell
lines, no Dox - NIR-light significant interaction was observed (Interaction; MCF7: P=0.65,

MCF10A: P=0.92, IMR-90: P=0.54; Figure 3).
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Figure 2: LED light characterisation and effect on mammalian cells

(A) The wavelength of LED light count. Peak was identified at 734 nm. Where a.u.;
arbitrary units. (B) Temperature measurement during irradiation showing no thermal
effect of LED light on cancer and non-cancer cellular media. The LED light was switched

on at 300 seconds.
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Figure 3: Effect of NIR-light exposure on non-treated and 25 pM Dox-treated cells
measured by flow cytometry

(A) MCF7 (N=6), (B) MCF10A (N=6) and (C) IMR-90 (N=3) cells were treated with 0 and
0.25 pM Dox and each population was exposed to either NIR-light or no light. Senescent
levels were quantified with CellEvent fluorescence intensity. Data are presented as
mean changes compared to an untreated control £+ SEM. **: P<0.01, non-significant

(n.s.): P>0.05.
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NIR-light treatment increases ROS in MCF7 cancer cells

ROS levels of MCF7 breast cancer cells were assessed in terms of NIR-light exposure, for
both Dox-treated and Dox-untreated cell populations. A significant increase in ROS
production (P=0.015) was observed after NIR-light treatment, with a 36% increase in Dox-
untreated and 94.6% in Dox-treated cells (Figure 4). No Dox - NIR-light significant

interaction was observed in terms of ROS levels (P= 0.25).
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Figure 4: The effect of NIR-light on ROS production measured by flow cytometry
MCF7 (N=7) cells were treated with 0 and 0.25 pM Dox and each population was
exposed to no and NIR-light. ROS levels were quantified with DCFDA fluorescence
intensity. Data are presented as mean changes compared to an untreated control +

SEM. *: P< 0.05.
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NIR-light treatment does not affect mitochondrial Ca?* levels

in MCF7 cells

Using Rhod2 fluorescence dye, mitochondrial Ca** levels of MCF7 breast cancer cells were
assessed following chronic NIR-light treatment. No significant changes in Ca** levels were
observed in Dox-treated and Dox-untreated populations after NIR exposure (P=0.60;
Figure 5). No Dox - NIR-light significant interaction was observed in terms of Ca?" levels

(P=0.84).

NIR light effect in MCF7 Ca?* levels
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Figure 5: The effect of NIR-light on Ca** levels measured by flow cytometry

MCF7 cells (N=6) were treated with 0 and 0.25 pM Dox and each population was
exposed to no and NIR-light. Ca** levels were quantified with Rhod2 fluorescence
intensity. Data are presented as mean changes compared to an untreated control +

SEM. non-significant (n.s.): P>0.05.
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NIR-light treatment increases mitochondrial membrane

potential in MCF7 cells

Using TMRE dye, MCF7 breast cancer cells showed a significant increase (P=0.02) in
mitochondrial membrane potential (MMP) after chronic NIR-light treatment, 14.9% in
Dox-untreated and 5.4% in Dox-treated populations (Figure 6). No Dox - NIR-light

significant interaction was observed in terms of MMP levels (P= 0.24).

NIR light effect in MCF7 mitochondrial membrane potential
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Figure 6: The effect of NIR-light on MMP measured by flow cytometry

MCF7 cells (N=4) were treated with 0 and 0.25 pM Dox and each population was
exposed to no and NIR-light. MMP was quantified with TMRE fluorescence intensity.
Data are presented as mean changes compared to an untreated control £ SEM. *: P<

0.05.
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DISCUSSION

Low intensity NIR-light can induce senescence in MCF7

cancer cells.

In this study, the effects of chronic NIR-light treatment on senescence were investigated
in three different cell lines (MCF7, MCF10A and IMR-90). Exposure to 734 nm NIR-light, at
an intensity of 63 mj/cm? per day for six days, induced senescence in MCF7 cancer cells,
but not in MCF10A or IMR-90 non-cancer cell lines. Moreover, we observed that NIR-light
exposure was associated with significant changes in MMP and cellular ROS, in the

absence of changes in mitochondrial Ca®* levels.

