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ABSTRACT

Background: The skin is able to absorb external radiations in the range of the visible
spectrum. The skin has circadian cycles dependent on both the central circadian system
and peripheral clocks of each cell. During the evolution, the selective pressure of the
day/night cycle has allowed the conservation of biologically advantageous circadian
clocks in organisms until the mammals. The fruit fly is an excellent model organism in
the study of biological clocks. This thesis work aims to study the chronobiological
effects of light radiation in vitro on keratinocytes (HaCaT cells) and in vivo on

Drosophila melanogaster.

Methods: The effects of light radiation were studied using LED lamps emitting blue
and red light. The exposure to the LED lamps involved three days of light cycles
repeating the following four different exposure: 12h Light-12h Dark and 1h Light-23h
Dark; high and low intensity. On HaCaT cells, cell viability, the mechanism of
apoptosis, the cell cycle, and the expression of circadian genes (clock genes) were
investigated. An analysis of cellular proteomics expressed after light stimuli was
performed. We examined the effects of light radiation on intracellular ROS and
mitochondrial structure. Subsequently, an in vivo experimental model was set up with
Drosophila melanogaster. The parameters studied were: responses to thermal stresses,

effects of paraquat exposure, climbing assay, and clock gene expression analysis.

Results: LED lamps has different biological effect on keratinocytes, in relation to the
wavelength. Blue light has an inhibitory effect on cell proliferation. This effect is
greater with increasing exposure time and light intensity emitted by the LED source.
The assay of apoptosis also confirms that with blue light there is a strong increase in the
percentage of apoptotic cells. Cell cycle reveals significant differences only in cells
exposed to blue light for 12h high intensity. Blue light can directly synchronize the
circadian clocks within keratinocytes. The alterations caused by exposure to cycles of
12h high intensity on proteins demonstrate that the class of oxidoreductases is involved.
The concentration of intracellular ROS is significantly higher when cells are irradiated

with blue light. Conversely with 12h low intensity light cycles, intracellular ROS



equally increased after both blue and red light. On Drosophila melanogaster, we
observed that locomotor capacity increased in insects when exposed to blue light. In
experiments performed to evaluate the response to thermal stresses, a significant
decrease in the number of insects surviving after 24h from high temperature stress was
observed in the group exposed to high intensity blue light. In parallel, analysis of
recovery time from cold-induced coma showed that insects exposed to blue light were
able to wake up faster. Paraquat exposure increased the number of dead insects in those
treated with blue light. The clock genes analysis shows an increased expression induced
by blue light. This overexpression indicates how blue light may affect the
synchronization ability of the central circadian clock in insects. From the evidence
obtained in the two experimental models in vitro and in vivo, we conclude that blue

light has chronobiological effects in both.

Conclusion: Blue light decreases keratinocyte viability and the effect depends on the
exposure time and on the intensity. Keratinocytes possess autonomous regulation of
their circadian cycle probably to cope with toxic light insults (blue light) from the
external environment. In insects, after exposure to blue light, clock genes are
overexpressed and circadian rhythmic functions are altered. LED lamps have an
influence on biological systems. The choice of the best lamps for lighting must take into
account the physiological circadian biological cycles, as they lead to important

physiological functions.






1. INTRODUCTION

1.1 Light radiation: definition and features

The following thesis work will cover the concept of light and its historical development.
In the past, humans have wondered about what light is and many great intellectuals
came out with theories concerning it. In the seventeenth century a controversary arose:
is light a wave or a particle flow?

At Cambridge, Sir Isaac Newton argued that Grimaldi’s diffraction phenomena simply
demonstrated a new form of refraction which could only be understood if the light was
composed of corpuscles (particles) due to the fact that waves do not travel in straight
lines. Later on, after conducting several experiments, Newton stated that light is made
of corpuscles, not waves. This theory has been considered as the only reliable one until
the end of 19" century when Sir Thomas Young clearly demonstrated wave interference
by accepting wave theory (Young T. et al., 1807).

Physicists faced a major crisis in the early 19th century: light behaved like waves in
some experiments such as interference and diffraction, but also like particles in other
experiments, such as photoelectric effect.

After different scientific evidence reached some physicists have theorized that a single
photon (particle of light) has a quantum energy (Qy) that is directly proportional to the
frequency (f) (sometimes symbolized by the Greek letter, v) of the wave; where h is

known as ‘Planck’s Constant’:
Qv =h X f

This led to the concept of ‘wave—particle duality’. Physicists ended up realizing that
light simultaneously can be a flow of particles and a wave so thus nowadays, we all can
affirm that light has a double nature made of waves and particles. It is equally clear that
the limits of actual extended visibility goes from about 310 nm in the Ultraviolet to
about 1100 nm near infrared, but they depend a lot on the radiance of light source
(Sliney, 2016).

Currently the International Commission on Illumination (CIE) provides a technical

definition of light on the "International Vocabulary (ILV)’’ pin which emphasizes that



light is: "both a characteristic of all sensations and perceptions that is specific to vision,
and a radiation that is considered from the point of view of its ability to excite the
human visual system".

It is well known that in today's society our lives are completely immersed in radiation of
all kinds. The spectrum of visible light represents only a small part of that of
electromagnetic waves and varies from 400 to 700 nm depending on the wavelength
(fig. 1). The full electromagnetic range extends from X-rays to the deep UV, through
the visible light spectrum, and out to the far IR and beyond into microwaves and radio
waves. The solar source emits white light perceived by the human eye which unifies all
the radiations of the visible spectrum.

The CIE defines two separate systems for measuring light: the photometric and the
radiometric systems.

The radiometric system is based upon fundamental physical units. Radiometry, the
measurement of electromagnetic radiation, is critically important for many
environmental studies and is applicable to the development of illumination sources for
commercial and industrial use. Advanced instruments support radiometric
measurements in the UV, visible light, and the Near-Infrared from 250-2500 nm.
Radiance (L): it is the ratio between the luminous flux emitted by a surface element
around that point and the area of the element itself. The luminance of a point on a

surface is measured in lux on white.
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Figure 1. Components of light radiation. Visible light (700-400 nm) shows wavelength difference
between spectrum colours that have different properties. Human eye can perceive only this spectrum;
white colour is composed of all colours of the rainbow. Source:
https://it. 123rf.com/photo_720981 13_luce-visibile-con-differenza-di-lunghezza-d-onda-tra-i-colouri-di-
spettro-che-danno-propriet %C3 %A0-divers. html.



Photometry concerns the measurement of radiometric sources and their interaction with
the human eye (Hengstberger. F., 2006). Spectroradiometry concerns the measurement
of absolute radiometric quantities over specific wavelength bands. Radiometry is the
measurement of the electromagnetic radiation- or wave- that is generated by the
oscillation of photons. The frequency of these waves, or the wavelength (i), determines

the amount of energy carried by the photons, and hence the “colour” of the radiation.

The photometric system is used in lighting design and illumination engineering, it is
based upon a standardized (V(A)) spectral response of daylight (photopic) vision with
units of: lumens (luminous power ®v), lux (Im/m2 for illuminance Ev), candelas (Im/sr

for luminous intensity Iv), and nits (cd/m2 for luminance Lv, ie, ‘brightness’).

So the radiometric system is used by physicists to quantify the radiant energy of light
regardless of wavelength. Photometric quantities, on the other hand, are used only for

visible light.

The design of the quantity and quality of light in a technical way is recent and has given
rise to a new branch of the study of lighting: "lighting engineering." The development
of lighting engineering came along with that of artificial light sources. The ever-
increasing development of light sources has helped transform a marginal component of
lighting into an autonomous discipline managed by a specialist. The basic principles and
quantities involved in lighting engineering are derived from photometry. When the
distance of the measured object can be estimated, photometry can provide information
about the total energy emitted by the object: its size, temperature and other physical
properties. In defining the amount of light, a distinction must be made between the light
energy emitted by a source (intensity) and the flow of light through a given section (or
reaching a given surface). For the total light emitted from a source, the 'unit of measure
is the candela (cd). Of course, the farther we get from a (point) source, the less light
reaches us. So it is important, while comparing different illuminations, to also establish
a unit of measure for the light flux (the power passing through the unit area). The unit of
measure for photometry is the lumen (Im). Photometric quantities quantify light flux in
terms of the response of the human visual system, which has different sensitivities to

different wavelengths.

Photometric quantities are divided into qualitative and quantitative.



The quantities are:

v" Luminous flux (Ix): it expresses the power of the radiations emitted from a
source weighed according to the spectral sensitivity of the human eye, it is
therefore the translation of light output into a power. It is a scalar magnitude (o)
and its unit of measurement is the lumen (Im). A 1 cd light source emitting in an

angle of 1 steradian produces a luminous flux of 1 Im.

v" Luminous intensity (I): is the ratio of the infinitesimal luminous flux emitted
by the source in a given direction to the elementary solid angle. It is a vector
magnitude of symbol I expressed analytically as: I = df/dw. Its unit of
measurement is the candle (cd) defined as the luminous intensity of a
monochrome source with a peak at 555 nm. The knowledge of the light intensity
emitted by a source, in different directions, allows to build the photometric solid,
which is that geometric figure delimited by a closed surface, formed by the
location of the extreme points of segments whose length is proportional to the
luminous intensity in that direction and centre of the source. If the photometric
solid is known from an artificial source, the value of the luminous intensity in

the various directions can be traced from it.

v Nlumination (E): it is a scaled size given by the ratio of the luminous flux
incident on a surface to the surface area itself: E = F/A. The unit of measurement
is lux. A lux is the illumination produced by the flux of a lumen evenly

distributed over an area of one square metre.

v" Luminance(Ly): it is the ratio between the luminous intensity emitted in that
direction and the emitting surface projected on a plane perpendicular to the
direction itself. The unit of measurement (nit) is the candle per square meter
(cd/m?). It is a vector magnitude of symbol and it is indicative of the glare that
can induce a source. The right balance of luminances is of great importance in

the design of indoor and outdoor lighting systems (e.g.: squares, streets, etc.).



In addition to the quantitative parameters, just analysed, light can also be characterized
with other qualitative parameters, as they describe the visual sensation perceived by our
eye. Such quantities are generally used to identify artificial lighting sources and they are

mainly:

v The colour temperature (CT) of a light radiation is defined as: the absolute
temperature of a black body that emits a visible radiation of equal colour to the
light emitted by the source, thus describes the feeling of «hot» or «cold» light
produced by the shade of light, which is one of the elements that contribute to
define the quality of lighting. The chromatic effect produced on the human eye
by a source can therefore be described based on the comparison of the light
emitted by the analysed source and that one emitted by a black body. The red
light corresponds to a low colour temperature, while the blue light corresponds

to a high colour temperature.

v" The chromatic rendering describes how much an artificial light alters the
colour of the illuminated objects and indicates the fidelity with which the light
provided by an artificial source is able to reproduce the real colours (from the
sunlight). The ability of a light to "render" the colour is measured by comparing
the colour rendering of the light in question with the colour rendering of a
standard lamp that reproduces natural lighting. This rating system is defined
CRI (Colour Rendering Index). CRI is a dimensionless number between 0 and
100 where 0 can be considered the minimum and 100 as the maximum value for
colour rendering). The more the light source is characterized by a high value of

CRI, the more realistic the colours appear.
The retinal exposures depends on: retinal irradiance and retinal illuminance.

v' The retinal irradiance (Er) is directly proportional to the radiance (brightness)

L of the source being viewed. The retinal irradiance Er in W/cm? is:
Er=0.27 x L x T x d.”

- L: radiance in W/cm?/sr;

- 1 transmittance of the ocular media;



- de: pupil diameter in cm.

Two persons looking at the same scene can easily have a pupil size sufficiently
different to readily have a retinal irradiance differing by a factor of 2 (100%).
The retinal irradiance from ambient outdoor illumination is of the order of 0.02—

0.1 mW/cm? and these levels are just comfortable to view.

v' The retinal illuminance (photometric measure) is luminous flux incident on the

retina. The simplified formula is:
T=LS

- L: luminance (cd/m?) of the source viewed;

- S: pupil area in mm?.

The retinal illuminance T is then given in trolands(td). Retinal illuminance
decreases with age due to absorption of the lens and to a reduction in pupil size.
(Butterworth-Heinemann, 2009). This unit has been widely used in studies of

‘flash blindness’ and some areas of vision research (Sliney, 2016).

1.2 Light sources

The word 'light' refers to visible radiant energy, but can also refer to different sources of
illumination. A first important division to be made for lighting sources is that between
natural lighting sources and artificial lighting sources. Sunlight (or natural light) is the
first source of illumination that has always been present. The development of artificial
light sources has developed only in the last two centuries. In fact, almost the entire
evolution of mankind has been characterized by the presence of only natural light of the
Sun and fire until a revolutionary light source came out: electrically powered lamps. We
are today surrounded by light source and, since the 1820s, by additional light sources
like gas lamps (later) all day long. Thus today electrically powered lamps are the most

common source of light.



1.2.1 Natural light (Sunlight)

The earth has been bathed in Sunlight for more than 3 billion years. The Sun produces
an enormous amount of energy, called solar energy. Solar energy refers to the energy
emitted by the Sun and transmitted to Earth in the form of electromagnetic radiation
(light and heat). Solar radiation consists of a spectrum of different electromagnetic
emissions with increasing energy, higher than that of radio waves, but lower than that of

x-rays (fig. 2).
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Figure 2. Sunlight spectrum. Included in the Sun's rays are all wavelengths
of electromagnetic radiation: cosmic rays, gamma rays, X-rays, ultraviolet
radiation, visible radiation, and infrared rays. Source:
https://www.carnivero.com/pages/light-sources.

What we see is the visible light, at intermediate frequency and energy, but in the rays of
the Sun cosmic rays, gamma rays, X-rays, ultraviolet radiation, visible radiation and
infrared rays are also included. Infrared and ultraviolet radiations are invisible to our
eyes but they are able to penetrate them while high energy cosmic radiation, gamma
rays and X-rays are reflected or absorbed by the atmosphere surrounding our planet.

All forms of life on earth use the energy emitted by the Sun. In the ocean, life forms are
also exposed to Sunlight; in fact, energy from the Sun was effectively used by early
phytoplankton to produce carbohydrates as an energy source (Holick, 2016).

In addition, Sunlight is essential for the alternation of day and night, the span of time

determined by the earth's rotation around its axis. the concept of time is in fact closely

10



related to the concept of light. Thanks to Sunlight we can know when a day begins

(dawn) and when it ends (sunset) (Figure 3).

Midday 5000K

i

Figure 3. Sunlight is not fixed. The colour and absolute power (irradiance) change throughout the day.
Sunlight is rich in red component when it is low in the sky, while it is rich in blue component when it is
high in the sky. Outdoors, light intensity (illuminance) varies between 4000K (sunrise), S000K (midday)
and 2700K (sunset). Source: https://www.eenewseurope.com/news/led-illumination-products-match-and-
recreate-natural-Sunlight.

Daylight is direct and indirect electromagnetic radiation from the Sun, which is altered
by various reflections, transported and filtered through the atmosphere. The duration
and availability of daylight depends on geographic latitude, seasons, and weather
conditions. Daylight has a broad continuous distribution of spectral power, which
changes within and between days and with weather conditions in: absolute power
(irradiance), colour, scatter, polarity, and direction. Outdoors on a sunny day, the
intensity of light (illuminance) varies between 20,000 and 100,000 Ix, instead it is about
3,000 Ix when it rains, and comes to measure 1,000 Ix during twilight (fig. 3). Indoors,
daylight fluxes are usually much lower and decrease exponentially with distance from
windows (Wirz-Justice et al., 2020). Sunlight is red when it is low in the sky, and a
significant change in the spectrum is often unnoticed due to the selective colour
adaptation of our visual system. In contrast, the midday Sun is rich in shorter
wavelengths with a colour temperature of about 6500 K.

Light-time signals are used to entrain the endogenous circadian rhythms of living

organisms by about 24 hours (Gerber et al., 2015).
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It has been argued that living organisms are subjected to daily changes in Sunlight
intensity and temperature, and because of this circadian endogenous clock that allow for
maximum increase in an organism's performance have been developed (Gerber et al.,
2015).

Perhaps it is this "uniqueness" that implies that daylight is superior to electric light
(Wirz-Justice et al., 2020). Indeed, although theoretically the two light sources (natural
or solar and the artificial) are well known, technically it is extremely difficult to mimic
all the properties of natural light with electric light and combine them into a “single
artificial light source” (Webler et al., 2019). Sunlight is very dynamic, varying
continuously throughout the day, and this contrasts with the static (almost everywhere)
characteristics of electric light. Furthermore, depending on the light source
(incandescent, fluorescent, or LED), the spectral power distribution of the lights is very
different from each other and from daylight, even though all, to the human eye, are

perceived as "white" light (Figure 4).

.
Figure 4. Comparison of the spectra of Sunlight with artificial electric light
(incandescent lamp, fluorescent lamp or LED lamp); the spectral power

distribution of the lights is very different in both wavelength and irradiance.
Source: https:// caloriesproper.com/circadian-rhythms-exercise-meal-timing.

1.2.1.1 Sunlight and human diseases

The Sun is an irreplaceable source of life: its rays provide the Earth with heat and light;

they are responsible for activating the process of chlorophyll photosynthesis by which

12



plants produce energy and nutrients. Several researchers reported the effects of Sunlight
related to human health, it has been seen that Sunlight is positive for human health in
the production of vitamin D (Holick, 2003) or beneficial effect on mood. In contrast it
can be harmful and promote the onset of diseases, including the induction of skin cancer
(Kennedy et al., 2003). Over the years, several groups of researchers have been
interested in the interaction between man and Sunlight. It has been shown that the lack
of Sunlight is related to different diseases (Holick & Chen, 2008). Seasonal affective
disorder, a form of depression, whose frequency is much higher in high latitude where
the availability of light is decreased and thus the amplitude and phase of circadian
rhythms is blunted (Kurlansik & Ibay, 2012). The absence of Sunlight has been seen to
be a likely contributor to suicide, in fact, serotonin (happiness hormone) is a
monoamine neurotransmitter produced in the presence of Sunlight (Vyssoki et al,
2012); (Makris et al., 2016). In addition, decreased of the Sunlight has been found to be
directly correlate with age of onset of bipolar disorder (Bauer et al., 2014). However,
the exposure to the Sunlight has some negative consequences, the adverse health effects

of excessive Sunlight exposure have also been investigated.
1.2.1.2 Sunlight and Cancer

How Sunlight can influence lives by reducing the risk to get many deadly cancers is not
deeply known yet. Human cells in the body can transform Vitamin D from 25(OH)D to
1,25(OH)2D (Adams & Hewison, 2010). During this process, 1,25(OH)2D interacts
with its receptor in the cell to unlock a wide variety of genes connected to more than 80
different pathways (throughout different biological processes), including DNA repair,
apoptosis, oxidative stress, and anti-inflammatory activity. These signalling pathways
has been related to malignancy (Holick, 2016). Several studies reported a strong
positive correlation with reduced cancer risk. In the beginning of last century a
comparison between indoor workers and outdoor workers health situation was made
(Hoffman F, 1915). The results have shown that indoor workers had an 8-fold increased
risk of dying from cancer. In the 1980 Garland et al noticed that people living at a high
latitude in the United States developed a higher risk of contracting colorectal cancer

than others. This has therefore brought to the correlation between this disease and
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deficiency of Vitamin D. Several studies have shown that at least 1,000 IU of vitamin D

per day can reduce cancer risk (Lefkowitz & Garland, 1994);(Grant & Mohr, 2009).

Type of skin cancers, including melanoma, it can also appear on skin not normally
exposed to the Sun. Melanoma-related factors involve sunburn experiences, genetic
predisposition, red hair colour, increased number of moles on the body (Green et al.,
1985). The theory that occupational Sun exposure reduces the chance of experience
deadly skin cancer has been accepted but the creation of free radicals due to UVA
radiation have to be considered too. Free radicals can also damage DNA in skin cells by
increasing the risk of malignancy (Brem et al., 2017). Also, less exposure to the Sun can
cause the risk of chronic and infectious diseases (Mead, 2008).

Considering that the fundamental source of Vitamin D is Sun exposure for all human
beings, in order to get healthy lifestyle, Sun exposure is needed.

So we can affirm that in today’s scientists have come to a similarly dichotomous
recognition that exposure to the ultraviolet radiation (UVR) in Sunlight has both

beneficial and deleterious effects on human health.

1.2.2 Artificial light

In the world of artificial lighting there are different types of light sources (fig. 5), which
are divided into: incandescent sources, discharge sources, induction sources and Leds,
list them quickly to understand their differences. They have been quickly listed below to

understand their differences.

Open flames and incandescent sources are technically described as having low-colour
temperatures, typically 2800 Kelvins (K) rich in longer visible (orange, red)
wavelengths and infrared—near-infrared radiation. The incandescent sources were the
first light sources to operate thanks to electricity; invented in 1860. They consist of a
thin tungsten (W) filament placed under vacuum in a glass vial, which, run by electric
current, once heated by the Joule effect, it is brought to high temperature (2000-2500
°C) emitting light.

In these sources the emission of light is no longer due to a solid filament, but to the

passage of electrons brought at sufficient velocity through a gas.
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Their operation is based on the synthesis of the principles of electromagnetism and
electric discharge in gases. Practically it is a fluorescent lamp without electrodes and the
current that passes through the gas is nothing more than an induced current due to a

magnetic field generated by a coil fed at high frequency.
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Figure 5. Light spectra of different types of artificial lamps: LED
bulb, compact fluorescent lamp, incandescent bulb, candle and candle
light-style OLED. Source: https.//drbillyhealth.com/the-right-ligh.

1.2.2.1 LED

This research will show the best performance from the fourth source: the LEDs.

The Light Emitting Diode (LED) has the same characteristics as a diode, an electronic
semiconductor consisting of a P-N junction between a P-type doped semiconductor and
an N-type doped semiconductor, which if polarized directly, or following a passage of
current, emits a light radiation due to the effect of electroluminescence of the junction
(fig. 6). This phenomenon was then perfected and applied to LED technology in 1962
through the use of special semiconductors, such as Gallium arsenurium (Gaas), by Nick

Holonyak Jr that is considered, in all respects, the inventor of the LED.
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Figure 6. The mechanism behind LED technology. (Source: https://electricalgang.com/working -
principle-of-light-emitting-diode-led/). At right, example of red, blue, green, yellow and white
LEDs. (Source: https://webshop.elektronikk-service.no/produkt/led-5mm/ ).