Previous studies have evaluated the effects of light exposure on cancer cell growth. In
these studies a wavelength circa 633 nm was used as light at this wavelength is thought
to modulate CCO (Pastore et al., 2000). Melanoma cells (A2058) were shown to increase
their growth rate, in a dose-response manner, following exposure to light at 500, 1,000,
and 2,000 mj/cm?, with a similar dose-response increase in CCO activity (Hu et al., 2007).
Similarly, PBM exposure to 180 mj/cm? fluence has been reported to increase cell growth
in mouse epithelial breast (EMT-6) and mouse sarcoma cell lines (RIF-1) (Al-Watban and
Andres, 2012). Furthermore, there are suggestions that the response may be dose-
related. For instance, MCF7 cells exposed to 1000 m)/cm? increased cell number and
metabolic activity, but the effect stopped at fluences above 5,000 mj/cm?, while, at a very
low fluence, similar to our study (28 mJ/cm?), there was no increase in cell proliferation,
while elevated metabolic activity remained (Magrini et al., 2012). Though Magrini et al did
not assess senescence, the overall phenotype following low doses of light exposure is
suggestive of senescence, despite the wavelength used being nominally below the
infrared region. This is probably because one of the potential photonic receptors, CCO,

has a broad range of absorbances from red to infrared (Golovynska et al., 2022).

Thus, it appears that with exposure to doses of red/NIR-light ~100 m)/cm? there is a

cessation in proliferation in cancer cells, associated with permanent cell cycle arrest and
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increased metabolic activity. However, when the fluence of light is increased above this
range, there is increased cellular proliferation together with elevated metabolism in

cancer cells (Hamblin et al, 2018).

NIR-light does not affect senescence induction levels in non-

cancer cell lines.

While cancer cells exhibited a significant permanent cell cycle arrest after NIR-light
exposure, there were no comparable changes in non-cancer breast control and lung
fibroblast cell lines. This suggests that the mechanism of senescence induction may be
cell-dependent (Gorgoulis et al., 2019) and may relate to the inherent metabolic activity
of cancer cells, which are known to be more metabolically active than normal cells (Perillo

et al., 2020).

Numerous studies have shown that exposure to red/NIR-light at doses >100 mJ/cm? can
significantly increase the proliferation of a wide variety of human and non-human non-
cancer cell lines (Abrahamse et al., 2010; Kim et al., 2019; Gagnon et al., 2016). In our
study we did not observe such increase in cell proliferation in non-cancer cells, probably
because the overall exposure dose was significantly below 100 mj/cm?, suggesting that
there may be a Goldilocks range at which red/NIR light may induce senescence in cancer
cell, but not increase proliferation in non-cancer cell. These results would certainly
support earlier studies that indicate that cellular responses to light may be specific to

tissue origin and metabolic activity (Laakso et al., 1993).

The potential senescence disparity response between non-cancer and cancer cells,
suggests a possible selective effect involving CCO. As previously discussed, CCO appears
to serve as a primary chromophore in PBM therapy at red/NIR wavelengths (Hamblin,
2017). Several studies have shown reduced CCO activity in cancer (Srinivasan et al., 2016).
Defects in CCO can cause a metabolic shift to glycolysis, and the loss of CCO activity
results in the activation of oncogenic signalling pathways and the upregulation of the
genes involved in cell signalling, cell migration, and extracellular matrix interactions

(Warburg, 1956; Srinivasan et al., 2016). This suggest that cancer and non-cancer cells
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may respond differently to PBM. Interestingly, in a study using both cancerous and non-
cancerous cell lines, the former demonstrated a greater shift towards glycolysis and
higher ROS levels after almost three minutes of exposure to 780 nm light even at very
low fluence (5 J/cm?), which may be explained by the Warburg effect (Goncalves de Faria
et al., 2021; Warburg, 1956). Additionally, 24 hours after treatment, non-cancer cells
increased proliferation, whereas cancer cells did not (Gongalves de Faria et al., 2021). This
suggests that at low fluence the initial ROS increase may play a different role in cancer
and non-cancer cells, with the latter allowing low ROS levels to modulate pro-survival
and protective mechanisms, to overcome stress and escape senescence induction

(Goncalves de Faria et al., 2021).

NIR-light treatment induces oxidative stress in MCF7 cancer

cells

As previously shown, increase in ROS levels is one of the primary effects of PMB (Amaroli
et al., 2022). We have confirmed this in our study and have gone further to show that it is
closely associated to senescence induction by NIR-light treatment. Moreover, as ROS is
one of the hallmarks of cellular senescence, of the induction of senescence by red/NIR
light resulted in an even higher ROS increase, probably due to complications of cellular

OXPHOS (Hohn et al., 2017).

Mitochondria-nuclei mediators, such as ROS, are known to stimulate the activation of
various transcription factors, such as nuclear factor kappa B (NF-kB), or nuclear factor
erythroid 2-related factor 2 (Nrf2), which can control the expression of numerous genes
responsible for cellular functions, including survival and adaptation, balancing
inflammation and anti-oxidant pathways, all of which are key in modulating
mitochondrial function (Wang et al., 2002; Brigelius-Flohe and Flohe, 2011). The effect of
cellular senescence is activated and promoted by NF-kB activation (Rovillain et al., 2011),
while reduced Nrf2 expression is associated with senescence induction (Yuan et al., 2020).
Additionally, it has been shown that a burst of ROS due to PBM treatment can activate

NF-kB signalling pathway (Hamblin, 2017), both in cancer (Margini et al, 2012) and non-
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cancer cellular models (Brigelius-Flohe and Flohe, 2011), while, more recent data has
shown that PBM modulates Nrf2 in skin immunomodulation (Salman et al., 2023),
supporting the concept that PBM is modulating cellular redox and associated
transcriptional landscape. Further work is needed to elucidate the exact role of ROS in

the modulation of the NF-kB/Nrf2 in cancer cells following red/NIR exposure.

NIR-light modulates MCF7 cancer mitochondrial membrane

potential, but not Ca?* levels

It is well established that mitochondria can modulate nuclear function via retrograde
signalling, involving moieties such as ROS, NO and Ca**, which are associated with MMP.
At low doses, PBM has been reported to increase their levels (Karu 2008). However, in the
present study, only ROS and MMP but not mitochondrial Ca®* levels were influenced by
PBM. This confirms the complexity of PBM effects on molecular and cellular mechanistic
level (Kujawa et al., 2014); together with the effectiveness of PBM, which depends on
several factors, the light treatment parameters and the origin of the tissue/cell line

influence differently the molecular mechanisms that alter the transcription factors.

In the present study, MMP was increased in MCF7 cancer Dox-untreated and senescent
populations after NIR-light treatment. MMP is a key indicator of mitochondrial status and
is constantly adapting to cellular needs, as the energy extracted from metabolism, and is
very tightly regulated, hence the close relationship between ROS, Ca*" and uncoupling
(Cortassa et al., 2014). Several studies using mitochondria isolated from different models
have demonstrated that an increase in ROS production is highly correlated with an
increase in MMP (Korshunov et al., 1997; Suski et al., 2012). More recent data shows that
red/NIR light exposure stimulates MMP levels and the production of ROS, and the effect
depends on the doses. For example, light at 650 and 808 nm between 3 and 30 J/cm?
increased the viability of a number of cell lines by 5-10%, whereas above 90 J/cm?
exposure decreases cell viability, and increases cell death (Golovynska et al., 2023).
Interestingly, although cells after red/NIR light exposure show a biphasic response, they

gradually increase their MMP as the fluences increase from 3 to 90 J/cm? (Golovynska et
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al., 2023). Our data clearly showed that exposure of MCF7 cells to light at 734 nm, at a

daily dose of 63.6 mJ/cm™ resulted also in an increase in MMP.