Mainly used materials for the construction of these particular diodes:

v" GaAs (Gallium arsenide)
v GaP (Gallium phosphide)

v GaAsP (Gallium arsenide phosphide)

v SiC (silicon carbide)

v" GalnN (Gallic and Indio nitruro)

The frequency of the radiation emitted depends on the material used in the P-N junction,
and as a result there is a change in the colour of the LED. Depending on the doping
agent used, LEDs produce different colours including blue colour (InGaN (Nitruro di
Gallio e Indio)) and red colour (GaP (Fosfuro di Gallio), AlGaAs (Arseniuro di
Alluminio - Gallio), GaAsP (Arseniuro di Gallio - Fosforo), InGaAIP (Fosforuro di
Allumino, Gallio e Indio), GaAs (Arseniuro di Gallio) which have been studied produce

different colours.
Main parameters that characterize the LEDs:

v Direct Current: (If, in mA) the current value required for the LED to obtain the
desired light intensity.

v Direct Voltage: (Vf) the voltage present between the two terminals when the
LED is run by direct current; in most LEDs it is between 1.5 and 3V for normal

LEDs, and from 3 to 5V for high brightness LEDs (HL).
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v" Colour Temperature: the temperature at which the black body should be
brought so that it emits a light as close as possible to that of the source being
examined.

v" Luminous Flux: the amount of energy that light emits in a second in all
directions, therefore represents the luminous sensation binding it to the power of
the stimulus. The luminous flux of a LED is indicated in relation to its power
(luminous efficiency) and in "standard" operating conditions.

v’ Efficiency: the relationship between light intensity emitted (measured in
millicandelas mcd) and electric current in milliamperes (mA); values can be
between 0.5 - 2 mcd at 20 mA, and reach, at high efficiency, up to 20 mcd at 10
mA.

v" Average life of the LED: hours after which the LED source has a decay of the
initial luminous flux of 30%. Generally it is around 50000h - 60000h.

The range of use of LEDs is constantly expanding as well as the increase in their
performance; they are characterized by a reduced consumption and a high lifespan,
resulting in both energy savings and less maintenance compared to other light sources,
reducing costs by a long way. Their small size allows to direct the luminous flux in the
desired area and their reduced heat emissions technology allows them to be used also in
contact with other technological devices. Another advantage of LED lighting is the
infinite colour variations of RGB lamps, optimal for creating special atmospheres useful
for decorative lighting in public places. In addition, LED lamps have no components in
the UV area and most of the radiation is emitted in yellow and red. “Natural White"
LEDs are characterized by a compromise between brightness, colour temperature and
colour rendering factor, representing the new frontier of lighting. From the mixing of
these technologies comes the Dynamic White, which allows to obtain range of whites
from a colour temperature of 3100 K up to 6500 K, this tool is ideal for commercial
environments that seek the enhancement of the goods on display. The light efficiency of
this technology is very high, it is between 50-100 Im/W with a lifetime of around 50000
hours. Despite their positive prerogatives, these lamps appear to have a higher purchase
cost than incandescent or fluorescent lamps and, since most of them operate at low
voltage, they need to be powered by the use of power supplies that further raise the

value and the footprint. The most common problems to solve are related to the disposal
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of the heat generated, the fidelity of the colours reproduced and the overall energy

absorption.
1.2.2.1.1 General LED application

Over the decades, both indoor and outdoor lighting has undergone many changes.
About half a century ago, the phenomenon of "light pollution" appeared first only found
in large metropolises, then spread to almost all of Europe. The night sky of Western
Europe seen from space shows the enormous impact of electric lighting. Today, inside
the house (interior lighting) in addition to the presence of LED lamps that illuminate the
room, there are more and more electronic devices that are used constantly such as
smartphones, tablets, computers, etc. The utilisation of LEDs has changed accordingly
to its own development, in a very first phase, LEDs unique function was: the production
of very narrow wavelength bands (single-colour visible LEDs). Later, multi-chip LEDs
and fluorescent LEDs took place with their revolutionary ability to emit “white” light
(Sliney, 2016) and today, we can affirm that, products with LED backlit displays are an
essential component of our everyday life: game consoles for children, office computers
for adults, e-readers are normally employed everywhere by anyone. Most of all,
innovative devices with LED backlit displays can modify colour temperature (Chaopu
et al., 2018) according to the time of day by reducing it at night. Nowadays, awareness
has developed in the technical-scientific community of a possible biological effect of
BLUE light, which has allowed the development of special settings (practically now
present in all smartphones) and apps that can adjust the colour temperature and exclude

or eliminate the presence of blue (blue light filter).
1.2.2.1.2 LED in Human Health

Light plays an important role in the therapy industry, it is the oldest method used to
recover from several health problems, and its recognized benefits are dated back to
Egyptians, Chinese, and Indian populations (Daniell & Hill, 1991). Lately, during the
last few decades, the advantageous effects of low level light therapy (LLLT) (LASER)
to treat various pathologies have been approved. Some of these favourable effects
include improvement of peripheral nerve regeneration, reduction of inflammatory

reactions, enhancement of bone formation wound healing, angiogenesis subjects

18



(Rohringer et al., 2017). Examining lasers’ effects on endothelial cell morphology, two
different theories must be taken into consideration (Ricci et al., 2009). The first one
supports that, LLLT affects the structure of endothelial cytoskeletons, Li Y. et al. in the
year 2020 (Li et al., 2020) supports that, by using laser light, a dose-dependent increase
of human umbilical vein endothelial cell proliferation occurs. Thanks to advantages like
broad beam and cost-efficiency, light emitting diodes (LED) have stimulated a huge
interest in several researchers’ studies where LED are described as a valid alternative to
LLLT. At the beginning of the twentieth century, Oscar Raab and Herman von
Tappeiner gave birth to the term “photodynamic therapy (PDT)” denoting the chemical
reaction in which oxygen is consumed following induction by a photosensitization
process. In 1903, for the first time ever, artificial irradiation in phototherapy was used
by a Danish physician, Niels Ryberg Finsen (winner of the Nobel Prize in Physiology or
Medicine) and a combination of light and a topical substance, eosin, to treat skin
tumours was found out by von Tappeiner and Jesionek (Jesionek-Kupnicka et al., 2013).
From its discovery till now, PDT is growing fast and significant progress has been made
so far in light-based treatment of different disorders such as lung disease (Sutedja &
Postmus, 1996), different kinds of solid tumours (Breskey et al., 2013), age-related

degenerative processes of macula (Silva et al., 2008), and urology (Jichlinski, 2006).

The primary beneficial effects of human health-oriented LED application were
discovered by the National Aeronautics and Space Administration dealing with the
enhancement of LEDs that are able to generate a narrow spectrum of light in a non-
coherent manner delivering the proper and requested wavelength and intensity. LED
technology has been progressively optimized during the last 10 years and over (Oh &
Jeong, 2019).

The advancement of a thorough understanding of the characteristics of LEDs makes
their use in phototherapy viable for both the clinic and the laboratory. Some of the most
important relevant features of LED practice are price and versatility. Comparing LEDs
to the other sources described so far, LEDs appear to be quite inexpensive, plus, when
arranged in a certain arrangement, they are capable of irradiating large areas. Since they
can be powered by batteries, it is very easy to take them wherever they are needed

(Brancaleon & Moseley, 2002).
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Also referring to their characteristics, last but not less important, they can be arranged in
different geometric combinations to balance/recompensate for difficult anatomical areas
(non-melanoma skin cancer for example tends to occur in the face and head where large
curvatures can reduce the effectiveness of other light delivery systems). For all the

reasons just explained, interest in the use of LED in phototherapy is increasing.

In the cosmetic field, LED therapy is gaining momentum after approval by the US Food
and Drug Administration due to its ability to increase ATP and transcription factor
production, regulate oxidative stress, and modulate collagen synthesis (Sorbellini et al.,

2018).

Speaking of the link between light and acne vulgaris, many encouraging results of the
use of light in the treatment of acne vulgaris (multifactorial skin disorder associated
with pilosebaceous inflammation of the unit) have been shown (Alba et al., 2017).
Promising results have been obtained using both red light (630 nm) and blue light (415
nm). Some in vitro studies have shown a significant reduction in sebum production
regarding the effect of red light while, the effects of blue light can be basically

described as a reduction in the proliferation of human sebocytes.

The therapeutic approach of PDT is also becoming increasingly common in the field of
skin rejuvenation due to its safety and efficiency. In fact, many in vitro and in vivo
studies have demonstrated the ability of LED therapy to activate skin collagen synthesis
(Brondon et al., 2009); (Lee et al., 2007); (Jagdeo et al., 2018). One of PDT fields of
application is the treatment of hair loss. After demonstrating PDT success, in 2007 it got
the approval from FDA and it was finally released as the first LLLT device to treat hair
loss problem, androgenetic alopecia especially (Tzung et al., 2009). Very recently, LED
therapy has been applied in psoriatic subjects and from the results obtained, a reduction

of the erythematous plaque of 33.9% and 26.7% can be observed.

Psoriasis is a skin disorder and precisely: it is an immune-mediated inflammatory skin
disease. The percentage of people suffering from this disorder is around 2-3%.
Protoporphyrin IX (Ppix) is present in psoriatic conditions and is a potential target for

photodynamic treatment (Zhang & Wu, 2018).
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1.2.2.1.3 LED and Cancer

Improvements in the therapeutic application of LED have made possible its current use
in the treatment of numerous clinical conditions, for example, several types of solid
tumours (Vreman et al., 1998). Researchers and physicians have begun to be attracted to
the idea of using LED for cancer treatment. In fact, LED light therapy combined with
taking chemical drugs has shown high therapeutic efficacy (Tartaglione et al., 2021).
This breakthrough discovery will definitely reduce the dose of drugs, leading to a
reduction in adverse side effects, without compromising the effectiveness of the

treatment (Hwang et al., 2013).

These different uses of LED have stimulated the interest of many researchers in the last
twenty years. However, all its possible applications have yet to be examined and this
evaluation takes quite a long time because for each light treatment 3 important points

must be carefully selected:

v' the precise wavelength to be used (and consequently the colour) of the light
radiation;
v' the intensity and brightness of the light radiation;

V" the exposure time (duration and frequency) of the light radiation.
1.2.2.1.4 LED BLUE

Improvements in people’s living standards and display technology make humans more
aware of photobiological safety. In fact people’s demands for display devices were no
longer only dedicated to image quality and energy conservation. Concerning
photobiological safety, blue light hazard and circadian rhythm have to be considered.
Blue light hazard refers to the harm to the retina of human eye provoked by the
photochemical effect of blue light in the range of wavelength 400-500 nm (Shen et al.,
2014); while the circadian rhythm, also called the non-visual effect, refers to that blue
light component in the visible light, through inhibiting pineal gland to secret melatonin
and stimulating the adrenal glands to secrete cortisol, it is able to modify body’s
circadian rhythm and adapt alertness and biological clocks (Stevens & Zhu, 2015).
Starting from 1966, many researchers and scholars found out and realized how blue

light can badly affect human body. In 1966, Noell W. K. (Noell et al., 1966) shown that
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blue light can damage rod cells, and in 2006, Peep V.Algvere (Algvere et al., 2006)
described the impact of blue light hazard on age-related maculopathy. In 2011, P. N.
Youssef et al. (Youssef et al., 2011) introduced a blue light hazard mechanism. In the
following period, Rao Feng and Ancheng et al. conducted numerous studies on the
interaction of blue light hazard and circadian rhythm of LED backlight displayer and
LED lighting. The effects induced by the blue light are still not well understood,
although many researchers are studying them. It has been observed that, in the skin and
retina, blue light induced suspected mediators of skin aging and age-related macular
degeneration. Several in vitro and in vivo investigations on skin cancer have revealed
that blue LED induced apoptosis in cancer cells (Tartaglione et al., 2021); (Oh et al.,
2015); (Arthaut et al., 2017). In addition, it has been demonstrated that blue LED
irradiation triggers apoptotic cell death through the mitochondria-mediated intrinsic
pathway and shortens the early stage of tumour growth in melanoma cells (Oh et al.,
2015). On the other hand comparing different wavelengths effects in an excision model
in rats, Adamskaya N. et al (Adamskaya et al., 2011) has verified and confirmed blue
light high power in terms of reducing wound size and development of epithelialisation.

In conclusion, blue light radiation in LEDs can be considered as a powerful tool in
numerous therapeutic fields (under control), on the contrary, it has been recognized as
dangerous in everyday life. The United Nations proclaimed the International Year of
Light and Light Technologies recognition of how light “revolutionized medicine, open
international communication via Internet continues to be essential for cultural,
economic  connection, and political aspects of the global economy"

(http://www.light2015.0org/Home/About.html).

1.2.3 Ergonomic Artificial Lighting

To fully understand what ergonomic artificial lighting is, it is necessary to start from its

etymology.

The word ergonomics (from the Greek "ergo", meaning work, and "nomos" meaning
regulation, laws) represents the science that studies performance and their well-being, in

relation to the purpose of their activity, the work equipment and the work environment.
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This translates into the design of products and/or processes that utilize an individual's

capabilities, considering their physiological and intellectual needs.

Ergonomics therefore seeks to identify the most important parameters for a correct
man/work relationship, to eliminate any negative factors that may be present and thus

make the use of work objects more natural.

Ergonomic research means the environmental, structural and procedural study of work
organization in order to identify the requirements and criteria for their best acceptability

by the operators.

So ergonomics, according to the IEA (International Ergonomics Association), is the
science that deals with the interaction between the elements of a system and the
function for which they are designed, in order to improve user satisfaction and the

performance of the system as a whole

Basically, it is the science that deals with the study of the interaction between
individuals and technologies, in our case to lighting technology. The effectiveness of a

lighting project is the result obtained from the development of two different analyses:

v quantitative, given by the determination of the number of sources quantitative,
given by the determination of the number of light sources and their positioning;
v’ qualitative, given by the choice of the most suitable type of light to perform a

given activity and its distribution in space.

The innovative invention of electric light, only about 130 years ago, has brought about
numerous developments and improvements in a society where people now need to
receive, 24 hours a day, 7 days a week, certain goods and services, in any time of day or
night, while working, sleeping, eating or playing. Under these circumstances, they are
more or less exposed to electric light based on their lifestyle (e.g., use of electronic
devices at night), the location of their homes (e.g., urban light pollution) and night work
or as a shift worker (e.g., a worker whose schedule changes between morning, day,
evening and night). While electric light has clearly benefited humanity, exposure to the
elements, unnatural electric light such as night light (LAN) or differences in the amount
and spectrum of electric light to which one is exposed, has inevitably led to some

problems (Gaston et al., 2015).
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Unlike many other anthropogenic changes that have been made to the environment (e.g.
in CO2, temperature, habitat change), those resulting from LAN are completely
unprecedented. There have been no natural analogues, on any time scale, to the nature,
extent, distribution, timing, or rate of spread of LAN (Gaston et al., 2015). Only in
recent years there has been an explosion of research interest in the biological and human
health impact of LAN (Khan et al., 2020). An important outcome of the workshop was
to increase the visibility of these pervasive and often unavoidable exposures and their

associations with potential adverse health effects (Gaston et al., 2015).

1.3 Light—-Human Interaction

1.3.1 The biological clock

The strong selective pressure of the day-night cycle makes it so that organisms
evolutionarily very distant could develop and preserve similar and highly beneficial
endogenous molecular mechanisms: circadian biological clocks (Hall, 1995). The
existence of these biological clocks has in fact been identified at various levels of
organization and complexity, from unicellular organisms to pluricellular ones, both
vegetal and animal, suggesting their early appearance in the phylogenetic tree.
Rhythmic oscillations of biological parameters and physiological processes are in fact
found in all living matter and at all levels of organization, from subcellular structures, to

cells, tissues, systems and apparatuses (Pittendrigh, 1993).

The ability to anticipate these oscillations is considered a possible adaptive advantage
and explains the evolution of endogenous molecular mechanisms able to temporally
organize numerous metabolic and behavioural activities (Dunlap, 1999);(Hall &
Sassone-Corsi, 1998). The circadian biological clock generates cyclic oscillations of
biological functions with a period approaching the duration of an astronomical day. The

duration of daylight illumination and the intensity of radiation (photoperiod) varies with
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latitude according to the seasonal rhythm and affects the physiology of plants and the

activities of some animals.

The term photoperiodism indicates that complex reactions that organisms present at the
daily and seasonal environmental rhythm of periods of light (photophase) and darkness
(scotophase). The ability of animal or plant organisms, substances or devices, to react to
light stimuli allows us to distinguish organisms in photosensitive and non-
photosensitive. In photosensitive organisms, circadian clocks coordinate behaviour and
physiology in advance, the temporal regulation of physiology by circadian clocks works

together with precise signal paths (Dibner et al., 2010).

The endogenous clock therefore maintains an internal estimate of the passage of time

and program that physiological processes take place at an appropriate time of day.

This property of perceiving and anticipating any environmental variations and
temporarily modifying biological parameters and functions in order to adequately
respond to the changed external conditions guarantees a selective advantage and
explains gene expression with rhythmic circadian of about 2-10% of the mammalian
genome (Kochan & Kovalchuk, 2015). Molecular endogenous clocks have been
described everywhere in the living: bacteria (Golden et al., 1997), single eukaryotic
cells (Hastings & Sweeney, 1957), insects (Helfrich-Forster, 2005), birds (Wikelski et
al., 2008) and mammals such as rats (Lee et al., 2010), monkeys (Honjo et al., 1963)
and man (Pilorz et al., 2018).

We can distinguish environmental factors that have an indirect influence by changing
the speed of the activity of the circadian system, and factors, called Zeitgeber (from
German, Zeit = time, Geber = giving) that cause substantial changes in the molecular
clock and cause it to be directly resynchronized. One of the privileged ways with which

the environment communicates with endogenous molecular mechanisms is light.

Light is the main Zeitgeber that helps to set the rhythm of the central circadian clock
through the retina and can act having only one transient effect, for example modifying
locomotor activity in response to a rapid light change (fig. 7). Alternatively, it can act as
a regulator, by turning specific molecular pathways involving the photoreceptors of the

visual system (phenomenon of entrainment). Light is not the only Zeitgeber, even meals
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can cause time lag and plasma glucose levels that vary after meals can affect the

expression of the clock gene in the tissues (fig. 7).
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Figure 7. Overview of rhythmic functions that are critically controlled by
the human circadian pacemaker. Source:
https://www.morfeoildiodelsonno.it/il-caffe-di-sera-fa-sballare-lorologio-
biologico/.

However, it is possible to distinguish two types of light effects, the first is a transient
effect that does not affect the endogenous circadian clock but results in an increase or a
decrease in locomotor activity in response to a rapid change bright (positive or negative
masking effect). The second is the capacity of the light acting by Zeitgeber adjusting the
endogenous clock through specific molecular pathways involving the photoreceptors of
the visual system (phenomenon of entrainment) (Tosini et al., 2016). The environment
can mediate the mechanism molecular endogenous clock also through temperature. In

any case, in the presence of external stimuli the watch follows a "Zeitgeber time", ZT.

The circadian clock can regulate itself, following the "circadian time" (CT) under
constant or free running conditions, in the absence of Zeitgeber (Copertaro & Bracci,
2019). In this modality, the length of a cycle is dictated exclusively by the endogenous
clock. Therefore, under natural conditions, the daily circadian rhythms are within a 24-

hour cycle of light-dark (Roenneberg et al., 2003).

The mechanism of the system is based on chemical reactions, related to temperature,
light and the other external stimuli (Kinmonth-Schultz et al., 2013). In fact, there is also

a mechanism of temperature compensation (even through a variation of temperatures
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the internal clocks manage to ensure a constant period of oscillation). The importance of
this statement is extremely important because the endogenous clock is based on
chemical reactions whose speed is conditioned by temperature. The internal circadian
oscillators in addition to having periodically internal and external events, also have two
other roles: the moderation of chemical reactions that can be harmful but necessary at
certain times and the temporal separation of chemically incompatible reactions (Dibner
et al.,, 2010); (Chapman et al., 2020); (Dantas et al., 2019). In such a situation, the
length of a cycle reflects only the functioning of the endogenous clock and may be
different from that measured under cyclically changing environmental conditions

(Green, 1998).

Importantly, adaptations to environmental changes are regulated by a complex

molecular organization, generically referred to as the biological clock.

The biological clock consists of articulated oscillating self-driven endogenous circuits
that are able to scan the passage of time and synchronize with external stimuli by
generating metabolic, physiological, and rhythmic behavioural phenotypes to cope with

periodic environmental changes (Gerber et al., 2015).

These cyclical oscillations of biological functions that are repeated over time are called
biological rhythms. The biological rhythms observed in nature are classified according
to their period (1), which is the time required for a complete cycle of oscillation to be

completed (Goldbeter, 2017).

Within the human physiology can be schematically divided into three groups based on
their duration: ultradians (t < 20 hours), such as electroencephalographic waves, the
cardiac cycle, the respiratory act, the sleep cycle; circadians (t =20-28 hours), such as
body temperature, sleep-wake cycle, blood pressure, hormonal secretion; infradians (t
>28 hours), such as menstrual cycle, cell-mediated immunological response (Smolensky
et al., 2016). Biological phenomena that relay these mechanisms are hibernation,
migration, the reproduction and the instinct to search for food. The first systematic
observations of cyclical activities in the living world can be traced back to Carl von
Linne (1707-1778), which described the opening and rhythmic closing of the petals in

various species of flowers.
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The biological rhythm with periodicity of about 24 hours, termed circadian rhythms
(from Latin about "around", dies "day"), is endogenously generated by the complex
circadian biological clock. The main clock rhythm is probably genetically determined
and is also autonomous and self-sustaining. This is related to the ability of external
factors to provide cues so that circadian rhythms are most appropriately positioned to
meet the demands of life, but they do not create the rhythm by influencing its
periodicity. The experience conducted in a cave in Frasassi by Maurizio Montalbini, in
fact, showed that the central pacemaker, while not receiving any reference from the
outside Zeitgeber, continued to maintain a circadian rhythm throughout the body in
conditions of total absence of light, even if with a frequency greater than 24 h. we can
say that the circadian clock carries out its activity even in the absence of external signals

(Copertaro, 2013).

Therefore, external factors provide only reference signals, so that circadian rhythms
adapt as much as possible to the daily needs of the individual, but do not create rhythm.
The existence of a circadian biological clock in all taxa, starting from invertebrates up
to vertebrates, suggests that it is a molecular structure that appeared very early in the
evolutionary path (Hazlerigg & Tyler, 2019). It is nowadays generally accepted that a
clock has evolved in independent manner at least four times during the evolution from
the realm of prokaryotes to that of animal organisms (Dunlap & Loros, 2017).