Additionally, decreasing MMP is associated with mitochondrial dysfunction and ROS
production considered damaging to the tissue (Hamblin, 2017). This suggests that
senescence induction in cancer cell after NIR-light exposure is the result of ROS, as a

secondary messenger, and not a general mitochondrial dysfunction.

Although altered MMP was observed in senescent cells in this and other studies (Vasileiou
et al., 2019), no change in mitochondrial Ca* levels were recorded after NIR-light
exposure. Mitochondrial Ca** uptake is known to follow a biphasic effect: uptake can
initially stimulate mitochondrial function, resulting in increased ROS and increased
membrane potential, and is a normal part of Ca®* signalling. However, too much Ca®* can
result in overload and the collapse of the MMP and potentially, cell death. This process is
tightly controlled (Rossi et al, 2019). Thus, it is possible that a low dose of light may
stimulate mitochondrial ROS, and possibly induce a transient change in mitochondrial
Ca®* flux in which case it would not be detectable by the techniques employed in the
current study. However, it has been reported that cancer does redirects Ca?* away from
mitochondria (Monteith et al., 2017), and that mitochondria exhibit tight control of Ca*
flux to prevent excessive overload. This effect is tightly integrated with the membrane
potential, for instance, increased MMP can enhance NADPH production to prevent

oxidative stress, while enhancing Ca** release (Vercesi et al., 2018).

Conclusion

Our study demonstrates that a selective effect of low-dose PBM at NIR wavelength
induces senescence in a cancer cell line without affecting non-cancer cell lines. The
mechanism of senescence induction appears to involve disruption of mitochondrial
homeostasis, leading to an increase in MMP and subsequent production of ROS, which
may act as secondary messengers to interact with the nucleus and promote senescence.

Further studies examining NIR-light cell exposure are needed to test the potential
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implication of the findings reported here, together with studies confirming the signalling

pathways involved in this proposed mechanism.

EXPERIMENTAL PROCEDURES

Cell Lines

Human breast cell line MCFT0A was grown in DMEM: F12 (Life Sciences, UK),
supplemented with 5% Horse Serum (ThermoFisher, UK), 2% Penicillin/Streptomycin, 20
ng/mL epidermal growth factor (Merck, UK), 0.5 mg/mL hydrocortisone (Merck, UK), 100
ng/mL cholera toxin (Merck, UK) and 10 pg/mL insulin (Merck, UK). Human breast
adenocarcinoma cell line MCF7 and human lung fibroblast cell line IMR-90 purchased from
American Type Culture Collection (ATCC) were grown in MEME (ThermoFisher, UK),

supplemented with 10% FBS, 1% I-glutamine and 1% Penicillin/Streptomycin.

Treatment Protocols for Senescence Induction

Cellular premature senescence was induced by treatment with 0.25 pM Dox (Tocris, Bio-
techne, Bristol) for 24 hours and subsequent extended culture in drug-free media for 5

days (Hernandez-Segura et al., 2018a).

LED NIR-light characterization

LED NIR-light exposure was achieved by using a pre-mounted 7 - LED array of NIR-light
(734 nm with a full-width half maxima of 43 nm) Rebel LEDs (Luxeon Star LED, Alberta -

Canada) mounted on a SinkPAD-1I 40 mm Round 7-Up base with a total power output of


https://doi.org/10.1101/2023.07.06.547935

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.06.547935; this version posted July 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

between 0.328 to 0.420 mW (power density at sample measured = 0.053 mW/cm?, total

fluence over 20 minutes was = 63 mJ)/cm?), as described by (Pooam et al., 2021).

LED light characterization was performed at the Central Laser Facility, Research Complex
at Harwell, Science & Technology Facilities Council, UK. The spectrum was measured
using a portable USB high-resolution fiber optic HR2000CG UV-NIR spectrometer (Ocean
Optics Inc, Florida - USA), and the output power was recorded on a calibrated PM100D
power meter with an S120VC photodiode power sensor (Thorlabs Inc, New Jersey - USA).
The thermal change of the media exposed to LED light was measured with a FireSting
optical temperature sensor, recorded by an FSO2 temperature meter (Pyroscience,

Germany).

NIR-light light treatment

The cells were seeded in two 6-well plates. One plate (“control”) was left in the dark and
a second (“treated”) was exposed to the NIR-light at about 0.053 mW/cm? for 20 minutes
per day, for the next 6 days, which gave a daily dose of 63 mJ/cm? and a total dose of
381.6 mj/cm?. The LED array was placed 40 mm below the 6-well culture plate and in
between 2 wells, to create a uniform beam for illumination of the culture plate. The well
with the control “untreated” population was covered and any other cell treatment (eg.
Dox treatment) was performed normally in the period of these 6 days, before the light

treatment.

Flow cytometry assay for senescence quantification

Flow cytometry was used for fluorescent quantification and for examining senescent
levels in cellular populations (Cahu and Sola, 2013). CellEvent™ Senescence Green Flow
Cytometry Assay Kit (ThermoFisher, UK) was used for flow cytometric detection of cellular
senescence via using a fluorescent dye that binds to the senescence-associated beta-
galactosidase (SA-beta-gal) enzyme, and the assay was performed according to

manufacture protocol (ThermoFisher Scientific, 2019).
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Flow cytometry measurements were performed with a BD LSRFortessa™ X-20 Analyser
flow cytometer (BD Biosciences, New Jersey-USA) and data were recorded/analyzed using
a BD FACSDiva™ Software. The AlexaFluor channel (488 nm laser) was used to capture
the uptake of stained cells. For the analysis, the cell population was selected on a
forward/scatter/sideward scatter plot to exclude debris cellular aggregates, and 10,000
gated events were recorded. The median intensity was determined from a histogram and

results were recorded as a median value.

Detection and Quantification of ROS

The 27" -dichlorofluorescin diacetate (DCFDA) stain was used to detect changes in the
levels of ROS in live cells. After treatment cells were washed with PBS and incubated with
30 pM DCFDA (Sigma, UK) at 37°C 5% CO, for 30 minutes, protected from light.
Fluorescence was quantified by flow cytometry -the AlexaFluor channel (488-nm laser)

was used to capture the uptake of stained cells.

Assessment of cellular Ca%* levels

Rhod-2 (ThermoFisher, UK) was used to label mitochondrial Ca?" in live cells. After
treatment, cells were incubated with 1 pM Rhod-2 in Phenol Red Free media, at 37°C 5%
CO; for 30 minutes, protected from light. Rhod-2 fluorescence was quantified by flow

cytometry - the PE channel (575 nm laser) was used to capture the uptake of stained cells.

Assessment of MMP

The cell-permeant tetramethylrhodamine, ethyl ester (TMRE) stain was used to label
active mitochondria in live cells. After treatment cells were incubated with 500 nM TMRE
(Sigma, UK) in Phenol Red Free media, at 37°C 5% CO, for 30 minutes, protected from
light. Active mitochondria sequester TMRE and were quantified by flow cytometry - the

PE channel (575 nm laser) was used to capture the uptake of stained cells.
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Statistical Analysis

Results are expressed as the mean + standard error of the mean (SEM), at a minimum of
3 biological repeats. Where appropriate, outliers were detected and excluded using

Grubb's Test.

For comparison between two groups, a two-tailed, unpaired T-test (F-test; P-value) was
applied. The effect of NIR-light treatment in replicative control and senescent populations
in senescence induction; ROS levels; and Ca®* levels were compared with a mixed-model

two-way ANOVA, with a Bonferonni post hoc test.
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