The central clock and the set of peripheral clocks allow both the single cell and the
organism as a whole to synchronize in relation to the different needs of the day-night
cycle and to respond with extreme efficiency to environmental variations (Copertaro,

2013).

The biological function for many peripheral clocks is not known, but it is known that
some of them control local rhythms. Unlike the peripheral clocks of insects, which are
able to perceive and respond to light stimuli independently, those of mammals are

strictly dependent on the central one (Stanewsky, 2002).

Briefly we can affirm that the existence and the conservation of a circadian rhythmic is
due to the presence of specialized mechanisms, endogenous, able to self-regenerate

during the 24 h, defined biological circadian clocks.
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1.3.2 The Circadian System

A circadian biological system consists of three basic components:

v" Input routes: endogenous signals that self-regulate the rhythm;
v" Biological clock: endogenous oscillator autonomous, located within each cell;

v" Output routes: external environment.

The "core" of the circadian endogenous clock is capable of "measuring" time and
dictating a whole series of molecular transformations (output) which in turn regulate
circadian phenotypes. Examples of output are: the hormonal cyclic secretion, rhythm
activity/rest, rhythm of intake of food, daily change in body temperature and expression
of genes controlled downstream of circadian core (clock controlled genes or ccgs)
(Honma, 2018). Ccgs are involved in the regulation of various cellular processes (e.g.
apoptosis, cycle cellular, DNA damage protection systems).

The biological clock proper, or the endogenous oscillator autonomous, is the main
nervous centre lies in the suprachiasmatic nuclei of the hypothalamus (NSC), consisting

of neurons capable of:

v’ originate to circadian oscillations due to their electrical and secretion activity;

v' synchronize neural activity;

v’ regulate its rhythms with the ambient light/dark cycle through the retinal-
hypothalamic tract.

This central clock is activated by photopic pulses from retinal ganglion cells containing
a photopigment, melanopsin, which is activated with a blue light wavelength between
460-484 nm. This pigment makes the ganglion cells of the retina intrinsically
photosensitive (ipRGC), thus able to detect changes in light during 24 hours, analysing
the incident light and distinguishing the day from the night. This represents the crucial
element of the system of synchronization of circadian rhythms (regulated by the NSC)
with the day/night rhythm (Paul et al., 2009). The ipRGC are connected to the
suprachiasmatic nucleus (NSC) by means of the retino-hypothalamic beam. In turn, the
NSC is connected to the sympathetic nervous system, and more precisely to the
intermedial thoracic nucleus, and to the superior cervical ganglion from which originate

the sympathetic post-ganglion fibers which, terminating near the membrane of the
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pinealocytes, release norepinephrine (Lazzerini Ospri et al., 2017). Norepinephrine
released in the synapses stimulates the production of melatonin by the pinealocytes
contained in the epiphysis (Fan et al., 2018). Activation of the circadian system occurs
in the presence of daylight; the NSC is stimulated by photopic pulses, blocking the
transmission of nerve impulses from sympathetic post ganglion fibers. This inhibits the
release of norepinephrine and the production of melatonin. The light stimulus coming
from the retina is transmitted through the retino-hypothalamic tract to the NSC,
inducing in the neurons present in it the activation of a series of transduction pathways
of the signal responsible for the synchronization of the same with the light-dark cycle.
The NSCs, in turn, synchronize peripheral oscillators and modulate circadian a number
of biological functions, including body temperature, sleep-wake cycle, blood pressure
and the release of hormones by the pituitary gland and melatonin by the pineal gland.
Several experimental data have shown that in mammals the NSC represents the primary
circadian clock on which the control of circadian clocks depends; but the mechanism by
which the NSC modulates the action of peripheral pacemakers has not yet been fully
clarified (Mouret et al., 1978); (Ralph et al., 1990). Neuro-anatomical and functional
studies indicate the existence of nerve pathways between the NSC and the heart,
pancreas, liver, thyroid and pineal gland (Buijs et al., 2003); (Buijs & Kalsbeek, 2001);
(la Fleur et al., 2000). Using this means of communication, the NSC can activate or
mute different tissues, depending on their function, at different times of the day. Thus,
the circadian system functions as an orchestra, in which the NSC acts as the conductor
and the peripheral oscillators are the different instrumental groups (Bonmati-Carrion et
al., 2014). The biological function for many peripheral clocks is not known, but it is
known that some of them control local rhythms. Peripheral oscillators regulate, in turn,
the circadian rhythmic transcription of genes (clock genes) that vary depending on the
specific tissue function and that represent about 10% of the entire genome (Storch et al.,
2002); (Takahashi et al., 2008). In fact, the analysis of transcriptomes of different
tissues has highlighted how the messenger RNA fraction transcribed with circadian
kinetics represents up to 10% of the total share of messenger RNA. Therefore different
peripheral oscillators contribute to the regulation of rhythmic tissue-specific
phenotypes. Therefore, each multicellular organism is regulated by a set of biological

circadian clocks, these include both peripheral clocks contained in each individual cell
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of different tissue districts than the more complex ones present in the central nervous
system; the result of their interactions leads to a circadian modulation of physiology of
the body. From this it follows that the output ways influence and guide activity of genes
related to clock genes (clock controller genes, ccg) and are responsible for the

coordination of circadian rhythms between different functions and parts of an organism.

1.3.3 Biological circadian clock functions

The human circadian system consists of a multiplicity of oscillators which are self-
regenerating and which in turn can be synchronised by environmental factors that act as
Zeitgeber. As already mentioned in the previous paragraph, the temporal organization of
biological functions of an individual is ensured by the interaction of these factors
(Aschoff & Pohl, 1978). In humans, some examples of biological functions with
circadian patterns are: body temperature, secretion of various hormones, sleep/wake
cycle, pressure arteriosa, the heart rate (Hall & Sassone-Corsi, 1998). The circadian
trend of body’s temperature provides a rise at morning and a decrease before sleep
(Baker et al., 2001); the morning rise in temperature is also evident in the absence of
light and the entire rhythm is maintained even in prolonged resting subjects. The centre
of thermoregulation is located at the level of the hypothalamus that acts, therefore, as a

circadian clock specific for temperature control (Cedernaes et al., 2019).

Another important example is the variations in hormones, such as cortisol and
melatonin. In particular, the circadian regulation of the axis hypothalamus-ipophysic-
adrenal may be observed in changes in cortisol levels fluctuating between maximum
values, observable in the early morning hours, and minimum levels present around
midnight (Selmaoui & Touitou, 2003). It is interesting to note that these fluctuations are
abolished in pathological conditions, such as in Cushing syndrome (characterized by
high levels of cortisol) (Haritou et al., 2008). The peak of secretion of melatonin is
reached during the night with subsequent decrease during daytime hours due to
inhibitory effect exercised by light (Dijk & Cajochen, 1997). In dark conditions, the
absence of photopic stimuli, on the other hand, disables the inhibitory control of the

NSC on the upper cervical ganglion, with release of norepinephrine at the level of
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pinealocytes and production of melatonin; the entire system retina-NSC-epiphysis is
called photo neuroendocrine system (SFNE) (Cardinali et al., 1983).

Other synchronisers, such as power, exercise times, rhythm of intake of food and social
activities, are also connected to the central pacemaker and peripheral oscillators (Van

Someren & Riemersma-Van Der Lek, 2007).

1.3.4 Molecular Circadian Clock

In order to understand how circadian biological clocks are capable of self-regenerate
and maintain their periodicity of 24 hours, it was necessary the identification of the
molecular mechanisms responsible for their final functions. As already mentioned, the
high selective pressure of the day/night cycle has probably ensured that evolutionary
organisms far away could develop and preserve similar mechanisms and highly
advantageous biological circadian clocks (Hall, 1995). In fact, the existence of these
clocks has been identified in evolutionary species very distant, such as bacteria, fungi,
insects and mammals. At the molecular level, the endogenous circadian oscillator
(core), located within each cell, consists of the clock genes that encode for the
corresponding proteins, which interact in complex self-regulatory circuits with negative
feedback, producing cyclical variations in the levels of mRNA and proteins of the clock
itself (Ko & Takahashi, 2006). Therefore, clock genes generate an endogenous rhythm
of intracellular protein expression, which regulates biological processes and functions
with periodicity close to 24 h (Reppert & Weaver, 2002). The modulation of the
periodic oscillation of the clock genes expression and the corresponding protein
products is carried out by activating and suppressing the transcription and translation
processes in self-regulating circuits (loops) by positive and negative elements
respectively (Lowrey & Takahashi, 2004). The isolation and the characterisation of
some circadian rhythm mutants in organisms such as Cyanobacteria, Neurospora,
Drosophila, mouse and human, has allowed the identification of some genes responsible
for the operation of the circadian biological clock. Despite the evolutionary
heterogeneity circadian endogenous clocks of different organisms, all have a common

mechanism operation based on negative cyclical feedback system (Golden et al., 1997);
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(Pittendrigh et al., 1959); (Deguchi, 1979). Circadian clocks are ubiquitous and are at
various levels of organisation and complexity.

In the following paragraphs we report the mechanism of action of clock genes of the
two experimental models studied in this thesis work: the fruit insect, the Drosophila
melanogaster (used as in vivo model) and human (as the cells studied for the in vitro

model are HaCaT: human keratinocytes).
1.3.4.1 Clock Genes in Drosophila melanogaster

The central circadian system of Drosophila melanogaster is located in the head, at the
level of the visual system. It possesses two compound eyes, three ocelli and two organs
Hofbauer-Buchner extraocular organs capable of perceiving light. In the compound eyes
the photoreceptors responsible for the perception of the light stimulus are the
rhodopsins that activated form a complex with G-protein able to activate phospholipase
C (PLC), a protein, encoded by the gene norpA, which in turn acts on calcium channels
calcium channels called Transient Receptor Potential (TRP) up to involve in the cascade
of the clock neurons. These types of organs are important for clock synchronization

(Hardie & Raghu, 2001); (Pak & Leung, 2003).

The two researchers isolated three several mutations at this locus: one was able to
shorten the period up to 19 hours, a second mutation lengthened the period up to 29
hours, and the third one finally rendered the arithmetic flies (Konopka & Benzer, 1971).
The molecular endogenous clock in Drosophila melanogaster is constituted of "core"
that is the oscillator real centre and just regulated from a negative feedback loop

mechanism (fig. 8).
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Figure 8. Molecular interactions of clock genes and proteins during
Drosophila circadian rhythm. Source:
https://upload.wikimedia.org/wikipedia/commons/6/64/Drosophila_cir
cadian_rhythm.jpg

This system involves the positive elements CLOCK (CLK) and CYCLE (CYC) (Allada
et al., 1998), transcriptional factors containing DNA interaction domains (basic-helix-
loop-helix, bHLH) and PAS dimerization domains, negative elements PERIOD (PER)
and TIMELESS (TIM), proteins that can inhibit their own transcription (Dunlap, 1999).
The Clock gene (ELK) is rhythmically transcribed with a peak of expression around at
dawn, while Cycle maintains constant transcription levels. In the middle of the day CLK
and CYC dimerize in a complex able to bind the particular DNA sequences (called E-
box, CACGTGQG) (Kyriacou & Rosato, 2000) present in the promoters of the genes PER
and TIM activating the transcription. The activation of the expression of PER and TIM
by the heterodimer CLK/CYC leads to a progressive increase of their mRNA which
reaches a maximum at the beginning of the night (Hardin et al., 1990); (Zerr et al.,
1990). Peak protein translated from these last two mRNA occurs at the end of the night.
Protein PER is regulated at post-translational level through a series of phosphorylations
and dephosphorylations by kinases (DOUBLETIME, DBT) and phosphatase (protein
phosphatase 2, PP2A). During the night 7IM accumulates and can thus bind the
PER/DBT complex, stabilizing it and allowing its accumulation. The PER/TIM/DBT
complex thus formed tends to enter the core where they act on CLK leading to a
progressive reduction of the activating effect of the CLK/CYC dimer on PER and TIM

promoters (Darlington et al., 1998). This inhibition leads to a decrease in the protein
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PER, which returns to be quickly degraded as a result of the effect of light on TIM
whose levels drop rapidly due to light degradation dependent mediated by
CRYPTOCHROME (CRY), blue light photoreceptor (Lin et al., 2001). At this point, the
effect of PER and TIM on CLK ceases and can restart the cycle.

In the study of circadian rhythms, an important date is 1971. S. Benzer and R. Konopka
published a study in which pupal hatching and locomotor activity of fruit flies were
defined as rhythmic behaviours (about 24 hours) (Konopka & Benzer, 1971); because
they were linked to the expression of a single gene, which is called Period. Today, fruit
flies are one of the most advanced animals in the study of biological clocks. The fruit
fly (Drosophila melanogaster) is an excellent model organism because it has a life cycle
of only 10-14 days, is easy to handle in the laboratory, and can be reproduced in large

numbers.

It is a highly differentiated organism with a complex morphology and developmental
cycles characterized by different stages. From the perspective of circadian rhythm
research, there are now mainly two recognized rhythmic phenotypes: pupal hatching

and adult exercise capacity, the same ones discovered by S. Benzer and R. Konopka.

Pupal incubation occurs rhythmically, reaching its peak at dawn. The ecological
significance of this rhythm is that in the early hours of the day, the environment is
usually cooler and more humid, which minimizes the risk of dryness in infants (Hardin

et al., 1990).

Athletic capacity is an index that measures the amount of activity of adults at different
times of the day. In the LD 12:12 condition at a constant temperature of 23°C, motor
activity is bimodal rhythmic, with two peaks where movement is maximal, interspersed
with a pause. Also in Drosophila, one of the fundamental characteristics of the
endogenous biological clock is that it is not isolated from the external environment, but
can receive from it important signals to adjust its phase according to changes in the
environment itself: such as temperature and light. The temperature of the day, for
example favours more movement when it is cooler (dawn and dusk) to avoid the high

temperatures of the day.
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Light is a preferred way for the environment to communicate with endogenous
molecular mechanisms. Two types of light effects can be distinguished. The first is the
transient effect, which does not affect the endogenous circadian rhythm, but responds to
rapid changes in light to increase or decrease motor activity (positive or negative
masking effect). The second is the ability of light to act as a zeitgeber by regulating the
endogenous clock through a specific molecular pathway involving the photoreceptors of

the visual system (entrainment phenomenon) (Tataroglu & Emery, 2014).
1.3.4.2 Clock Genes in Human

In Human circadian clock are composed of genes and proteins that created two
interlocking feedback loops (fig. 9). The first circuit involves CLOCK (Circadian
Locomotor Output Cycle Kaput or NPAS2 in nervous tissue) and BMALI (Brain and
Muscle Arnt-Like protein 1). Their belonging to the family of transcription factors that
contain bHLH-PAS domains (basic Helix-Loop-Helix Period-Arnt-Single-minded).
CLOCK and BMALI heterodimerize to form an active transcriptional complex that bind
the E-box sequences in the promoter of the clock Period (PERI, PER2 and PER3) and
Cryptochrome (CRY!I and CRY2) genes, promoting their transcription (Gekakis et al.,
1998); (Kume et al.,, 1999). PER and CRY form a complex and inhibit their own
expression by repressing the activity of the transcription factor heterodimer
CLOCK/BMALI (Kume et al., 1999); (Shearman et al., 2000); (Sato et al., 2006).
During the night the decrease in inhibitor levels (PERs, CRYs) allows the activation of
the CLOCK/BMALI dimer allowing the start of a new transcription cycle. The balance
between the stability and degradation of PER and CRY proteins, fundamental for the
regulation of the molecular clock period, is controlled by the activity of specific
enzymes belonging to the phosphotransferase family (Lowrey & Takahashi, 2000). The
second loop involves two nuclear receptor subfamilies: REVERB a, B (Reverse
transcript of erythroblastosis gene) and ROR a, B and y (Retinoic acid related orphan
nuclear receptor) (Akashi & Takumi, 2005). Their transcription are activated by the
heterodimer CLOCK/BMALI and act as transcriptional factors and promote respectively
inhibition and activation of BMALI transcription through competitive interaction for the
orphan receptor binding sites related to retinoic acid, ROREs (ROR response elements)

which are present in the BMALI gene promoter (Guillaumond et al., 2005). This self-
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regulating circuits with negative feedback are completed in about 24 h (Reppert &
Weaver, 2002). There are other two proteins (DEC1 and DEC2) which can inhibit the
formation of the BMALI-CLOCK dimer, regulated in turn by the dimer itself in a third
negative feedback loop (Noshiro et al., 2004). Recent studies showed CLOCK may
function as histone acetyltransferase (HAT), allowing the activation of the “clock

controller genes” and by regulating the transcription of PER and CRY (Doi et al., 2006).

Associated with the main oscillator system there are numerous proteins that undergo
circadian cyclicity. Among these: nicotinamide phosphoribosyltransferase (NAMPT)
(Ramsey et al., 2009); peroxisome proliferator activated receptor-y (PPARy) (Eckel-
Mahan et al., 2013); Sirtuin 1 (SIRT1) (Grimaldi et al., 2009) and Protein kinase Ca
(PKCa) (Robles et al., 2010).
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4. PER and CRY form a
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inhibits the CLOCK/BMALL
heterodimar and inhibitrg
ther own translation.
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Figure 9. The core molecular clock system in mammalians.
Source https://pubmed.ncbi.nlm.nih.gov/27231897/.
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1.3.5 Biological Clock Desynchronization

Satellite images of Earth at night revealed how LAN exposures have become ubiquitous
in major cities and surrounding areas over the past decades, as the LAN now covers
80% of the world (Falchi et al., 2016). Further study of the health effects of inadequate
light exposure, as well as the characterization of various exposures and endpoints
(biomarkers and health outcomes), could be helpful in understanding how, in those
areas with higher LAN levels, there is a decrease in the duration of healthy sleep
ranging from seven or more hours in a 24-hour period, based on self-reported sleep

duration among adults (Lunn et al., 2017).
1.3.5.1 Shift Work and disorders

Circadian control of physiology and behaviour is a fundamental prerequisite to a state of
psychological and physical well-being (Antoch & Kondratov, 2013). Alterations in the
circadian cycle may be the cause or have predictive value of some disease states
(Gimble et al., 2011); (Paschos & FitzGerald, 2010). In particular, the
desynchronization of circadian rhythms is considered the main cause of sleep-associated
disorders such as: sleep phase advancement syndrome (ASPS), the syndrome of delayed
sleep phase (DSPS), the irregular alternation of the sleep/wake cycle (Reid & Zee,
2009). Biological rhythms have the primary function of synchronizing biological
functions with environmental conditions in order to ensure the best performance of the
organism (Buhr & Takahashi, 2013). In humans, night time hours compared to daytime
hours are characterized by low levels of attention and performance, high propensity to
sleep and rest, low body temperature and sleep and relax, low body temperature and
high peak in melatonin levels. In recent years, the progressive transition to the "24-hour
society", which imposes on the labour market an increasing competitiveness on a global
scale, has led to substantial changes in the organization of work until a few decades ago,
shift and night work was adopted almost exclusively to ensure essential social services
(transports, hospitals, telecommunications, public security). Over the last few years, it
has become an important factor in the organization of work, aimed at increasing

productivity and sustaining the competitiveness of companies and has therefore gone
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extending in all the sectors (textile industry, mechanics, food, commerce, banking and

free time).

By "shift work" is meant, in general, any form of organization of working time,
different from the normal "daily work™ in which the operating hours of the company is
extended beyond the usual 8-9 hours during the day (generally between 8:00 and 17:00-

18:00), to cover 24 hours, by means of the alternation of various groups of workers.

Shift work, and particularly that which includes night shifts, requires the worker to
reverse the normal work cycle. The worker, in order to reverse the normal "sleep-wake"
cycle, is forced to work during the period usually devoted to sleep and to rest during the
usual period of wakefulness. This "adaptation" results in a progressive mismatch of
biological rhythms, which increases as the number of successive night shifts increases
(Copertaro, 2013). The subject is therefore exposed to a continuous stress in an attempt
to adapt as quickly as possible to different schedules of work, which is invariably
hampered by their continuous rotation with risks to health in the short and long term
(low quality of sleep, decreased performance, increased risk of injury, gastrointestinal

disease, cardiovascular disease) (Herichova, 2013).

Several studies have recently revealed a prevalence of metabolic disorders in night shift
workers; especially overweight, obesity (both general abdominal), hypercholesterolemia
(with reduced HFL fraction) and type 2 diabetes (increased insulin resistance) (De
Bacquer et al., 2009); (Pietroiusti et al., 2010); (Karatsoreos et al., 2011). The onset of
metabolic disorders is certainly favoured by changes in circadian rhythms of digestive
and metabolic functions and changes in normal eating habits, conditioned by time and
quality of food, and it is more evident in the case of night workers (Biggi et al., 2008);
(Guerrero-Vargas et al., 2018). This, in the long run, may encourage or increase
problems and disorders of the digestive system. The importance of metabolic response
in relationship to the time at which food intake occurs was further demonstrated in
another study where mice fed a high fat diet during the light phase showed a higher
weight gain than the control group fed in the same way during the dark phase (Arble et
al., 2009). Some studies (Kohsaka et al., 2007) clearly show that metabolism is in a
position to control the peripheral clocks. The connection between the circadian clock

and the homeostasis has been further investigated by mutation experiments against of

39



the main clock genes involved in the circadian circuit core (Hsieh et al., 2010). The
deletion of genes CLOCK and BMALI, involves the onset of abnormalities in the
metabolic system Mutant mice for the Clock gene are arrhythmic and become obese
developing the classic symptoms of metabolic syndrome such as hyperglycemia, (Turek

et al., 2005).

Recently epidemiological studies have reported a possible association between shift
work and cancer, in particular for the breast, the endometrium, the prostate, the colon-
rectum, non-hodgkin lymphoma (Costa et al., 2010). Based on these studies, in 2007 the
International Agency for Cancer Research (International Agency for Research on
Cancer, [ARC) defined that "shift work a cause of the disturbance of circadian rhythms"
and thus as "probably carcinogenic" (2A) to man (Straif et al., 2007). The
pathophysiological mechanisms through which circadian desynchronization can
encourage the induction and promotion of malignant tumours are complex and
multifactorial. In the case of breast cancer, for which there is more evidence, it is
believed that, in the presence or absence of genetic predisposition, repeated
desynchronization of circadian rhythms and sleep deprivations can lead to deficiencies
in regulation of circadian cell cycle and consequent carcinogenic effects on breast
estrogen-sensitive cells, as well as depressing immunological surveillance

(Schernhammer et al., 2006).

In particular Stevens in 1987 formulated the "melatonin hypothesis" according to which
the reduced production of melatonin that occurs during the night shift due to exposure
to artificial light would result in increased oestrogen, recognized risk factors for the
induction of breast cancer. Melatonin regulates directly the production and activity of
oestrogen by interaction with estrogenic receptor and indirectly neutralizes the effects of
estradiol on proliferation and invasiveness of breast cancer cells by virtue of its
antioxidant properties (Stevens, 1987); (Schernhammer & Schulmeister, 2004); (Cos et
al., 2008). Numerous works have highlighted the involvement of some clock genes in
important processes responsible for the early stages of neoplastic transformation (e.g.
DNA damage shelter, cell cycle control and apoptosis) (Collis & Boulton, 2007);
(Shostak, 2017); (Sotdk et al., 2014). This evidence suggests that deregulation of the
molecular circadian clock may be implicated in the carcinogenicity process (Bracci et

al., 2014).
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1.3.6 Skin Chronobiology

Studies of peripheral circadian clocks have frequently focused on organs and tissues
concerning metabolism. But in recent years the peripheral circadian clock of the
epidermis has attracted the attention of several research groups as it has been
demonstrated that different skin functions, such as protection against stressogenic
environmental factors, vary during 24h (fig. 10). The above factors can be for example
the risk of physical damage, exposure to ultraviolet radiation (UV) or the risk of toxins.
Where the influence of the central clock on the circadian rhythms in the epidermis is
known (Tanioka et al., 2009), new evidence says that the skin does not only suffer the
effects of the superchiasmatic nucleus clock, but self-regulates (Geyfman et al., 2012).
The ontogenesis of the circadian clock with regard to the epidermis has yet to be
deepened (Lin et al., 2009) but the skin as tissue has been framed as a model for the
study of circadian clock during cell proliferation, tissue regeneration, aging and

carcinogenesis.

The circadian clock almost certainly affects different gene groups and physiological
functions in different types of skin cells (Sherratt et al., 2019). Circadian oscillators
have been identified over the years in several known cell types, including epidermis and
hair bulb keratinocytes. There is a strong circadian clock in progenitor stem cells of the
basal epidermal layer (Plikus et al., 2015). Deletion of clock genes from the germ line
and selectively in keratinocytes allows us to show that in this segment of the epidermis,
there is a modulation of the diurnal DNA replication repair cycles given by the clock
(Gaddameedhi et al.,, 2011). The circadian clock influences in the diversification
functions of the suprabasal epidermal segments. Diurnal variations in the various
physiological parameters that depend on the functional state of the supra-basal
epidermal layer, include skin pH, water loss and corneal layer capacity (Yosipovitch et
al,, 1998); (Le Fur et al.,, 2001). In addition, a study on the cultures of human
keratinocytes has been a support for clock regulation of the epidermal differentiation
program (Janich et al., 2013). Considering that the stratum corneum is composed of
dead cells, the mechanisms influenced by the daily variations of the epidermal
parameters mentioned above are probably guided by the outputs of circadian genes in

the epidermal layer in vivo, basal and/or immediately basal layers What has been found
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so far is that circadian genes are expressed at least in a subset of dermal cells and skin
adipose tissue (Lin et al., 2009). Cell cycle movement studies suggest that coordination
between them could be treated by the effect on the duration of phase S (Clausen et al.,
1979). Gaddameedhi et al in 2011 proved that this daily variation depends on a
circadian clock inside the keratinocytes (Gaddameedhi et al., 2011). Melanocytes are
skin cells specialized in the production of pigment and serve for protection against UV
radiation. The melanocytes condense and actively displace melanin granules, which
assimilate UV, to keratinocytes giving it Sunlight. For example, in mammals, it is
known that melanocytes have an active circadian clock (Zanello et al., 2000); (Lengyel
et al., 2013), but their circadian biology is not yet well understood. The control of the
circadian cell cycle in the skin proposes an interfollicular epidermal strategy. However,
the skin contains a variety of macromolecules including RNA, DNA and proteins that
efficiently absorb UVB photons and therefore almost all of the UVB photons are
absorbed by the macromolecules in the epidermis (Holick, 2016). Absorption of UVA
radiation in the epidermis and dermis can cause the formation of free radicals which can
damage proteins, DNA and RNA in the cells (Halliday & Byrne, 2014). Besides being
an extremely efficient sunscreen, melanin, also acts as an antioxidant and free radical
scavenger, thereby reducing free radical damage to the cells (Pathak & Fanselow,

1983).
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Figure 10. A model of hierarchical regulation and organization
of the mammalian circadian clock. Hormonal and neuronal
intermediaries then induce modulations of responses that
ultimately produce behavioral, metabolic, and physiologic
output. The skin and its appendages are the focus in this figure.
(Source: Mary S. Matsui et al, Review Biological Rhythms in the
Skin, 2016).

43



2. PURPOSE OF STUDY

The skin is capable of absorbing external radiation belonging to the visible spectrum.
Mammalian peripheral clocks are present in all nucleated cells in our bodies. Like other
essential organs in the body, the skin has cycles that are informed by master regulator.
In addition, skin cells have peripheral clocks that can function independently.

This thesis work aims to study circadian aspects of skin rhythms, including clock
mechanisms, morphological and functional manifestations. To help learn more about
the specific relationships between LED lamps and skin health consequences, the
photobiological effects of blue and red light treatments on human skin cells and insects
were studied to determine the biological effects resulting from different light treatments.
These results will be used to hypothesize future applications in the field of artificial

lighting, particularly in workplace lighting, affecting the health of workers.
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3. MATERIALS AND METHODS

3.1 Study Design

In our model study, to better understand the mechanisms activated by light, we
performed the experiments in two phases (fig. 11). In the first phase we used HaCaT
cells, in the second phase (or in vivo phase) we studied the effects of light radiation on
Drosophila melanogaster. HaCaT cells were exposed to four different exposure modes
(see materials and methods section). High intensity (comparable to the energy
transmitted by outdoor Sunlight) and low intensity (comparable to the energy
transmitted by indoor artificial lamps) were evaluated for light intensity. The duration of
exposure was fixed at 1h or 12h. With 1h of exposure, we investigated whether the
circadian system and its dependent biological functions in keratinocytes were perturbed
already in the presence of a minimal stimulus. With 12h of exposure, we assessed
whether the circadian system and its dependent biological functions in keratinocytes
were disturbed with the two different light radiations. We also emphasize that the
illumination cycles had a total duration of three days, because from previous studies (Di
Rosa et al., 2015) it has been seen that perturbations on the circadian cycle in vivo occur
after a minimum duration of three days. Cells were analyzed on the fourth day (exactly
at the end of 24 hours of the third lighting cycle) to assess the adaptations induced by
the light stimulus. Constant darkness, already used in other studies, was chosen as
control (T. Wang et al., 2020); (Di Rosa et al., 2015). After obtaining the first in vitro
evidence we decided to expose Drosophila melanogaster to only two different exposure
modes (see section materials and methods): high and low intensity 12L:12D cycle. The
tests used provided greater clarity on the photobiological mechanisms triggered in the

two experimental models.
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3.2 Invitro study

3.2.1 Cell Line and Culture Conditions

Immortalized aneuploid human keratinocytes (HaCaT) were provided by Experimental
Zooprophylactic Institute of Lombardy and Emilia Romagna (Brescia, Italy). The
HaCaT grown in T75 flasks (Corning, Durham, NC, USA) with 10 ml of medium
Dulbecco's Modified Eagle's Medium (DMEM; Euroclone, Pero, Italy), containing 10%
foetal bovine serum (FBS, Euroclone, Pero, Italy) and 1% penicillin / streptomycin
(Euroclone, Pero, Italy). HaCaT cells was sub-cultured in a humidified incubator at 37 °©
C in presence of 5% COs.. Cell line was routinely tested negative for mycoplasma using
the PCR Mycoplasma Test; these cells have been cultured not more than 10-12
passages. The line of non-cancerous keratinocytes HaCaT, is considered a reliable
model for the in vitro keratinocytes of human skin (Fusenig & Boukamp, 1998);

(Colombo et al., 2017).

3.2.2 Before the light exposure - starvation phase

The cells, before each treatment with the light radiation, were seeded and starved
according to the following procedure. After seeding, the cells were maintained in
DMEM HIGH GLUCOSE RED PHENOL (Euroclone, Pero, Italy) added with 10% of
FBS + 1% pen / strep for 24 h. Before light exposure, cells were starved to synchronize
the cell cycle. Cells were starved using DMEM LOW GLUCOSE (Euroclone, SPA,
Pero, Italy) with 0.1% FBS + 1% pen/strep and kept in the dark for 24 h (Manzella et
al., 2015; Manzella et al., 2013). Cell lines were first cultured with low-glucose DMEM
(Euroclone, Pero, Italy) added with 0.1% FBS and 1% penicillin/streptomycin for 24 h.
During the light exposition, cells were cultured with DMEM without red phenol (Lonza
Group, Basel, Switzerland), complemented with 0.1% FBS and 1%

penicillin/streptomycin for 3 days.
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3.2.3 Light exposure

Samples were exposed to sham, blue, or red single-colour LEDs in a specific incubator
at 37°C and 5% CO: for 3 days. Constant darkness was considered the sham light
source, while light exposures were performed in a 12-h light/dark cycle (12L:12D) and
a 1-h light/dark cycle (1L:23D) at high and low intensity. High-power blue and red
LEDs (LD W5AM and LH W5AM Golden DRAGON® Plus, respectively; Osram)
were used as the light sources. The LED viewing angle was 170° and the cells were
placed at 14 cm above the light sources. The homogenous distribution of light and the
spectrum of emission of each monochromatic LED were previously verified using an
illuminance meter (CL-70; Konica Minolta Sensing, Inc.). The dominant wavelength
was 465 nm for blue and 658 nm for red LEDs. Irradiance at peak wavelength at the cell
surface was 0.84 W/m; for blue and 1.10 W/m,, for red LEDs for high intensity and 0.01
W/m, for both blue and red LEDs for low intensity. Irradiance corresponded to the same
total spectrum irradiance of 28.50 W/m; and 0.28 W/m; for both light sources at high
and low intensity, respectively. The light energy transferred to cells every day was 1.23
J/mmp for high intensity and 0.01 J/mm; for low intensity.

The light exposure was set to reproduce the solar radiation and the indoor light. Blue
and red lights were specifically chosen to test the opposite sides of the spectrum of
visible light. Interference between light sources was prevented by using black curtains;
sham exposure was additionally ensured by wrapping the plate with aluminum foil.
LEDs in the incubator were fixed on an aluminum tank by thermal conductive paste,
and the water circulation inside the tank (Amersham Multitemp III; GE Healthcare) was
extracting the heat generated by the LEDs, so they could work at a constant
temperature. These conditions assured a constant electric current and therefore a
constant emitted energy. Air circulation inside the incubator was ensured using a fan.
To exclude any thermal effects, the temperature at the cell level was verified and
constantly measured during experiments with Thermochron iButton DS1922L (Maxim

Integrated).
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3.2.4 Cell viability assay

To assess the effect of LED light on cell viability, an XTT assay was performed,
following the manufacturer’s instructions (Cell Proliferation Kit II XTT; Merck KGaA,
Darmstadt, Germany). HaCaT cells were seeded in 96-well plates (Costar, Corning
incorporated, Corning, NY, USA) at a final concentration of 1.6x10* cells/well and
exposed to four different cycles of light for 3 days; constant darkness was used as
control. At 24 h, 50 pl XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) solution was added to each well, followed by incubation
for 2 h at 37°C and 5 % COs,. The absorbance at 450 nm, with 650 nm as the reference
wavelength, was measured using an absorbance microplate ELISA plate reader
(Sunrise; Tecan Group Ltd., Médnnedorf, Switzerland Tecan). The proliferation index
was expressed as relative change with respect to the controls set as 100%. Each assay
was done in triplicate. Images of the cells were acquired on an inverted microscope
(Leitz Fluovert; Leica Microsystems, Inc.) equipped with a digital camera (Canon EOS

M50; Canon Inc.) at 100X and 200X magnification.

3.2.5 Apoptosis analysis

The apoptotic rate was evaluated using an Annexin V/Propidium lodide (PI) apoptosis
detection kit (eBioscience™ Annexin V-FITC Apoptosis Detection Kit; Thermo Fisher
Scientific, Carlsbad, CA, USA), according to the manufacturer’s instructions. Cells
were seeded in a 6-well plate (Costar, Corning incorporated, Corning, NY, USA) at
2x10° cells/ml for each well. After light treatments, cells were harvested, centrifuged
(Eppendorf centrifuge 5415r, Merck KGaA, Darmstadt, Germany) at 770 xg for 5
minutes at 4°C, and washed with phosphate-buffered saline (PBS; Euroclone, Pero,
Italy). Next, cells were resuspended in binding buffer plus Annexin V for 10 minutes, at
room temperature, in the dark. Cells were stained with Pl and analysed using
FACSCalibur flow cytometer was used (BD Biosciences, San Jose, CA, USA). Cell
Quest software, set on a logarithmic scale, was used for data evaluation (BD
Pharmingen, Franklin Lakes, NJ). A minimum of 20,000 cells was acquired for each

sample. Data were analysed using FlowJo™ Software (FlowJo™ Software for
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Windows. Version 7.6.1. Ashland, OR, BD Company, USA). The analyses are done in

triplicate.

3.2.6 Cell cycle analysis

HaCaT cells were seeded in a six-well plate (Costar, Corning incorporated, Corning,
NY, USA) at a concentration of 2x10° cells/ml. After light treatment, cells were
harvested and centrifuged at 300 xg for 6 minutes at room temperature. Cells were fixed
with 4.5 ml cold ethanol solution (70% in PBS) and kept in ice at 4°C for at least 2
hours. Subsequently, cells were washed twice with PBS and resuspended in PI staining
solution with 0.1% TritonX-100 (Santa Cruz Biotechnology, Inc.; Dallas, USA), RNAse
0.2 mg/mL (Merck KGaA, Darmstadt, Germany) and PI 2 mg/ml (Merck KGaA,
Darmstadt, Germany). Cells were incubated at 37°C for 15 minutes. Flow cytometric
analysis was performed using FACSCalibur™ flow cytometer (BD Biosciences, San
Jose, CA, USA) equipped with CellQuest software set on a linear scale (BD
Pharmingen, Franklin Lakes, NJ). Data were analyzed using FlowJo™ Software
(FlowJo™ Software for Windows. Version 7.6.1. Ashland, OR, BD Company, USA). A
minimum of 20,000 cells was acquired for each sample. The analyses were performed

in triplicate.

3.2.7 Real-Time qPCR

The cells were seeded with a density of 1x10° cells / ml in six-well plates (Costar,
Corning incorporated, Corning, NY, USA). After light treatments, total RNA was
obtained from cells using the RNeasy Mini Kit (Qiagen, GmbH, Hilden, Germany)
according to the manufacturer’s instructions. The total RNA first-strand cDNA was
synthesized using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA). Real-Time qPCR analysis was performed using the
TagMan Gene Expression Master Mix (Euroclone, Pero, Italy). BMALI, PER2 and
CRY2 gene expression levels (Thermo Fisher Scientific, Carlsbad, CA, USA) were
analysed. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene expression levels
were used for data normalization. The Forward (F) and Reverse (R) primers with 5'-3

'sequence for BMALI, PER2, CRY2 and GAPDH were reported in Table 1.
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Genes Primer Forward Primer Reverse
(5,_>3,) (5,_>3,)

BMALI CTGTTCATTTTATCCCGACGC TCCACTGACTACCAAGAAAGC

PER?2 TGTTCCACAGTTTCACCTCC TGGTAGCGGATTTCATTCTCG
CRY2 GTCATATTCAAAGGTCAAGCGG CATGGTTCCTACTTCAGTCTCTG
GAPDH GGCCATCCACAGTCTTCTG CAGCCTCAAGATCATCAGCAA

Table 1. Oligonucleotide sequences designed for target and reference gene.

The Ct values were extrapolated from the instrument software and normalized (ACt)
with respect to the relative housekeeping (GAPDH). Relative expression levels were
calculated according to the following formula: 22, The analyses were performed in

triplicate.

3.2.8 Proteomics analysis

3.2.8.1 Protein extraction

Proteins were extracted following the protocol suggested by Ferrara company, using
urea 8M-tris 100 mM HCI lysis buffer at pH = 8, scraping on ice cells with the
extraction buffer. 2 x 10° cell/well HaCaT cells were seeded in six wells and exposed to
high intensity light radiation for 12h for three days. After light, cells were washed with
1X PBS and the urea buffer 8m-tris 100mM HCL (150 ul/ well in a six well plate) was
added. The proteins were detached and collected using the scraper. Leave 30 minutes on
ice by vortexing every 10 minutes. Cells were centrifuged (Eppendorf®
Microcentrifuge 5415; Merck KGaA, Darmstadt, Germany) at 16000 xg for 20 minutes
at 4°C and protein concentrations were measured using a Bradford assay (Merck KGaA,
Darmstadt, Germany). The sample's expedition was on dry ice. The resulting peptides
were desalted on a home-made C18 StageTip. Peptides were resuspended in 20 pul of
Solvent A (2% acetonitrile, 0.1% formic acid) and 3 pl was injected for every technical

replica.
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3.2.8.2 Mass spectrometry analysis and proteins quantification

A total of 4ul of each sample were analyzed as technical replicate on a LC-ESI-MS-
MS quadrupole OrbitrapQExactive-HF mass spectrometer (Thermo Fisher Scientific,
Carlsbad, CA, USA). Peptides separation was achieved on a linear gradient from 95%
solvent A (2% ACN, 0.1% formic acid) to 30% solvent B (80% acetonitrile, 0.1%
formic acid) over 210 minutes, from 30% from solvent B in 20 minutes and to 100%
solvent B in 2 minutes at a constant flow rate of 0.25 pul/min on UHPLC Easy-nL.C
1000 (Thermo Scientific) connected to a 23-cm fused-silica emitter of 75 pm inner
diameter (New Objective, Inc. Woburn, MA, USA), packed in-house with ReproSil-Pur
C18-AQ 1.9 pm beads (DrMaischGmbh, Ammerbuch, Germany) using a high-pressure
bomb loader (Proxeon, Odense, Denmark). MS data were acquired using a data-
dependent top 20 method for HCD fragmentation. Full scan MS spectra (300-1650 Th)
were acquired in the Orbitrap with 60000 resolution, AGC target 3e6, IT 20 ms. For
HCD spectra, resolution was set to 15000 at m/z 200, AGC target 1e5, IT 80 ms; NCE
28% and isolation width 2.0 m/z.

3.2.8.3 MS data acquisition

Two technical replicas of each sample were carried out. Raw data were processed with
MaxQuant version 1.5.2.8. Peptides were identified from the MS-MS spectra searched
against theuniprot_cp_Homo Sapiens (98036 entries) using the Andromeda search

engine, in which trypsin specificity was used with up to two missed cleavages allowed.

Cysteine carbamidomethylation was used as a fixed modification, methionine oxidation
and protein amino-terminal acetylation as variable modifications. The mass deviation
for MS and MS-MS peaks was set at 5 and 20 ppm respectively. The peptide and
protein false discovery rates (FDRs) were set to 0.01; the minimal length required for a
peptide was six amino acids; a minimum of two peptides and at least one unique peptide
were required for high-confidence protein identification. The lists of identified proteins

were filtered to eliminate reverse hits and known contaminants.

Label-free analysis was carried out, including a ‘match between runs’ option (time

window of 5 minutes). A minimum ratio count of 2 was considered and the ‘LFQ
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intensities’, which are the intensity values normalized across the entire data set, were

used.

Statistical analyses were done using the Perseus program (Version 1.5.1.6) in the
MaxQuant environment with a p-value 0.05. Missing values were replaced by random
numbers drawn from a normal distribution by the function ‘imputation’ (width 0.3,
down shift 1.8, separately for each column). Hierarchical clustering was set with the
following parameters: distance, Euclidean, linkage, average, number of clusters, 300,
for both row and column tree dendrograms generated by clustering in the Perseus

environment.
3.2.8.4 Bioinformatics analysis. Functional enrichment analyses

Each differentially expressed protein that we identified has been assigned to the
respective human official NCBI Gene Symbol identifier. These gene symbols were
subsequently submitted to Enrichr (http://amp.pharm.mssm.edu/Enrichr) [27141961]
web tool. This tool has been used to perform the gene list enrichment analysis, in order
to elucidate the underlying molecular mechanisms altered by light radiations. In
particular, statistical enrichment of Gene Ontology (GO) terms (sections “Biological
Process”, “Molecular Function”, “Cellular Component”, release 2018), Kyoto
Encyclopedia of Genes and Genomes (KEGG, 2019) pathway database and
WikiPathways 2019 were assessed by submitting the gene lists to Enrichr tool Up- and
down-regulated genes were separately submitted to the web tools. Although the analysis
of all differentially expressed genes/proteins together is possible, many recent studies
suggested to analyse separately the up- and down-regulated gene lists, since it is more
accurate [24352673, 29150651]. Statistically significant terms were selected for further
analyses if reached adjusted P-value < 0.05, according to the Benjamini-Hochberg (BH)

method for correction for multiple hypotheses testing.

3.2.9 Western blotting

Western Blotting is an extensively used technique for protein analysis. Proteins were
extracted using RIPA buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 0.1% SDS, 150 mM
NaCl, and 2 mM EDTA). Cells were maintained in ice for 30 minutes and vortexing
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every 10 minutes. Next, the cells were centrifuged (Eppendorf centrifuge 5415r, Merck
KGaA, Darmstadt, Germany) at 16,000 xg for 20 minutes at 4°C. Supernatants were
collected and protein concentrations were measured using a Bradford assay (Merck
KGaA, Darmstadt, Germany). Proteins (30 pg) were resuspended in LDS Sample
Buffer (Novex Life-Technologies, Carlsbad, CA, USA) and in Sample Reducing Agent
(Novex Life-Technologies, Carlsbad, CA, USA). Denaturation step was performed
boiling them at 100°C for 5 minutes. Equal amounts of protein (30 pg) were resolved on
precast 4-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bolt 4-12%
Bis-Tris Plus; Invitrogen by Thermo Fisher Scientific, Carlsbad, CA, USA) in MES
SDS running buffer (Novex Life-Technologies, Carlsbad, CA, USA). The gel run is
done at 100 V and 35 mA for staking gel and at 165 V and 60 mA for separating gel. A
protein ladder (SeeBlue® Plus2 Prestained Invitrogen by ThermoFisher Scientific,
Carlsbad, CA, USA) was used as a reference for protein size (3-198 kDa). After
electrophoresis proteins were transferred onto a nitrocellulose membrane (NC;
Nitrocellulose Blotting Membrane GE Healthcare Life Sciences, Amersham™
Protran™) using a semi-dry method in transfer buffer (Tris 25 mM, Glycine 0.2 M,
20% Methanol). The transfer was performed at 30 V and an amperage calculated based
on the membrane’s measurements (w x h x 0.8). The protein transfer was verified using
red Ponceau (Ponceau S solution for electrophoresis (0,2%); SERVA Electrophoresis
GmbH, Heidelberg, Germany), and then washed three times for 5 minutes with PBS-
Tween-20 (PBST) 0.1%. The membrane was blocked with 5% non-fat dried milk-PBST
(Euroclone, Pero, Italy) for 1 h at room temperature and then incubated overnight at 4°C
with specific primary antibodies: rabbit polyclonal anti-human anti-GAPDH antibody
(dilution 1:1,000; Bethyl Laboratoires Inc. = Montgomery, TX, USA), mouse
monoclonal anti-human anti- Aldo-Keto Reductase family 1 member C3 (anti-
AKRIC3, diluition 1:5000; Merck KGaA, Darmstadt, Germany), rabbit polyclonal anti-
human anti-Thioredoxin reductase 1 (anti- TXNRD1, diluition 1:1000; Merck KGaA,
Darmstadt, Germany) and rabbit polyclonal anti-human anti-superoxide dismutase 1
(anti-SODI, diluition 1:1000; Merck KGaA, Darmstadt, Germany). Membrane was
washed three times with PBST 0.1% and incubated with corresponding horseradish
peroxidase (HRP)-conjugated secondary antibodies at room temperature for 3 h. Goat

anti-Rabbit IgG (H+I) peroxidase/HRP-conjugated (dilution 1:3,000; Elabscience®

54



Biotechnology, Huston, TX, USA) or anti-mouse IgG (dilution 1:10000) (Goat anti-
mouse [gG (H+I) FITC conjugated; Bethyl Laboratoires Inc. Montgomery, TX, USA).
For signal chemiluminescent detection, the membrane was incubated for a few minutes
with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific
Carlsbad, CA, USA) and then developed in Alliance Mini (UVITEC Cambridge,
Cambridge, UK) equipped with NineAlliance Software (UVITEC Cambridge,

Cambridge, UK). Band quantification was carried out using the same software.

3.2.10 Intracellular ROS generation

Intracellular ROS levels were measured using the fluorescent dye 2°7’-
dichlorofluorescein diacetate (DCFDA; oxidized by hydrogen peroxide to DCF, Merck
KGaA, Darmstadt, Germany). HaCaT cells were seeded on a cover glass, in six-well
plates (Costar, Corning incorporated, Corning, NY, USA) at a concentration of 2x10°
cells/ml. After light treatments, the cells were washed twice in with phosphate-buffered
saline (PBS; Euroclone, Pero, Italy) and DCFH-DA solution in serum-free medium was
added at a concentration of 10 uM for well for 45 minutes. The slides were washed 3
times, and DCF fluorescence was measured over the entire field of vision using a
fluorescence microscope (Inverted Microscope Nikon Eclipse Ti2 (Nikon, Tokyo,
Japan)). The mean fluorescence intensity (MFI) from 4 random fields was analyezd
using ImageJ 1.41 software (National Institutes of Health, USA) according to the
LINK’s instructions (Lan et al., 2012). The MFI (Mean Fluorescence Intensity) of DCF

was used to indicate the amount of ROS. The analyses were performed in triplicate.

3.2.11 Staining of mitochondria and nuclei

Mitochondria were staining using Mitotracker greenfluorescent probe conjugated with
FITC (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA). HaCaT cells were
seeded on 5x 10* cells / ml chamber slides (Thermo Fisher Scientific, Carlsbad, CA,
USA). After light treatments, cells were washed with DMEM without red phenol
(Lonza Group, Basel, Switzerland) w/o FBS, and 500 ul / chamber of Mitotracker green
diluted to 100 nM and prewarmed to 37 °C was added, then incubated at 37 °C in the

incubator for 45 minutes. Subsequently, the cells were stained with Hoechst (Merck
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KGaA, Darmstadt, Germany) at room temperature for 10 minutes. Cells were observed
with a fluorescence microscope (Inverted Microscope Nikon Eclipse Ti2 (Nikon,

Tokyo, Japan). The staining reactions were performed in triplicate.

3.2.12 Transmission Electron Microscope

Cells were plated on ACLAR and cultured at 1 x 10° cells/cm? (Ted Pella CA, USA);
chips were trimmed to fit into the multiwell plates. The ACLAR insets were sterilized
just before use. Cells were grown with control and neural medium, and medium was
changed every 3 days. After light treatments, cells were fixed with glutaraldehyde 2%,
0.7 % tannic acid and 30 mM sucrose, in 0.1 M cacodylate buffer pH 7.0, for 1 h at
room temperature and subsequently overnight at 4 °C. For TEM, cells were post-fixed
in 0.5% osmium tetroxide for one additional hour, then dehydrated with acetone series
and flat embedded in Luft epoxy resin using a polystyrene capsule. After hardening of
the resin, ACLAR was peeled off and ultrathin sections (50 nm) obtained. The sections
were stained with uranyl acetate alcoholic solution and lead citrate then imaged at 80 K
volts in a Philips CM-12 electron microscope. Images are representative of three

independent experiments.

3.3 In vivo study on Drosophila melanogaster

3.3.1 Flies maintenance

Drosophila melanogaster was maintained in nutrifly media (Bloomington Formulation,
Genesee Scientific, San Diego, USA) added with propionic acid. Culturing of flies were
kept in an incubator (Orbegonzo, Murcia, Spain) modified to maintain the constant
temperature of 25.0 + 0.2 °C in constant darkness. The genotypes used in this study are
Wild-type (Canton-S), obtained from Bloomington Drosophila Stock Center, Indiana,
USA. Newly hatched flies were collected and kept in vials (28.5x95 mm, Biosigma
S.p.A., Cona, Italy) containing 10-mL food medium changed 2 times weekly. Unless
stated otherwise; flies were killed, after necessary treatments, by instant freezing with

dry ice.
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3.3.2 Light treatments

High-power blue and red LEDs (LD W5AM and LH W5AM Golden DRAGON® Plus,
respectively; Osram) were used as the light sources. Light emitted was measured at the
level where the flies were held using an illuminance meter (CL-70; Konica Minolta
Sensing, Inc.). The dominant wavelength was 465 nm for blue and 658 nm for red
LEDs. Light treatments were the same used for cells treatment: irradiance at peak
wavelength at the flyes level was 0.84 W/m? for blue and 1.10 W/m? for red LEDs for
high intensity and 0.01 W/m? for both blue and red LEDs for low intensity. Irradiance
corresponded to the same total spectrum irradiance of 28.50 W/m? and 0.28 W/m? for
both light sources at high and low intensity, respectively. The light energy transferred to
flies every day was 1.23 J/mm? for high intensity and 0.01 J/mm? for low intensity.
Vials containing flies were exposed to 12-h light/dark cycle (12L:12D) of blue or red
light at low or high intensity for 3 days and then tested. Control flies were kept in
constant darkness. Each vial contained a total of 20 1-week-old flies. An equal number
of males and females were included in each vial to avoid sex-related differences in

results.

3.3.3 Responses to stress

Two methods were used to measure the response of flies to physiological stress: heat
sensitivity and cold coma recovery time. For heat sensitivity, flies were exposed to heat
stress. After light radiation treatment, flies were placed in new vials and placed in a
water bath at 38.5°C for 45 minutes. They were then transferred to vials containing
fresh food. Live flies (% survival) were recorded 24 hours later. Measurements were in

triplicate.

In addition, flies were evaluated for cold coma. After light exposure flies were placed in
empty vials (20 flies per vial) and immersed for 24 hours in a 4 °C water bath.
Subsequently, they were left at ambient temperature ~20 °C, and spontaneous recovery
time from cold coma was measured every 6 minutes for 90 minutes. Measurements

were in triplicate.

57



3.3.4 Paraquat Exposure

In a preliminary study, flies were exposed to Paraquat (PQ, Merck KGaA, Darmstadt,
Germany) at various concentrations such as 10, 20, 100, and 200 mM for 24 h to
determine lethality (data not shown). However, we used only 20 mM since with this
dose the lethality was around 50% after 24 h. Flies, after light exposure, were deprived
of gruel and transferred to vials containing filter paper discs (Whatman, Life Sciences,
UK) soaked with water containing 5% sucrose (Merck KGaA, Darmstadt, Germany)
and 20 mM PQ. After 24 h, the number of dead insects was observed. Measurements

were in triplicate.

3.3.5 Climbing Assay

As a behavioural biomarker, we tested the climbing ability of Drosophila melanogaster
flies. After flies were exposed to different types of light, they were placed in transparent
cylinders (without diet) with a mark placed on the side for each cm from the bottom (0-
8 cm). Flies were tapped gently on the bottom (groups to be compared were tapped
simultaneously); the upward movement of the fly was recorded, and images were
captured after 4 seconds. These images were analyzed to calculate the average distance

travelled for each fly in each vial. The measurements were in triplicate.

3.3.6 RNA extraction and Real-Time qPCR

Flies were kept on dry ice until extraction actually begins. Flies heads were separated
from bodies by vortexing flies in 15 ml tubes (EuroClone, Pero, Italy) for 15 seconds
(for tree times) previously submerged in liquid nitrogen. Each sample of 30 heads for
tubes was homogenized in 400 ul TRIzol (Invitrogen by Thermo Fisher Scientific,
Carlsbad, CA, USA) with a pellet pestle. The homogenate was incubated at room
temperature for 5 minutes. Then was added 80 pL of chloroform (Merck KGaA,
Darmstadt, Germany) shaking vigorously for 15 s, and incubated for 3 minutes at room
temperature. The samples were then centrifuged in the microcentrifuge 12,000g for 15
minutes at 4°C; after differential separation, we transferred the aqueous phase to a fresh

microcentrifuge tube (Biosigma S.p.A., Dominique Dutsher Company, VE, Italy) and
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added 200 pL of isopropanol (Merck KGaA, Darmstadt, Germany). After 10 minutes of
incubation at room temperature, a 15-minute microcentrifuge (12,000g) at 4°C was
performed again to separate down the RNA. Finally 500 ul 75% ethanol (Carlo Erba,
Reagents S.r.l., MI, Italy) was added to the pellet and microfuge again for 5 min. To
remove the ethanol, the supernatant was removed and the RNA pellet was left to air dry
for 30-45 min. Ultimately, it was diluted in 30 pl of ultrapure RNase-free filtered water.
The total RNA first-strand cDNA was synthesized using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Carlsbad, CA, USA). Real-Time
qPCR was performed using the TagMan Gene Expression Master Mix (Euroclone, Pero,
Italy). TIM (Timeless) and PER (Period) gene expression levels (ID: Dm01814246_g1
and ID: Dm01843684_g1 respectively; Thermo Fisher Scientific, Carlsbad, CA, USA)
were analyzed. RPL2 (ribosomal protein L2, ID: Dm02151827_gl1; Thermo Fisher
Scientific, Carlsbad, CA, USA) housekeeping gene expression levels was used for data

normalization.

The Ct values were extrapolated from the instrument software and normalized (ACt)
with respect to the relative housekeeping (RPL2). Relative expression levels were
calculated according to the following formula: 2", The analyses were performed in
triplicate. Each group consisted of 3 replicates containing 30 flyes each. Measurements

were in triplicate.

3.4 Statistical analysis

Three independent experiments were conducted, and the results were reported as the
mean # standard deviation (SD). Graphpad Prism software (GraphPad Prism version
7.00 for Windows, GraphPad Software, La Jolla, CA, USA) was used for all statistical
analysis. One-way ANOVA and Dunnett’s multiple comparison test as a post-hoc test
were used to evaluate statistical significance for each treatment. P<0.05 was considered

statistically significant.
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4. RESULTS

4.1 In vitro study

4.1.1 High Intensity exposure: effects of 1L.:23D and 12L:12D
Light/Dark cycle

The 12-hour high-intensity blue light treatment is more effective in reducing cell
viability.

The HaCaT cells exposed to light 1h high intensity (fig. 12A) displayed a decrease in
viability with blue light (BLUE) and red light (RED) compared to the control group
(CTRL) (P<0.001 e P<0.01 respectively). The highest percentage of inhibition of viable
cells was obtained in BLUE group for 12h (12L:12D) at high intensity, compared with
the CTRL (P<0.0001, fig. 12B). HaCaT cells exposed to 12 hours of high-intensity blue
light decreased by approximately 80% whereas for cells exposed to red light and there

was approximately 30% reduction in cell viability compared with CTRL (P<0.05).
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Figure 12. Analysis of cell viability in HaCaT cell lines not exposed (CTRL) and exposed to LED blue
light (BLUE) or LED red light (RED) at 1h high intensity 1L:23D cycles (A) and 12h high intensity
12L:12D cycles (B). Columns represent mean values and bars represent £SD (n=3). *P<0.05,
##P<0.01, ***P<0.001 and ****P<0.0001 vs. CTRL. Bottom, confluence of HaCaT cells not exposed
(CTRL) and exposed to LED blue light (BLUE) or LED red light (RED) at 12h high intensity 12L:12D
cycles (C). Representative images captured at magnifications of x100 magnification and scale bar 50 um.

The 12-hour high-intensity blue light treatment produces a high percentage of

apoptotic cells.

Flow cytometry revealed that blue light treatment triggered a significant increase in
apoptotic rate, compared with control group (Fig. 13) when cells were exposed to both
1h and 12h high-intensity light. HaCaT exposed to 1h high-intensity blue light showed
an increase of apoptotic rate (21.15 %; P<0.05), as compared the CTRL (14.65 %).
However, high intensity blue light treatment for 12h was more effective in increasing
apoptosis compared to CTRL (80.16 % and 22.24 % respectively, P<0. 0001). The RED
showed an apoptotic rate similar to the CTRL, both after 1h and 12h light treatments.
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Figure 13. Apoptotic and necrotic effects of exposure of HaCaT cells not exposed (CTRL) and exposed to
LED blue light (BLUE) or LED red light (RED) at 1h high intensity 1L:23D cycles and 12h high intensity
12L:12D cycles. Data indicate the percentage of apoptotic and necrotic cells of HaCaT cell lines not
exposed (CTRL) and exposed to LED blue light (BLUE) or LED red light (RED) at 1h high intensity
1L:23D cycles (A-B) and 12h high intensity 12L:12D cycles (C-D). Columns represent mean values and
bars represent +SD (n=3). *P<0.05 and ****P<0.0001 vs. CTRL.

The 12-hour high-intensity blue light treatment provides cell cycle shift in Go/G; and
G2/M phases.

HaCaT cells, exposed to blue light for 12h at high intensity, showed a decrease in Go/G1
phase and an increase in cells in G2/M phase compared to control group (P<0.01 and
P<0.001 respectively; fig. 14B). HaCaT cells, exposed to 1h high-intensity blue or red

light, displayed not changes in the cell cycle compared with the control group.
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Figure 14. Effect on cell cycle progression in HaCaT cells not exposed (CTRL) and exposed to
LED blue light (BLUE) or LED red light (RED) at 1h high intensity 1L:23D cycles and 12h high
intensity 12L: 12D cycles. Data indicate the effect of treatments on the different cell cycle phases

of the HaCaT cell line exposed to LED blue light (BLUE) or LED red light (RED) at 1h high
intensity 1L:23D cycles (A) and 12h high intensity 12L:12D cycles (B). Columns represent mean
values and bars represent + SD (n=3). ** P<0.01 and ***P<0.001 vs. CTRL.
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The 12-hour high-intensity blue light treatment altered the clock genes expression at
mRNA levels.

Quantitative real-time polymerase chain reaction (RT-qPCR) showed a significant
downregulation of mRNA levels of BMALI and PER?2 after exposure to blue light for
12h at high intensity compared to the control group (p<0.01; fig. 15D and fig. 15E). For
CRY2 gene RNA expression levels, a non-significant decrease was observed for cells
exposed to both blue light and red light 12h high intensity compared to the control
group. With 1h high intensity exposure, only mRNA levels of BMALI were
significantly downregulated (P<0.05 fig.15A). In contrast PER2 and CRY2 mRNA
expression levels were not significantly changed (fig 15B and fig 15C).

A D
B E
C F

Figure 15. Expression mRNA levels of BMALI, PER2, CRY2 genes in HaCaT cells not exposed (CTRL)

and exposed to LED blue light (BLUE) or LED red light (RED) at 1h high intensity 1L:23D cycles (A-C)

and 12h high intensity 12L:12D cycles (D-F). Columns represent mean values and bars represent = SD
(n=3). * P<0.05 and **P<0.01 vs. CTRL.
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Proteomic analysis revealed that 12-hour high-intensity blue light treatment provides

a significant variation of protein involved in oxidative stress.

We report here the proteomic profile of HaCaT cells exposed to blue and red lights only
for 12 hours at high intensity (CTRL, BLUE and RED). Hierarchical cluster analysis of
protein expressions in all sample groups demonstrated a clear separation of treated
samples from controls and reveals that HaCaT cells exposed to blue or red lights,
compared with unexposed cells, modified their protein profile and altered the

expression levels of many proteins (fig. 16.1).

Figure 16.1 Heat map show differential protein levels of HaCaT cells not exposed (CTRL) and exposed
to LED blue light (EXPB) or LED red light (EXPR) at 12h high intensity 12L:12D cycles.

Data analysis showed that 31, 25, 62 and 36 elements were expressed only in “Up
Blue”, “Down Blue”, “Up Red” and “Down Red”, respectively. Additionally, 21
common genes expressed in “Up Blue” and “Up Red” and 16 common elements in
Down Blue” and “Down Red” were identified. Only one element was shared between
“Up Blue” and “Down Red”, i.e. the TNC (Tenascin C) gene. Instead, no protein was

evident in common between “Up Red” and “Down Blue” (fig. 16.2).
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Figure 16.2 - Venn Diagram of HaCaT cells not exposed
(CTRL) and exposed to LED blue light (EXPB) or LED red
light (EXPR) at 12h high intensity 12L:12D cycles.

The Gene Enrichment Analysis, performed by using Enrichr tool, showed that the
effects of both blue and red lights results in up-regulation of genes significantly
(adjusted P-values < 0.05) enriched in “Oxidative stress” (WP408, WikiPathways 2019
Human) and “Oxidative Damage” (WP3941, WikiPathways 2019 Human).
Interestingly, the genes AKR1C3 (Aldo-keto reductase family 1 member C3 (3-alpha
hydroxysteroid dehydrogenase, type II)) and TXNRDI1 (Cytoplasmic thioredoxin
reductase 1) belongs to the 21 common genes expressed in “Up Blue” and “Up Red”
and are included in the signalling pathways involved in oxidative stress and cellular
response to stress. Moreover, SOD1 (Superoxide dismutase [Cu-Zn]), a key player in
the mechanism of cellular response to oxidative stress, was the most differentially

expressed between blue and red.
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The 12-hour high-intensity blue light treatment modified the protein expression levels
of AKR1C3, TXNRDI1 and SODI.

Western blot was then used to validate the expression levels of proteins influenced by
light radiation: TXNRDI1: Cytoplasmic thioredoxin reductase 1, AKR1C3: Aldo-keto
reductase family 1 member C3 (3-alpha hydroxysteroid dehydrogenase, type II) and
SOD1: Superoxide dismutase [Cu-Zn].

TXNRDI1 and AKR1C3 were highly expressed in cells exposed to blue light compared
with control group (P<0.05 and P<0.01, respectively; fig. 17A). About SODI, western
blot showed a significant increasing in their expression level under red light (RED)

compared to the control group (CTRL) (P<0.05; fig.17A).
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Figure 17. (A) Analysis of protein expression levels of TXNRD1, AKRI1C3 and SODI in HaCaT cells not
exposed (CTRL) and exposed to LED blue light (BLUE) or LED red light (RED) at 12h high intensity
12L:12D cycle. Values were normalized to f-ACTIN. Columns represent mean values and bars represent
+ 8D (n=3). *P<0.05 and **P<0.01 vs. CTRL. (B) Representative blot bands are presented.
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The 12-hour high-intensity blue light treatment increase Intracellular ROS.

Only cells exposed to blue light for 1

2h at high intensity showed a higher level of

intracellular ROS compared to the control group (P<0.05; fig.18B). No significant

change in ROS level was found in HaCaT exposed to red light respect to control group.

The mitochondrial density of HaCaT cells appears to be influenced by high-intensity

blue light for 12h (fig. 18C).
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Figure 18. (A) Representative fluorescence images of ROS levels with DCF probe
(green colour) in HaCaT cells not exposed (CTRL) and exposed to LED blue light

(BLUE) or LED red light (RED) at 1

2h high intensity 12L: 12D cycles; magnification

x600 and scale. (B) Columns represent mean values and bars represent +SD (n=3).
*P<0.05 vs. CTRL. MFI= Mean Fluorescence Intensity. (C) Bottom, fluorescence
confocal images of HaCaT cells double-stained with Mitotracker green (for
mitochondria) and Hoecst (for nucleus, blue colour) not exposed (CTRL) and exposed

to LED blue light (BLUE) or LED

red light (RED) at 12h high intensity 12L:12D

cycles; magnification x600 and scale bar 20 um.
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The intracellular system and some organelles of HaCaT cells appears to be affected

by high-intensity blue and red lights for 12 hours.

There are very few published descriptions of HaCaT ultrastructure. Furthermore, the
batch used, and the techniques used to study the ultrastructure of this cell line may
introduce morphological determinant that must be addressed. Therefore, we provide
initially a brief description of the HaCaT cell line used in this research kept in dark and
used as control reference for the study. The cells appear to be scarcely differentiated, the
nucleus/cytoplasm ratio is around 1.5:1, the chromatin is dispersed in the nucleus, one
or more nucleoli are present. Cells grow in clumps and are tightly connected via the
numerous microvilli; however, no desmosomes can be seen. Within the clumps two
differently contrasted cells are present (fig. 19.1). The higher contrast seems to be due
to an increased protein content diffused in the cytoplasm. The darker cells seem to have
more keratohyalines deposits (Yellow arrow, fig. 19.1) than the lighter ones, however
this is a qualitative observation that has not been quantified. Lysosome and
multivesicular bodies are present at a low concentration. Mitochondria are long
branched and hyperfused. In almost all cells is present a particular kind of intracellular
vesicles that shows translucent content surrounded by a rim of denser material (Red

arrow; fig. 19.1). This kind of vesicles are not present in normal keratinocytes in tissues

and are not reported in any previous literature. Tonofilaments are frequently seen.

Figure 19.1. Electron microscopy. TEM images of HaCaT not exposed to LED light (CTRL). Yellow arrow
indicates keratohyalines deposits, red arrow indicates intracellular vesicles.
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Cells exposed to blue light (BLUE) show signs of damage: many cells are vacuolated
(fig. 19.2), have damaged mitochondria (red arrow) and a dilated Golgi (yellow arrow).

5(70 ;ﬂ

Figure 19.2 Electron microscopy. TEM images of HaCaT exposed to LED blue light (BLUE) at 12h high
intensity 12L:12D cycle. Yellow arrow indicates Golgi, red arrow indicates mitochondria.

Cells exposed to red light (RED) contain a large amount of tonofilaments, (Red arrow;
fig. 19.3) and show a higher lysosomal content respect BLUE and CTRL condition (Red
arrow). Green arrow point to a possible melanin granule. Yellow arrow indicate

tonofilaments.

500 nm

Figure 19.3 Electron microscopy. TEM images of HaCaT exposed to LED red light (RED) at 12h high
intensity 12L:12D cycle. Yellow arrow indicates tonofilaments, red arrow indicates lysosomal and green

arrow indicates melanin granule.
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4.1.2 Low Intensity exposure: effects of 1L.:23D and 12L:12D
Light/Dark cycle

Low-intensity blue light treatment of 1h and 12h did not significantly decrease cell
viability.
After 12h and 1h low-intensity light treatments, HaCaT cells showed no significant

changes in cell viability compared with control group (fig. 20).
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Figure 20. Analysis of cell viability in HaCaT cell lines not exposed (CTRL) and exposed to
LED blue light (BLUE) or LED red light (RED) at 1h low intensity 1L:23D cycles (A) and
12h low intensity 12L:12D cycles (B). Columns represent mean values and bars represent +
SD (n=3). Bottom, confluence of HaCaT cells not exposed (CTRL) and exposed to LED blue
light (BLUE) or LED red light (RED) at 12h low intensity 12L:12D cycles (C).
Representative images captured at magnifications of x100 magnification and scale bar 50

pm.
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Low-intensity 1-hour and 12-hour blue light and red light treatments induced
apoptosis in HaCaT cells.

Annexin V stanning showed that low intensity light treatments triggered, in HaCaT
cells, a significant increase in apoptotic rate, compared with control (fig. 21), for both
1h and 12h of exposure period. HaCaT exposed to 1-h low-intensity light revealed that
the BLUE and RED showed a significant increased number of apoptotic cells (9.85 %
and 10.8 % respectively; fig. 21B), compared with the CTRL (5.37 %; P<0.01).
However, there was an increase in apoptotic rate only in HaCaT cells exposed at 12h
low intensity red light (17 %; fig. 21D) compared to CTRL (P<0.01). HaCaT cells
showed no significant changes in percentage of necrotic cells compared with control

group at both 1h and 12h low intensity (fig. 21B and fig. 21D).

A C

Figure 21. Apoptotic and necrotic effects of exposure of HaCaT cells not exposed (CTRL) and exposed to
LED blue light (BLUE) or LED red light (RED) at 1h low intensity 1L:23D cycles and 12h low intensity
12L:12D cycles. Data indicate the percentage of apoptotic and necrotic cells of HaCaT cell lines not
exposed (CTRL) and exposed to LED blue light (BLUE) or LED red light (RED) at 1h high intensity
1L:23D cycles (A-B) and 12h high intensity 12L:12D cycles (C-D). Columns represent mean values and

bars represent £ SD (n=3). **P<0.01 vs. CTRL.
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Low-intensity 12-hour blue light treatment did not affect the normal HaCaT cell

cycle.

From the analysis of PI-positive cells, no change was found in HaCaT cells exposed to
light for 12h at low intensity at any stage of the cell cycle compared with control cells

(fig.22B).

Cells exposed to the low-intensity light cycle for 1h significantly increase from the

CTRL group after exposure to red light in the G2/M phase (P<0.05; fig. 22A).

A B

Figure 22. Effect on cell cycle in HaCaT cells not exposed (CTRL) and exposed to LED blue light
(BLUE) or LED red light (RED) at 1h low intensity 1L:23D cycles and 12h low intensity 12L:12D cycles.
Data indicate the effect of treatments on the different cell cycle phases of the HaCaT cell line exposed to
LED blue light (BLUE) or LED red light (RED) at 1h low intensity 1L:23D cycles (A) and 12h low
intensity 12L:12D cycles (B). Columns represent mean values and bars represent £ SD (n=3). *P<0.05
vs. CTRL.

The 12 hours low-intensity blue light treatment altered clock gene mRNA expression

levels.

After exposure of cells to low intensity light radiation for 1h and 12h, HaCaT cells
showed a significant deregulation of the CRY mRNA expression levels. Blue light 12h
low intensity was able to induce a downregulation of CRY2 gene expression level
respect to the CTRL (P<0.001; fig. 23F). Differently there was significant increase of
the CRY2 mRNA expression level in cells exposed to red light compared with CTRL
(P<0.05; fig. 23F).
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HaCaT cells exposed for 1h at low intensity blue light, showed a significant
downregulation of PER2 compared with control group (P<0.05; fig.23B). For CRY2
mRNA expression level, a decrease was observed for cells exposed to blue light

compared to the control group (P<0.05; fig.23C).
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Figure 23. Expression profiles of BMALI, PER2,
CRY2 genes in HaCaT cells not exposed (CTRL) and
exposed to LED blue light (BLUE) or LED red light
(RED) at 1h low intensity 1L:23D cycles (A-C) and

12h low intensity 12L:12D cycles (D-F). Columns

represent mean values and bars represent = SD (n=3).
* P<0.05 and ***P<0.001 vs. CTRL.
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Treatments of 12h at low intensity with blue light and red light altered AKRIC3 and

SODI1 protein expression levels.

AKRIC3 was significant overexpressed in cells exposed to blue light compared with
the control group (P<0.01; fig. 24A). SODI1 protein, western blot showed an increase in
their expression levels only after RED treatment compared to the CTRL (P<0.05; fig.
24A).
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Figure 24. (A) Analysis of proteins TXNRD1, AKRIC3 and SODI expression levels in cell
lysates from HaCaT cells not exposed (CTRL) and exposed to LED blue light (BLUE) or LED
red light (RED) at 12h low intensity 12L:12D cycles. Values were normalized to f-ACTIN. (B)

Columns represent mean values and bars represent + SD (n=3). *P<0.05 and **P<0.01 vs.

CTRL. Representative blot bands are presented.
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Intracellular ROS displays a significantly increased after treatment with blue and red

low intensity light for 12 hours.

HaCaT cells exposed to low intensity blue and red light for 12 hours, showed a high
level of intracellular ROS compared to control group (P<0.05; fig. 25B). The HaCaT
cells show altered mitochondrial density by blue light and red light at low intensity for
12 hours (fig. 25C).
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Figure 25. (A) Representative fluorescence images of ROS levels with DCF probe
(green colour) in HaCaT cells not exposed (CTRL) and exposed to LED blue light
(BLUE) or LED red light (RED) at 12h low intensity 12L:12D cycles.
Magnification x60 and scale bar 20 um. (B) Columns represent mean values and
bars represent + SD (n=3). MFI= Mean Fluorescence Intensity. (C) Bottom,
Fluorescence confocal images of HaCaT cells double-stained with Mitotracker
green (for mitochondria) and Hoecst (for nucleous, blue colour) not exposed
(CTRL) and exposed to LED blue light (BLUE) or LED red light (RED) at 12h low
intensity 12L:12D cycles. Magnification x60 and scale bar 20 um.

75



4.2 In vivo study

4.2.1 High Intensity and Low Intensity: effects of 121.:12D Light/Dark

cycle

Insects exposed to 12h low and high intensity blue light show less heat sensitivity and

more ability to recover from cold coma.

Two different assays were used to analyse the response of flies to physiological stress:

heat sensitivity and recovery time from cold coma.

For heat sensitivity he results showed a significant decrease in the number of surviving
insects in the group exposed to high intensity blue light compared to the control group
(P<0.01; fig 26B). Significant decrease was also observed in the Drosophila

melanogaster exposed to low intensity blue light than control group (P<0.05; fig 26A).

Analysis of recovery time from cold coma showed that insects exposed to 12h low (fig.
27A and B) and high (fig. 27C and D) intensity blue light were able to wake up faster
than the control group (P<0.05).

A B

Figure 26. Heat-induced stress response capacity of Drosophila melanogaster not exposed
to light (CTRL) and exposed to blue (BLUE) or red LED light (RED) for 12L:12D cycles at
low intensity (A) and high intensity (B). Columns represent mean values and bars
represent £SD (n=3). * P<0.05 and **P<0.01 vs. CTRL.
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Figure 27. Representation of the insect awakening curve after cold coma not exposed to light (CTRL)
and exposed to blue (BLUE) or red LED light (RED) for12L:12D cycles at low intensity (A) and high
intensity (C). Recovery ability from cold coma of Drosophila melanogaster not exposed to light (CTRL)
and exposed to blue (BLUE) or red LED light (RED) for 12L:12D cycles at low intensity (B) and high
intensity (D). Columns represent mean values and bars represent + SD (n=3). * P<0.05 vs. CTRL.
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Exposure to PQ and 12 hours low and high intensity blue light treatment increases

the number of dead insects.

PQ exposure caused a significant increase in the number of dead insects after 12h high
intensity blue light treatment compared to insects exposed to the control group (P<0.05;
fig. 28B). Significant change was observed in flies exposed to 12h low intensity blue

light than the control group (P<0.05; fig. 28A).

A B

Figure 28. Resistance to PQ of Drosophila melanogaster not exposed to light (CTRL) and
exposed to blue (BLUE) or red LED light (RED) for 12L:12D cycles at low intensity (A) and
high intensity (B). Columns represent mean values and bars represent £SD (n=3). ¥ P<0.05

vs. CTRL.
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Locomotor activity is increases in insects exposed to 12 hours high intensity blue

light.

To investigate whether light influences the fruit fly Drosophila melanogaster, we
compared locomotor activity, stress responsiveness, and clock gene expression between
insects treated with 12h high-intensity and low-intensity blue light and red light cycles
for 3 days and the control group (constant darkness). Initially, we measured vertical
locomotion by climbing assay. Insects exposed to high-intensity blue light had
significantly higher mean climbing ability than insects kept in constant darkness
(P<0.05; Fig. 29C). Insects exposed to low intensity blue light did not appear to have

altered mean climbing ability compared to insects kept in control group (Fig. 29B).

A

Figure 29. (A) Representative photo of the method to measure climbing ability in insects. Average

climbing ability of flies not exposed to light (CTRL) and exposed to blue LED light (BLUE) or red

LED light (RED) for 12L: 12D cycles at low intensity (B) and high intensity (C). Columns represent
mean values and bars represent £ SD (n=3). * P<0.05 vs. CTRL.
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Treatment of 12 hours low and high intensity produces a significant change in clock

genes.

Flies exposed to blue light and red light 12h high intensity showed an increase PER
gene expression level compared to control group (P<0.05; fig. 30C). The TIM gene was
found to be significantly increased only after blue light exposure compared with control

group (P<0.0001; fig 30D).

Regarding the expression of the clock genes in Drosophila melanogaster exposed to
12h low intensity showed increased PER mRNA levels after blue light than the control
group (P<0.05; fig 30A). TIM also showed increased mRNA levels after 12h low
intensity blue light than the control (P<0.05; fig 30B)

A C

Figure 30. Expression profiles of PER and TIM genes in the heads of
Drosophila melanogaster not exposed (CTRL) and exposed to LED blue
light (BLUE) or LED red light (RED) at 12L:12D cycles at low intensity
(A-B) and high intensity (C-D). Columns represent mean values and bars

represent £SD (n=3). * P<0.05 and ****P<0.0001 vs. CTRL.



S. DISCUSSION

Skin cells are constantly exposed to the light, the blue light region of the visual
spectrum is the most energetic. In the eye, blue light damage is thought to be
predominantly photochemical in origin and to derive largely from eye-specific
chromophores (e.g. retinoids, melanin, and lipofuscin) (Roehlecke et al., 2011). What
happen in the skin is less clear, but is likely to involve chromophores associated with
mitochondria (e.g. cytochromes and flavin) that absorb in the blue region of the visible
spectrum (Godley et al., 2005).

In this thesis, we are going to set out the effects of LED lamps, both in vitro (HaCaT
cells) and in vivo (fruit fly, Drosophila melanogaster), in order to try to fill the gap of
knowledge related to this specific study.

Epidermal keratinocytes have several rhythmic functions that follow circadian,
infradian, and ultradian cycles while responding to systemic and environmental insights
(Le Fur et al., 2001). One of the main chronobiological functions of the interfollicular
epidermal clock, is to regulate cell differentiation and proliferation for optimal function
allowing it to respond to predictable changes in environmental stressors (Plikus et al.,
2015), above all artificial light. In particular, the impact of LED light on human skin
will be discussed here focusing on the implications found in circadian rhythms and skin

health at cellular and molecular levels.

When the groups were compared in the study, the only treatment difference was in the
characteristics of light exposure (1L:23D and 12L:12D low and high intensity), to
exclude the effects of other external inputs (temperature, humidity) that equally affect

the normal functions of the circadian cycle (Y. Wang et al., 2020).

The results obtained from exposure to 12h high intensity light have aroused more

interest in our research group.

The epidermis undergoes a constant process of self-renewal in which epidermal stem
cells engage in a complex program of terminal differentiation. Precise spatial and
temporal control of keratinocyte proliferation and cell cycle withdrawal is critical for

this phenomenon (Plikus et al., 2015).
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Therefore, we decided to investigate whether blue and red led light interfere in the

physiological process of keratinocyte proliferation.

In the in vitro tests, it was found that the viability of HaCaT cells decreased greatly after
blue and red light exposure. Cell viability decreased by approximately 80% in blue-
exposed cells and 30% in HaCaT when exposed to red light (fig. 12B), suggesting that
narrowband blue light has worst impact on the physiological grow capacity of

keratinocytes.

Moreover, blue light induces cellular damage that has also been associated with an
increased percentage of cells in apoptosis, cell cycle blockade, and a rapid increase in
intracellular ROS concentration that occurred after exposure to high-dose blue light for

12 hours cycles.

It has long been known that exposure to blue light causes retinal degeneration with
subsequent development of cellular apoptosis (Donovan et al., 2001). Although in
HaCaT skin cells this effect has not yet been fully elucidated, our results suggest that
blue light induces apoptosis. In fact, with concomitant a marked decrease in viability,
HaCaT cells exposed to blue light were found to be in a statistically greater apoptotic

state than control (about 80%, fig. 13E).

We also observed changes in the cell cycle progression in HaCaT cells exposed to blue
light. In fact, DNA cycle analysis revealed a significant increase in the Go/M phases and
then a decrease in the Go/G; phase after blue light treatment than CTRL group (fig.
14B).

Here, blue light irradiation caused a delay in cell cycle completion. Data on DNA
content, showed that cell cycle arrest occur in the G2/M phase. In this phase cells
probably did not pass the G2/M checkpoint, starting the apoptosis process. This idea
could explain the higher rate of apoptosis, the lower cell viability and the DNA content
seen in HaCaT cells after blue light irradiation. It is conceivable that the cell cycle arrest
pathway is directly related to the production of intracellular ROS. Indeed, several
studies have shown that a sudden increase in ROS production contributes to inhibiting
the normal progression of cell cycle in several experimental models (S. Sun et al., 2018;

Sun et al., 2020). In the skin, cell division and DNA repair have a high correlation with
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the circadian cycle (diurnal period). These rhythms impact both acute (erythema, DNA
damage, and immune suppression) and long-term (skin cancers and photoaging) skin
conditions. The circadian clock in epidermal keratinocytes, under physiological
conditions, temporally segregates endogenous oxidative phosphorylation derived from
keratinocyte proliferation, thereby it protects the genome from ROS-mediated DNA
damage (Geyfman et al., 2012). This may result in increased vulnerability in humans
having desynchronized circadian rhythms (such as shift workers) to light-induced skin

cancers (Feller et al., 2016); (Yousef et al., 2020).

Several studies have shown that the circadian molecular clock mechanism oscillates in a
cyclic manner not only in the central nervous system, but also in peripheral organs, such
as the skin. In mammals, CLOCK and BMALI act as positive regulators. They bind to
the E-box enhancer to activate the transcription of PER2 and CRY2 genes (negative
regulators). PER2 and CRY2 in turn repress BMALI transcription. We studied the
expressions of the circadian clock genes BMALI, PER2, and CRY2 in HaCaT cells to
determine whether a change in circadian rhythm occurs after bright LED light
exposures. Significant changes in the circadian gene expression of BMALI and PER?2 in
the blue light treatment group were found when compared with the control group (fig.
15). It is possible that the decrease in both BMALI and PER?2 genes, although belonging
to opposite phases of the circadian gene loop, is the result of an altered dark-light
environment due to intensive light exposure after blue light treatment. Biological and
molecular functions in keratinocytes after light exposure might have changed, the

alterations in peripheral biological oscillators obtained may confirm it.

The relationship between non-ocular light exposure and circadian alteration has always
been a controversial issue in circadian rhythm studies. While some studies highlight a
possible direct relationship between skin and visible light (S. Sun et al., 2018), others
insist that dark-light stimulation to the circadian system could not occur through non-
ocular pathways (Grimm et al., 2000). Regarding the effect of blue LED light in altering
the circadian rhythm, it has been reported the damage of retinal photoreceptor cells

(Roehlecke et al., 2011), while in skin cells it is not fully understood.

Some in vivo studies have shown that peripheral light directed on the skin can affect

melatonin secretion in neonates (Chen et al., 2005). Our results reveal complex
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interactions between the external light regime and peripheral clock rhythms, further
supporting the notion that non-ocular light exposure can alter the expression of
circadian genes in the periphery of humans. Thus, even under the absence of the SCN
clock, the peripheral skin clock in the in vitro model underwent light-dependent
alterations, showing a responsiveness to external light stimuli. Currently the best
explanation for our results is a tissue-dependent combination of direct light
responsiveness. While our study supports the existence of a non-canonical pathway of
light entry to the periphery, the nature of the signals that reset peripheral clocks in the

absence of the SCN pacemaker remains to be determined.

Based on these evidences, we performed the proteome profile analysis of HaCaT cells
exposed to blue or red light. Proteomic analysis revealed that 12-hour high-intensity
blue light treatment provides a significant variation of proteins involved in oxidative

stress.

Moreover, HaCaT cells showed an increase in some stress-related proteins when

exposed to blue light: AKR1C3, TXNRD1 and SODI (fig. 17).

AKRIC3 belongs to the AKR1C (Aldo-keto reductase family 1) family of proteins that
play a key role in maintaining steroid hormone homeostasis and regulating
prostaglandin metabolism (Penning et al., 2006). Moreover, it is already known in the

literature that AKR1C3 expression is upregulated by ROS (Burczynski et al., 1999).

Therefore, it is likely that the increased expression of AKRIC3 by blue light is

associated with ROS production.

The adaptive response to light stress occurs through regulation of genome-protective
machinery activity at cell cycle checkpoints, apoptosis, metabolism, and the oxidative
stress response (Hofseth, 2004) that initially protect cells from genomic insults caused
by toxic agents. Blue light stress has been proposed to induce such mechanisms.

Because AKRI1C isoforms catalyze the oxidation and/or reduction of a broad spectrum
of substrates, the molecular mechanisms behind the altered expression of AKRI1C3
support the hypothesis that the expression of AKR1C3 upregulation is indeed a cellular

defence response of keratinocytes against cellular stress induced by blue light.

84



Also TXNRDI1 (Thioredoxin Reductase 1) was activated by blue LED light, in fact its

expression is higher in HaCaT cells exposed to blue light compared to the control
group.

The TXNRDI protein reduces thioredoxins as well as other substrates, and plays a key
role in selenium metabolism and protection against oxidative stress. The functional
enzyme is thought to be a homodimer which uses FAD as a cofactor. Each subunit
contains a selenocysteine (Sec) residue which is required for catalytic activity

(Kiermayer et al., 2007).

Importantly, a thioredoxin-mediated reducing environment is required for efficient
DNA binding of redox-sensitive transcription factors, including p53 and NF-kB (Yodoi
et al.,, 2002). Thioredoxin binds ROS before they can damage cells and thus protects
cells from oxidative stress. It also possesses a critical role in the regulation of cellular
redox homeostasis. Studies have suggested that several human selenoproteins play an
important role in tumour initiation and progression, including melanoma (Ecker et al.,

2020).

The thioredoxin redox system has recently been suggested as a therapeutic target for
cancer therapy (Biaglow & Miller, 2005), based on the observation that thioredoxin is
overexpressed in many aggressive cancers. Moreover the inverse association of
TXNRDI1 and TXNIP with MFI found in this study supports the hypothesis that the
maintenance of an active thioredoxin system is beneficial to cancer cells because it

limits oxidative damage and allows them to survive.

The high levels of TXNRDI observed after blue light exposure could be due to ROS
accumulation at this later time point. We must also point out that the significant increase
in the levels of this protein has been observed only after exposure to blue light 12h high
intensity, when the light stimulus has represented the greatest damage to cells. In fact in

the other treatments we have not observed significant differences.

Since it is known that 4-hydroxynonenal, the major product of lipid peroxidation, can
increase TXNRDI mRNA levels and that the TXNRDI promoter contains an

antioxidant response element (Gao et al.,, 2020), it is plausible that the observed
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accumulation of ROS in our cells the day after blue light exposure is contributing to the

increased expression of TXNRDI1.

While AKR1C3 and TXNRDI proteins are overexpressed after exposure to blue light,

overexpression of SOD1 protein occurs after exposure to red light.

In previous studies SOD has been used as potential therapeutic agents for ROS-

mediated diseases (Gu et al., 2013).

In the present study, we demonstrated that SOD1 reduced skin ROS levels induced by
red light radiation. The protective function of SODI on human keratinocytes in vitro
was likely due to its characteristic ROS scavenging ability (Kim et al., 2019). Catalase
and SOD1 are well-known antioxidant enzymes that neutralize excess reactive oxygen
species in cells. SOD1 is a direct ROS quencher and its promoter is known to contain
Nrf2-ARE binding site (Dreger et al., 2009). Nrf2 is an important regulator of
antioxidant responses at the cellular level through transcriptional regulation-mediated
antioxidant response (ARE) (Huang et al., 2000); (Zhu et al., 2008). We demonstrated
that exposure to red light increased SOD1 in HaCaT cells, suggesting an important role

of this protein in the antioxidant pathway.

HaCaT cells exposed to red light appear to produce injury although to a lesser extent
than the effects produced by blue light. It is likely that SOD1 produced by cells exposed
to red light produces a reduction in increasing intracellular ROS levels. Thus, SOD1 is
likely to mitigate mitochondrial dysfunction and subsequent apoptosis by safeguarding
mitochondrial integrity, ROS levels, and the apoptosis process after red light irradiation
in HaCaT cells. However, it is unclear why this does not occur in HaCaT cells exposed
to blue light, in which we did not observe significant changes in SOD1 protein levels.
These results suggest that SOD1 offers a novel pharmacological target to protect the

skin from longer wavelength light radiation (such as red LEDs).

To confirm the rapid generation of ROS in cells exposed to blue light, the fluorescent
probe dichlorofluorescein was used, which showed a significant increase in the intensity

of emitted fluorescence compared with the control group (fig. 18A).

Effective suppression of radiation-induced skin damage is advantageous because several

studies showed that even radiation emitted in the visible spectrum, similarly to ionizing
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radiation, generates cellular ROS, which have high potential to damage cellular
macromolecules, including proteins, lipids, and nucleic acids (Godley et al., 2005).
Various evidence suggests that ROS play an important role in cell death and signal
transduction after ionizing radiation (Azzam et al., 2012). The level of total ROS after
exposure to blue light was also significantly higher than the one of the control. These
results suggest that blue light produced the greatest effects observed in HaCaT cells

partially due to the elevated ROS production.

In this study, we demonstrated that blue light can photo-generate ROS and increase
mitochondrial density in the cytoplasm of human keratinocytes. This supports the
hypothesis that mitochondria possess blue light-sensitive chromophores (Tao et al.,
2019). From our results, it was revealed that ROS levels were significantly
overexpressed after exposure to shorter wavelength light (blue light), whereas after
exposure to longer wavelength light (red light), no significant difference was found,

although a trend increase is noted.

These light-generated ROS are in addition to the low levels of ROS generated as a
product of oxidative respiration. Previous studies have shown that mitochondrial DNA
lesions are maximal at 3 hours after light exposure with evidence of repair at later time
points, suggesting that there is an adaptive response in place to cope with the oxidative
load (Godley et al., 2005). These results indicate that the short wavelength LED light
may cause cell death from oxidative stress induced by the rapid increase in ROS that
remains visible over time. In addition, the association between increased ROS and
mitochondria induced by blue light has been reported. Mitochondria are thought to
include blue light-sensitive chromophores. Photoreceptor cell death may be associated
with oxidative stress, induced by ROS generation, after exposure to blue light. more
severe ROS damage to mitochondria triggers the apoptosis pathway (Jou et al., 2004).
ROS generation from photo-irradiation can lead to mitochondrial swelling, increased
mitochondrial calcium levels, and activation of caspases-2 and -9 in the mitochondrial
matrix (Takahashi et al., 2004); (Peng & Jou, 2004).

In the present study, red LED light did not induce cellular damage. This may be due to
the slight increase in ROS production after exposure to red LED light. Thus, it is
plausible that the mitochondrial response to oxidative stress, dependent on the degree of

oxidative insult, may result in sub-lethal damage or the initiation of cell death pathways.
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These results indicate that cellular damage is induced by ROS generated by short-
wavelength LED light. Furthermore, it was suggested that the rapid increase in ROS

caused the increase in mitochondrial damage.

Beginning from these evidence we decided to observe by fluorescent microscope the
mitochondria of HaCaT cells exposed to light to assess their morphology, distribution,
and density. The mitochondrial density of HaCaT cells appears to be influenced by blue
light (fig. 18C).

Mitochondria are vulnerable to oxidants because they are the main source of free
radicals in cells and are limited in their ability to cope with oxidative stress (Godley et
al.,, 2005). Mitochondria are closely linked to cell apoptosis, and destruction of the
transmembrane potential is considered one of the earliest events in the cascade process
of apoptosis and occurs before characterizing apoptosis in the nucleus, which instead
occurs by chromatin condensation and DNA fragmentation (Shibayama-Imazu et al.,

2008).

It has been postulated that blue light-induced retinal damage is mediated by
mitochondrial respiratory enzymes (Putting et al., 1993), and it has been shown that
inhibition of the mitochondrial respiratory chain blocks ROS generation (Kang &
Hamasaki, 2003). In addition, it has been shown that the content of cytochrome c
oxidase (which has an absorption peak at 440 nm in the reduced form) was reduced in
RPE cells after exposure to blue light; and again, mitochondria contain a number of
chromophores that absorb light in the blue light region (e.g., flavin and cytochrome)
(Chen et al., 1992). These data implicate the involvement of mitochondrial respiratory
enzymes in phototoxicity. We have shown that damage to mitochondria increases after

exposure to blue light (fig. 31).

Thus, these results provide further evidence that the severity of the insult confers the
shape and extent of the apoptotic process, guided by increasing intracellular

concentration of ROS (Donovan et al., 2001).

88



To confirm these evidences, we observed HaCaT cells exposed to the 12h high intensity
light cycle by transmission electron microscopy (TEM). The images collected reveal
substantial cytoplasmic differences both between control cells (CTRL) and the two
different light radiations (BLUE and RED), and between those two light radiations.
Therefore it is conceivable that the radiation emitted by LED lamps causes alterations
directly in the cytoplasm of keratinocytes in vitro according to the irradiated
wavelength. In particular we have confirmed that in HaCaT cells exposed to blue light
show some morphological features of cell damage: some mitochondria are swollen and
show rarefaction in the cristae, the Golgi network is dilated and many empty vesicles
are present. HaCaT cells not exposed to light shows hyperfused mitochondria network
that may relate with high energy demand or starvation stress (Westermann, 2012). It is
interesting to note that instead in HaCaT cells exposed to red light mitochondria seem to
revert to a normal morphology, probably because they are engaged in the response to

light stimulus.
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Figure 31. The pathway of blue LED light induced HaCaT cells
damage. In HaCaT cells, blue LED light induces ROS production.
The rapid ROS increase leads to mitochondrial damage with
oxidative stress and drives the HaCaT cells into the apoptosis
pathway.
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The second mode of exposure to blue and red light radiation was 1 hour cycles at high

intensity. In this case we obtained less significant evidence on the analyzed parameters.

Starting with the analysis of cell viability, the results showed a decrease in cell viability
of approximately 40 % for HaCaT cells exposed to blue light and approximately 30 %
for HaCaT cells exposed to red light (fig. 12).

Moreover blue light still results in a significant increase in the percentage of cells in

apoptosis even though the effect is smaller (fig. 13).

From cell cycle analyses, we observed no changes in HaCaT cells exposed to light
radiation compared to control (fig. 14A). In the case of HaCaT cells exposed to 1h
cycles of high-intensity blue light, it is likely that after light damage, the cells still

managed to complete the cell cycle and adapt to the blue light.

However, at the time point of 24 hours after blue light irradiation, the clock genes
BMALI were found to be downregulated (fig. 15). It is possible that the trending
(although not significant) increase in CRY2 after blue light treatment could be the result
of an altered dark-light environment or light exposure, and high-level CRY2 expression
along with other negative regulators in transcriptional-translational feedback loops
inhibited BMALI expression. CRY has been considered as a blue light receptor for
plants and mammals (Wang et al., 2014); (Emery et al., 1998). This explains the
presence of a decrease in cell proliferation with blue light and red light; in fact, it is
likely that a minor light insult is able to alter the expression of key clock genes, and that
these changes are then manifested in the proliferative rate and in the induction of
apoptosis. So even with only 1h cycles of exposure skin cells are photosensitive, the
effects found are less severe on cellular physiological functions, but still present.

The third and fourth modes of exposure to light radiation (12L:12D and 1L:23D cycles

low intensity, respectively) showed varying results.

The 12h low intensity blue light treatment did not significantly decrease cell viability,
which was strongly decreased in the previous two exposures (fig. 20). This suggests that
the light insult decreases keratinocyte viability and proliferation in a manner wich is
proportional to the intensity of light emitted by the artificial light source. In the analysis

of apoptosis, treatment with red light produced a higher percentage of apoptotic cells
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(18% RED vs 5% CTRL; fig. 21) than the control group. From these results, it is
possible that even in keratinocytes exposed to low-intensity red light, apoptosis

processes were induced in minimal levels.

LEDs can exert biological effects at specific wavelengths, and studies have suggested
that red LED radiation (620-770 nm) can penetrate deeper into soft tissues than other
wavelengths, which is important for ROS scavenging and anti-inflammatory activity (Li
et al., 2010). On the other hand, no significant change was observed in keratinocytes at
various steps of the cell cycle after treatment with the lights compared with the control

group (fig. 22).

Low-intensity light treatment produces a change in CRY2 clock gene expressions (fig.
23). CRY2 is downregulated after blue light treatment and upregulated after red light
treatment; for the first time, significant upregulation in clock gene expression of
keratinocytes exposed to red light was observed compared with the control group.
Analysis of clock genes revealed different results in keratinocytes for different light

exposures.

About the expression levels of proteins involved in the anti-oxidant response we
observed that exposure of human HaCaT cells to even low doses of blue light induced
the expression of AKR1C3 (12L:12D low and high intensity; fig. 24 and fig. 17). In
contrast, the SOD1 protein was over-expressed after low dose red light exposure. As
discussed previously, increased SOD1 levels are a response to a concomitant increase in

intracellular ROS production.

Indeed, intracellular ROS show a significantly increased signal after red light treatment.
HaCaT cells also show altered mitochondrial density by both blue and red light. These
results are in agreement with a study by Q. Suna et al, 2018 it was seen that LEDs at
625 nm produced ROS scavenging and anti-inflammatory effects while LEDs at 425 nm
had no effect on ROS scavenging in HaCaT cells (Q. Sun et al., 2018).

Thus, HaCaT exposed to both blue and red light produce more intracellular ROS and
mitochondrial alterations with both light radiations (both short and long wavelength, fig.
24) but, activation of defense systems (alterations in clock genes and antioxidant

response) still determines their cell survival.
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In our model, we found that ROS-induced damage with this mode of exposure caused

the triggering of light insult response reactions but did not lead to cell death (fig. 32).

In this study, we identified ROS-dependent circadian control in mammals, also
observed in a 2013 study by Teruya Tamaru et al. in which resetting the circadian clock
by near-lethal doses of ROS at the branch point of life and death. This research group
verified that the resetting process is accompanied by simultaneous activation of cell
survival systems. This adaptive response leads to biological homeostasis and cell
survival. Also in our results, we noticed a direct correlation between circadian
adaptation and survival phenomena in human keratinocytes exposed to red light. Thus,
we hypothesized that the alterations found in clock genes could be an adaptation to ROS

critical stress for cell survival (Tamaru et al., 2013).
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Figure 32. The pathway of red LED light induced to the ROS
scavenging in HaCaT cells. In HaCaT cells, red LED light induces
ROS imbalance. The imbalance ROS leads to mitochondrial effects

and drives the HaCaT cells to survival.
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In the last light exposure mode (1L:23D low intensity), few significant results were
obtained. In fact, treatment with blue light did not significantly decrease cell viability
(fig.20), although it produced a higher percentage of apoptotic cells (fig. 21). Above all,
red light was found to stimulate the induction of apoptosis in human keratinocytes. Cell

cycle analysis showed no significant evidence (fig. 22).

Regarding the analysis of clock genes we observed a significant change in clock gene
mRNA levels following the trend seen for the other exposures with a downregulation of
BMALI, PER2 AND CRY2 after blue light treatment and upregulation after red light
treatment (fig. 23). The only difference found to be significant was the deregulation of
PER?2 and CRY2 genes after blue light treatment. Thus, blue light appears to influence

skin biological clock genes even with only 1 hour of low-intensity exposure.

After the evidence obtained in the in vitro experimental model, we investigated the
mechanisms and effects induced by the light radiation of monochromatic blue and red
LED lamps on Drosophila melanogaster. Importantly, there is evidence at the output
level of the circadian clock that suggests direct homology between mechanisms in flies

and mammals (Flourakis & Allada, 2015); (Barber et al., 2016).

In Drosophila melanogaster, the effects of light exposure were studied by testing

behavior, responses to environmentally induced stress and key clock molecules.

Blue light is able to modify the response to extreme heat and cold stimuli. In fact, after
45 minutes at 38.5 °C insects exposed to both low and high intensity blue light showed
a decrease in survival when compared to Drosophila exposed to red light or to the
control group (fig. 26). Specularly after 24h at 4°C the insects exposed to blue light at
both low and high intensity appear to wake up faster (fig. 27). Evidence for heat
sensitivity and recovery time from cold-induced coma would confirm the oxidative

stress induced by blue light observed in in vitro studies.

The mechanisms underlying chronic Paraquat (PQ) toxicity are fairly well understood in
the mammalian models. Previous studies have reported that PQ is transported through
the dopamine transporter (DAT) (Shimizu et al., 2003) and inhibits mitochondrial
complex I (Dawson & Dawson, 2003). Mitochondrial swelling is one of the earliest

ultrastructural changes upon PQ exposure in vivo (Magwere et al., 2006). However,
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such findings have been reported predominantly under chronic exposure conditions. In
the Drosophila system, the PQ resistance assay routinely employed involves exposure

of flies to an acute dose of PQ (for 24 h) and evaluation of the incidence of lethality.

In addition, the negative PQ-induced effect on survival is mainly attributed to elevated
oxidative stress. PQ-induced ROS production in brain tissue is primarily by
mitochondria (Hajji et al., 2019). It regulates the production of H>O> and lipid
peroxidation (LPO) and lowers the GSH/GSSG (reduced glutathione/oxidized
glutathione) (Castello et al., 2007). PQ exposure induces redox imbalance in flies,
similar to previous studies reported (McCormack et al., 2005). In addition, elevated

oxidative stress and high mortality due to PQ toxicity point toward increased apoptosis.

Our results revealed that with exposure to blue light at both low and high intensity, PQ
causes a significant increase in the number of dead insects compared to the control
group after 24 h of incubation among adult flies and this clearly suggests the presence
of ongoing oxidative stress (fig. 28). The results shown by the stress response (cold, hot
and PQ tests) in insects, support the evidence obtained from in vitro studies of a
possible action of light on mitochondria and related apoptotic mechanisms activated in

HaCaT by blue light.

Several in vivo studies have determined that blue light exposure promotes the
generation of reactive oxygen species (ROS) in flies (Arthaut et al., 2017); (Mondal &
Huix-Rotllant, 2019).

In addition, blue light can cause damage to the central circadian nervous system, which
may be involved in the temporary acceleration of climbing ability and increased
mortality after stress signals (cold, hot test and PQ test). Infact today studies using
animal models exposed to various light regimes often use locomotor activity as a

biomarker of circadian disruption (Alaasam et al., 2021).

The key molecules of the biological clock produce 24-hour gene expression cycles and
rhythms. The biological clock is conserved in mammals and drives rhythms in
behaviour, metabolic function and other physiological processes, making it a powerful
regulator of any process in which regulating the time of day is beneficial to the whole

organism.
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It has been shown that in insects the rhythms of locomotor activity are managed by a
heterogeneous network of central clock neurons that ensure such activity at the
appropriate time of day in a variety of different environmental contexts (Nash et al.,
2019). In our results, exposure to blue light modifies the locomotor capacity of
Drosophila melanogaster. We have seen how exposure to blue light 12h high intensity
caused a greater distance in the treatment group insects than insects at control group

(fig. 29).

From our results, the main players involved in the insect biological clock (PER and
TIM) were upregulated after exposure to blue light at both high and low intensity (fig.
30). This suggests that blue light constitutes an important stimulus of biological rhythms
in the central circadian system (insect brain). This experimental model was useful to
study how signal within the central clock cell network allows other clocks to
synchronize with signals from the environment, maintaining synchronized molecular
rhythms. The relative simplicity and ease of manipulation of Drosophila makes it a
valuable tool for the circadian community in discovering new mechanisms that control
circadian processes. Furthermore, several studies have confirmed a functional homology
between Drosophila and mammalian clocks that consist of a heterogeneous network of

neurons producing behavioural outputs (Vosko et al., 2007); (Welsh et al., 2010).

Several studies have reported that blue light causes damage to fruit flies (Boomgarden
et al., 2019). While these studies employed a 'single acute exposure to strong light, we
show that Drosophila degenerates in response to 12 hours of daily exposure, for three
days, to moderate or intense blue light. Our study offers a new key to understanding the
molecular mechanisms of the increasingly evident harmful side of blue light from

LEDs.
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6. CONCLUSION

Summarizing all the results obtained, we can affirm that blue light and red light have a

biological effect in keratinocytes and act through similar mechanisms of action.

Keratinocytes exposed to red light are probably able to counterbalance the action of the
light. After exposure to blue light the insult is probably greater, the cell is not able to

deal with it and therefore triggered mechanisms are lead to programmed cell death.

In Drosophila melanogaster the results are in line with those obtained on keratinocytes.
Insects exposed to blue light showed significant differences in the rhythmic phenotypes
studied, demonstrating that such light radiation on the one hand can activate the
metabolism of the insect that responds more efficiently to external signals, on the other
hand is harmful when oxidative stress is enhanced. In insects exposed to red light we
observed no difference compared to the control suggesting that either the red light has

no effect or that the organisms can elaborate a defence response to such light exposure.

About the clock genes the responses in the two models seem to be influenced especially
in blue light exposure. Blue light seems to downregulate clock genes in human
keratinocytes, whereas in insects clock genes are overexpressed. The different
phenomenon may be explained by a different response of the peripheral circadian clock
of keratinocytes isolated in culture; compared to insects in which the expression levels

of central biological clock genes (mMRNA extracted from heads) were analyzed.

These evidences suggest that blue light is an external signal that perturbs biological
systems in a variety of ways and in a time- and dose-dependent manner. Indeed, it was
found that at low intensity exposures blue light did not induce cell damage and induced
less damage in Drosophila (although insect clock genes were altered in the central
circadian clock). Regarding the red light we noted different responses that varied with
exposure time and light intensity. Collectively, our results suggest that proper use of
blue and red LED lamps could be an effective approach to maintain skin homeostasis
and central circadian clock. Thus, the choice of better lamps for artificial lighting should
take into account the characteristic variability of sunlight during the hours of the day

with predominantly red component in the hours of sunrise and sunset reserving the blue
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component for the middle hours of the day so as to alter as little as possible the natural

circadian biological cycles that determine several important physiological functions.
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8. APPENDIX 1

In vivo study: Human Study

All human skin cell types have a functional circadian mechanism and exhibit specific
periods and phase relationships in gene expression, suggesting regulatory mechanisms
that are particular to each cell type. Furthermore, these oscillations in different cell
types appear to act in concert to drive rhythmic functions in the skin. A limitation for
studying clock gene expression in human skin has been the need for live skin biopsy in
subjects. Akashi et al. have described a non-invasive method using hair follicle cells to
monitor gene expression, and it is already used to demonstrate that rotating shift
workers suffer perturbations in their circadian gene expression (Bracci et al., 2016). For
these reasons circadian clock genes in skin of volunteers were investigated in follicle

hair cells.

RNA extraction and Real-Time qPCR

To study the effects of light radiation with 12h high intensity cycle on the health of
human skin was started a preliminary study on 3 subjects (interrupted due to covid).
Was put in place a device capable of exposing the skin to constant dark (control), blue

and red light for 3 days, with the same amount of energy of high dose given to the cells.

After exposure to light was asked to subjects to take the hairs inside the area of skin
exposed, the hairs were stored in 1.5 ml tubes (Merck KGaA, Darmstadt, Germany)
with RNA Later (Merck KGaA, Darmstadt, Germany) at 4°C. RNA extraction from the
hair follicles was performed under chemical hood; using pestles the bulbs were
homogenized and subjected to extraction following the RNeasy Mini Kit (QIAGEN,
Hilden, Germany). Retrotrascription and RT-qPCR were performed as described in

paragraph 4.
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RESULTS and DISCUSSION

In the hair bulbs the expression levels of the clock genes were found to be modified

after exposure to light.

Preliminary analyses, performed on the hair bulbs of the three subjects, showed that the
expression of mRNA levels of the BMALI gene is more highly expressed after exposure

to red light. PER2 gene expression analysis results in the same changes (fig. 1.1).

The circadian loop is conserved in mammals and drives rhythms in behaviour,
metabolism, and other physiological processes, making it a powerful regulator of
virtually any process in which time-of-day regulation is useful with profound
implications for human health (Akashi et al., 2010). Although we know the identities of
the molecules involved in driving intracellular rhythms, it remains unclear exactly how
the rhythm of this negative feedback loop is set from light directly in the skin. The
circadian cycle in the nucleus provides an elegant mechanism for time maintenance in
both central clock neurons and peripheral tissues, but the study of circadian clock
outputs has revealed that regulation of physiology by the intracellular clock is not
straightforward. Indeed, from our initial results, there appears to be deregulation of
clock genes in skin cells resulting from a direct response to light stimulation (both blue
and red light). These preliminary studies advance the increasingly accepted hypothesis
of an autonomous, self-controlled rhythmicity in the peripheral circadian system of

human skin (in vivo) with perturbation also determined by visible radiation.

Figure 1.1. Expression profiles of BMALI e PER2 genes in hair follicles in human not exposed
(CTRL) and exposed to LED blue light (BLUE) or LED red light (RED) at 12h high intensity.
Columns represent mean values and bars represent £ SD (n=3).
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Our study was unfortunately discontinued after the collection of samples from the first
three subjects due to the onset of the COVID-19 pandemic. We would like to continue

this trial in the near future.
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Abstract. New approaches are being studied for the treatment
of skin cancer. It has been reported that light combined with
cisplatinum may be effective against skin cancer. In the present
study, the effects of specific light radiations and cisplatinum on
A431 cutaneous squamous cell carcinoma (cSCC) and HaCaT
non-tumorigenic cell lines were investigated. Both cell lines
were exposed to blue and red light sources for 3 days prior to
cisplatinum treatment. Viability, apoptosis, cell cycle progres-
sion and apoptotic-related protein expression levels were
investigated. The present results highlighted that combined
treatment with blue light and cisplatinum was more effective
in reducing cell viability compared with single treatments.
Specifically, an increase in the apoptotic rate was observed
when the cells were treated with blue light and cisplatinum,
as compared to treatment with blue light or cisplatinum
alone. Combined treatment with blue light and cisplatinum
also caused cell cycle arrest at the S phase. Treatment with
cisplatinum following light exposure induced the expres-
sion of apoptotic proteins in the A431 and HaCaT cell lines,
which tended to follow different apoptotic mechanisms. On
the whole, these data indicate that blue light combined with
cisplatinum may be a promising treatment for cSCC.
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Introduction

The skin is a complex tissue composed of two different
compartments: The epidermis, comprised mostly of keratino-
cytes, and the underlying dermal matrix, with fibroblasts as its
major cellular component (1). Cutaneous squamous cell carci-
noma (cSCC) is characterized by the abnormal proliferation
of keratinocytes, which leads to the development of tumors,
principally of the scalp, face and the back of the hand (2). It
is the most widespread type of skin cancer and is followed by
basal cell carcinoma (3). Over the last decades, the incidence
of ¢SCC has increased by 10% per year (4), mostly among
the young population (5). Although this type of skin cancer
is characterized by an intricate etiology, which often leads
to misdiagnosis, exposure to ultraviolet (UV) radiation may
be the primary cause of cSCC, resulting in DNA damage (6).
¢SCC is associated with a high degree of malignancy and
an elevated level of invasion (7). Indeed, recurrent cSCC is
associated with a higher risk of aesthetic co-morbidity, the
development of distant metastasis and mortality (8).
Radiation therapy, chemotherapy, biological therapies
and surgery are conventional treatments for cSCC (9,10). The
primary treatment regimen selected by oncologists is early
surgical intervention. However, the invasiveness of the proce-
dure causes marked esthetical changes that often cause high
psychological distress to the patients (11). In addition, several
side-effects of long-term chemotherapy have been reported,
including chemoresistance, fibrosis, necrosis and secondary
tumor development (12). On the other hand, the radiotherapy
regimen can cause skin complications, such as exudation,
dermatitis, peeling and ulcers resulting from the inflammation
caused by this type of treatment (13). Therefore, the develop-
ment of potential alternative therapies is necessary for cSCC.
Cisplatinum [cis-diammine-dichloroplatinum (II)] is a
potent chemotherapeutic agent widely used in the treatment
of skin cancer (14-16), among a wide variety of tumor types,
including testicular (17,18), ovarian (19,20), cervical (21-24),
head and neck (25-27) and lung (28,29) cancer. It has been
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observed that cisplatinum induces DNA damage and blocks
cell cycle progression at the specific G,/M checkpoint (30),
leading to the induction of apoptosis of proliferating cells (31).
However, it has a relatively high cytotoxic activity and,
consequently, its application must be limited to the preven-
tion of side-effects, such as ototoxicity and neurotoxicity (32),
which are considered dose-limiting effects (33). Clinicians
have therefore developed a strategy with which to restrict
the cytotoxicity of cisplatinum, which includes its combina-
tion with non-platinum-based drugs, such as topoisomerase
inhibitors, antimetabolites and taxanes (34,35). However,
numerous pre-clinical and clinical studies conducted on these
combined therapies have yielded contradictory results, which
seemed to depend on the treatment regimen and tumor cell
features (12,34,35).

The primary beneficial effects of light-emitting diode
(LED) application on human health were found by the National
Aeronautics and Space Administration, with the develop-
ment of LEDs that produce a narrow spectrum of light in a
non-coherent manner, delivering the appropriate and required
wavelength and intensity (36). Over the past 15 years, LED
technology has continuously improved (36,37). Current LED
therapy has the great advantage of high flexibility and adapt-
ability that allows for the treatment of a wide variety of skin
conditions exhibiting different biological effects. Its mecha-
nism of action, namely photo-biomodulation, consists of the
collective effects of 3 elements (a photosensitizing agent, a
light source and oxygen) interacting contemporaneously (38).
The source emits a light whose energy and wavelength emis-
sion activate the photosensitizer (38). In addition to the amount
of energy, photo-biomodulation also depends on the irradia-
tion time (36). LED therapy has been approved by the US Food
and Drug Administration for its use by aestheticians, due to its
capacity to increase ATP and transcription factor production,
regulate oxidative stress and modulate collagen synthesis (37).

Therapeutic LED application has been improved and its use
has increased in the treatment of several clinical conditions,
such as lung-related diseases (39,40), age-associated macula
deterioration (41) and different types of solid tumors (37,42).
LEDs can generate different wavelengths, which lead to
different biological activities. However, the effects induced by
the blue light are not yet fully understood. It has been observed
that, in the skin and retina, blue light induces suspected media-
tors of skin aging and age-related macular degeneration (36).
The disruption of key cellular processes, such as mitosis and
mitochondrial activity as a consequence of blue-light applica-
tion (43) and the maintenance of DNA integrity (44) have been
widely reported. The latest analyses focused on the modula-
tion of cell signaling pathways by light energy (45,46), which
includes UV wavelengths or energies belonging to the visible
light range (37,47,48). Numerous studies have suggested that
UVA light (320-400 nm) may stimulate anti-inflammatory and
antioxidative cytoprotective pathways (49,50), playing a key
anti-tumorigenic role (51). Previous in vitro and in vivo inves-
tigations on skin cancer have revealed that blue LED induces
the apoptosis of cancer cells (52) and a reduction of tumor
growth in mice (51). In addition, it has been demonstrated that
blue LED irradiation triggers apoptotic cell death through
the mitochondria-mediated intrinsic pathway and shortens
the early stage of tumor growth in melanoma cells (36).

Accordingly, the expression of numerous genes associated
with tumorigenesis and cell metastasis is inhibited following
exposure to blue LED (36).

The combination of standard therapeutic approaches
has been recently attracting the attention of researchers and
physicians for cancer treatment (53). On the other hand, light
therapy and its combination with chemical drugs have also
been shown to have a high therapeutic efficacy (12,54). This is
an important advantage, since the dose of single drugs can be
reduced, leading to a reduction in adverse side-effects, while
also maintaining treatment efficacy (55).

In the present study, the photobiological effects of blue and
red light associated with the cisplatinum treatment of A431
and HaCaT skin cell lines were investigated to determine
whether a combined treatment can increase the apoptotic rate,
as compared with single cisplatinum or light treatment. If that
is found to be the case, combination treatment could be proven
to be a promising treatment for skin cancer.

Materials and methods

Cells lines and culture conditions. The A431 epidermoid
carcinoma cell line (ECACC 85090402) was purchased
from Merck Life Sciences (Merck Life Science). The HaCaT
non-tumorigenic keratinocyte cell line was used as a control
and was acquired from the Experimental Zooprophylactic
Institute of Lombardia and Emilia Romagna (Brescia, Italy).
The HaCaT cell line can be used as non-tumor control of the
A431 cells (56-60) and it is considered a reliable model for skin
diseases and for in vitro carcinogenesis of human skin kerati-
nocytes (61,62). The HaCaT and A431 cell lines were cultured
under the same culture conditions to prevent differences in
phototoxicity related to different growth mediums. The cell
lines were cultured in high-glucose DMEM (Euroclone S.p.A.)
supplemented with 10% fetal bovine serum (FBS; Euroclone
S.p.A) and 1% penicillin/streptomycin antibiotics (Euroclone
S.p.A)) at 37°C in an atmosphere containing 5% CO,. Both cell
lines were sub-cultured every 3-4 days. Both cell lines were
mycoplasma-free.

Light exposure. Prior to light exposure, the cells were gradually
starved to synchronize the cell cycle. Both cell lines were first
cultured with low-glucose DMEM (Euroclone S.p.A.) supple-
mented with 0.1% FBS and 1% penicillin/streptomycin for
24 h and then DMEM without phenol red (Lonza Group, Ltd.),
also complemented with 0.1% FBS and 1% penicillin/strepto-
mycin for a further 24 h.

Samples were exposed to sham, blue, or red single-color
LEDs in a specific incubator at 37°C and 5% CO, for 3 days.
Constant darkness was considered the sham light source,
while light exposures were performed in a 12-h light/dark
cycle (12L:12D). High-power blue and red LEDs (LD W5AM
and LH W5AM Golden DRAGON® Plus, respectively; Osram)
were used as the light sources. The LED viewing angle was 170°
and the cells were placed at 14 cm above the light sources. The
homogenous distribution of light and the spectrum of emission
of each monochromatic LED were previously verified using
an illuminance meter (CL-70; Konica Minolta Sensing, Inc.).
The dominant wavelength was 465 nm for blue and 658 nm for
red LEDs. Irradiance at peak wavelength at the cell surface
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was 0.84 W/m? for blue and 1.10 W/m? for red LEDs, corre-
sponding to the same total spectrum irradiance of 28.50 W/m?>
for both light sources. The light energy transferred each day to
cells was 1.23 J/mm?. The light exposure was set to reproduce
the solar radiation as precisely as possible (63). Blue and red
lights were specifically selected to test the opposite sides of the
spectrum of visible light. Interference between light sources
was prevented by using black curtains; sham exposure was
additionally ensured by wrapping the plate with aluminum
foil. LEDs in the incubator were fixed on an aluminum
tank by thermal conductive paste, and the water circulation
inside the tank (Amersham Multitemp III; GE Healthcare)
extracted the heat generated by the LEDs, so they could work
at a constant temperature. These conditions assured a constant
electric current and therefore a constant emitted energy. Air
circulation inside the incubator was ensured using a fan. To
exclude any thermal effects, the temperature at the cell level
was verified and constantly measured during experiments with
Thermochron iButton DS19221. (Maxim Integrated). On the
fourth day from the time of the start of sham or light exposure,
the cells were transferred to the previous incubator and started
the cisplatinum treatment.

Cisplatinum treatment. Cisplatinum (Merck KGaA) was
dissolved in physiological solution at a final stock concentra-
tion of 3 mM and stored at -20°C until use. The appropriate
concentration of cisplatinum in distilled water was assessed for
each cell line through the estimation of the half-maximal inhibi-
tory concentration (ICs,) resulting after 24 h in 18 yM for A431
cells and 30 uM for HaCaT cells (data not shown). Each group,
following light exposure, was divided into 2 subgroups, treated
or not treated with the half-maximal inhibitory concentration
(ICsy) of cisplatinum for 24 h at 37°C and 5% of CO,, and were
then analyzed. Images of the cells were acquired on an inverted
microscope (Leitz Fluovert; Leica Microsystems, Inc.) equipped
with a digital camera (Canon EOS M50; Canon, Inc.).

5-Fluorouracil (5-FU) treatment. 5-FU (Merck KGaA), which
was used for the data shown in the supplementary figures, was
dissolved in physiological solution at a final stock concentra-
tion of 3.84 mM. The appropriate concentration of 5-FU in
distilled water was assessed for each cell line by estimating the
IC,, after 72 h in 75 uM for A431 cells and 100 uM for HaCaT
cells. Each group, following light exposure, was divided into
2 subgroups, treated or not treated with the IC, of 5-FU for
72 h at 37°C and 5% of CO,; cell viability assay was then
performed.

Cell viability assay. To assess the effects of cisplatinum and
light on cell viability, an XTT assay was performed, following
the manufacturer's instructions (Cell Proliferation Kit IT XTT;
Merck KGaA). Briefly, the A431 and HaCaT cells were seeded
in 96-well plates (Corning Inc.) at a final concentration of
1.6x10* cells/well and exposed to a cycle of 12L:12D (blue or
red light) for 3 days; constant darkness was used as control.
Subsequently, the appropriate concentration of cisplatinum for
each cell line was added. At 24 h, 50 ul XTT (2,3-bis-(2-met
hoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
solution was added to each well, followed by incubation for
2 h at 37°C and 5% CO,. Finally, the absorbance at 450 nm

with 650 nm as the reference wavelength was measured using
an absorbance microplate ELISA plate reader (Sunrise™
Absorbance Reader; Tecan Group Ltd.).

Apoptosis analysis. The apoptotic rate of both cell lines was
evaluated using an Annexin V/Propidium lodide (PI) apop-
tosis detection kit (eBioscience™ Annexin V-FITC Apoptosis
Detection kit; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. Cells were seeded in a 6-well plate
(Corning Inc.) at a concentration of 2x10° cells/ml. Following
treatment with light and cisplatinum, cells were harvested,
centrifuged (770 x g for 5 min at 4°C), and washed with
phosphate-buffered saline (PBS; Euroclone). The cells were
then resuspended in binding buffer plus Annexin V following
10 min of incubation at room temperature in the dark. Finally,
cells were stained with PI and assessed using the FACSCalibur
flow cytometer (BD Biosciences) equipped with Cell Quest
software set on a logarithmic scale (BD Biosciences). A
minimum of 20,000 cells was acquired for each sample. Data
were analyzed using FlowJo™ Software (FlowJo™ Software
for Windows version 7.6.1.; FlowJo LLC).

Cell cycle analysis. The A431 and HaCaT cells were seeded in a
6-well plate (Corning Inc.) at a concentration of 2x10° cells/ml.
Following treatments, the cells were harvested and centrifuged
at 300 x g for 6 min at room temperature, fixed with 4.5 ml cold
ethanol solution (70% in PBS) and kept in ice at 4°C for at least
2 h. The cells were then washed twice with PBS before being
resuspended in PI staining solution with 0.1% Triton X-100
(Santa Cruz Biotechnology, Inc.), RNAse 0.2 mg/ml (Merck
KGaA) and PI 2 mg/ml (Merck KGaA) and incubated at 37°C
for 15 min. Flow cytometric analysis was performed using a
FACSCalibur™ flow cytometer (BD Biosciences) equipped
with CellQuest software set on a linear scale (BD Pharmingen).
A minimum of 20,000 cells was acquired for each sample.
Data were analyzed using FlowJo™ Software.

Western blot analysis. To analyze protein expression, western
blot analysis was performed. Proteins were extracted with RIPA
buffer (50 mM Tris-HCl pH 7.4, 1% NP-40,0.1% SDS, 150 mM
NaCl, and 2 mM EDTA + protease inhibitors) as follows: Cells
were lysed and maintained in ice for 30 min, with vortexing
every 10 min. The cells were then centrifuged (Eppendorf®
Microcentrifuge 5415; Merck KGaA) at 16,000 x g for 20 min
at 4°C. Supernatants were collected and protein concentra-
tions were measured using a Bradford assay (Merck KGaA).
Protein (30 pug) was treated with LDS Sample Buffer (Thermo
Fisher Scientific, Inc.) and a Sample Reducing Agent (Thermo
Fisher Scientific, Inc.). The tubes were then boiled at 100°C for
5 min. Finally, equal amounts of protein (30 pg) were resolved
on precast 4-12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (Bolt 4-12% Bis-Tris Plus; Thermo Fisher
Scientific, Inc.) in MES SDS running buffer (Thermo Fisher
Scientific, Inc.) at 100 V and 35 mA, before entering the gel,
and at 165 V and 60 mA after entering the gel. A protein
ladder (SeeBlue™ Plus2 Prestained Standard; Thermo Fisher
Scientific, Inc.) was used as a reference for protein size.
Following running, proteins were transferred to a nitrocel-
lulose membrane (NC; Amersham™ Protran™ Nitrocellulose
Blotting Membrane; GE Healthcare) using a semi-dry method
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Figure 1. Morphology of A431 and HaCaT cells exposed to LED, cisplatinum, and LED and cisplatinum combined. Representative images captured at magni-
fications of (A) x100 and (B) x200 magnification in A431 and HaCaT cell lines. Scale bars, (A) 60 y#m and (B) 30 ym. LED, light-emitting diode.

in transfer buffer (Tris 25 mM, 0.2 M glycine, 20% methanol).
The transfer was performed at 30 V and an amperage calcu-
lated based on the membrane's measurements (w X h x 0.8).
The protein transfer was verified by immersing the membrane
in red Ponceau [Ponceau S solution for electrophoresis (0.2%);
SERVA Electrophoresis GmbH] and then washed 3 times for
5 min with PBS-Tween-20 (PBST) 0.1%. Subsequently, the
membrane was blocked with 5% milk-PBST (non-fat dried
milk; Euroclone S.p.A.) for 1 h at room temperature and then
incubated overnight at 4°C with pertinent primary antibodies:
Rabbit polyclonal anti-human anti-Gapdh antibody (dilu-
tion, 1:1,000; cat. no. A300-639A-M; Bethyl Laboratories
Inc.), rabbit polyclonal anti-human anti-caspase-9 (Casp-9;
dilution, 1:1,000; cat. no. 9502; Cell Signaling Technology,
Inc.), mouse monoclonal anti-human anti-caspase-8 (Casp-8;
dilution, 1:1,000; cat. no. 9746; Cell Signaling Technology,
Inc.), mouse monoclonal anti-human anti-caspase-3 (Casp-3;
dilution, 1:500; cat. no. sc-7272; Santa Cruz Biotechnology,
Inc.), rabbit polyclonal anti-human anti-BH3 interacting
domain death agonist (Bid; dilution, 1:1,000; cat. no. 2002;
Cell Signaling Technology, Inc.), rabbit polyclonal anti-human
anti-Bcl-2-associated X protein (Bax; dilution, 1:1,000; cat.
no. 2772; Cell Signaling Technology, Inc.), mouse monoclonal
anti-human anti-cytochrome ¢ (Cyt c; dilution, 1:1,000; cat.
no. sc-13156; Santa Cruz Biotechnology, Inc.), rabbit mono-
clonal anti-human anti-p53 (dilution, 1:1,000; cat. no. 2527;
Cell Signaling Technology, Inc.) and rabbit polyclonal
anti-human anti-apoptosis independent factor (Aif; dilution,

1:1,000; cat. no. 4642; Cell Signaling Technology, Inc.). The
following day, the NC membrane was washed 3 times with
PBST 0.1% and incubated with corresponding horseradish
peroxidase (HRP)-conjugated secondary antibodies at room
temperature for 3 h: Goat anti-rabbit IgG (H+I) peroxi-
dase/HRP-conjugated (dilution, 1:3,000; cat. no. E-AB-K1813;
Elabscience Biotechnology, Inc.) or goat anti-mouse IgG (H+I)
FITC conjugated (dilution, 1:10,000; cat. no. A90-116F; Bethyl
Laboratories, Inc.). Finally, another 3 5-min washes with PBST
were performed prior to membrane development. For signal
chemiluminescent detection, the membrane was incubated for
2 min in the dark at room temperature with SuperSignal™
West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, Inc.) and then developed in Alliance Mini (UVITEC
Cambridge) equipped with NineAlliance Software (UVITEC
Cambridge). Band quantification was carried out using the
same software. Membrane stripping was performed prior to
the addition of Gapdh where similar molecular weight proteins
were previously assessed.

Statistical analysis. Experiments were conducted in triplicate,
and the results were reported as the means + standard devia-
tion (SD) from 3 independent experiments. Graphpad Prism
software (version 7.00 for Windows; GraphPad Software,
Inc.) was used for all statistical analysis. One-way ANOVA
and Tukey's HSD post hoc test was used to evaluate statistical
significance. P<0.05 was considered to indicate a statistically
significant difference.
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Figure 3. Apoptotic and necrotic effects of exposure of A431 and HaCaT cells to LED, cisplatinum, and LED and cisplatinum combined. Data indicate the
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Figure 4. Effect of exposure to LED, cisplatinum, and LED and cisplatinum combined on cell cycle progression in A431 and HaCaT cells. Data indicate the
effect of every treatment on the different cell cycle phases of the (A-E) A431 and (F-J) HaCaT cell lines. Columns represent mean values and bars repre-
sent + SD (n=3). "P<0.01, “P<0.001 and ““P<0.05 vs. CTRL. SD, standard deviation.

Results

Combined treatment with blue light and cisplatinum is more
effective in reducing cell viability than single treatments.
The A431 and HaCaT cells were treated to assess whether
the combination of cisplatinum and different light spectra
decreased cell viability, as compared to the single treatments.
The viability of the tumor cells was markedly inhibited
following exposure to blue light (BLUE), as compared to the
untreated cells (CTRL) (P<0.001; Figs. 1 and 2A). The higher
percentage of inhibition in viable cells was obtained with blue
light and cisplatinum (BLUE + CISPL), as compared to the
CTRL group and CTRL + CISPL group (P<0.001). On the
contrary, neither irradiation with red light alone (RED) nor
treatment with red light and cisplatinum (RED + CISPL) led
to a marked reduction in tumor cell viability, when compared
with the untreated cells. Treatment with red light and
cisplatinum increased A431 cell viability, as compared to the
CTRL + CISPL group (P<0.001). The results obtained for the
RED + CISPL group were similar to those of the CTRL, but
lower than those of the RED group (P<0.05).

The HaCaT cells (Figs. 1 and 2B) displayed a notable
decrease in viability in the BLUE and BLUE + CISPL
groups compared to the CTRL group (P<0.001). In addition,
cell viability was reduced in the BLUE + CISPL group, as
compared to CTRL + CISPL group (P<0.001). With regards to
the RED group, the results were different than those obtained
from the A431 cells, since the RED + CISPL exhibited a lower
cell viability (P<0.001 vs. CTRL; P<0.001 vs. RED).

Combined treatment with blue light and cisplatinum yields a
higher percentage of apoptotic cells than single treatments.
Flow cytometry confirmed that CTRL + CISPL, BLUE and
BLUE + CISPL caused a significant increase in the apoptotic
rate (Annexin V-positive cells), as compared to the CTRL
in both cell lines (Fig. 3A, B and E). These results revealed
that the BLUE + CISPL group exhibited an increase in the
number of apoptotic A431 cells (mean, 80.1%), as compared
to the CTRL + CISPL (mean, 40.5%; P<0.001) or BLUE
(mean, 42.6%; P<0.001) groups. The HaCaT cell line displayed
an increased apoptotic rate in the BLUE + CISPL group, as
compared to the CTRL group (P<0.001) (Fig. 3D and E). On



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 47: 48, 2021

A A431

c-Casp-9 37 kDa c-Casp-9 35 kDa

Relative expression
Relative expression

g g~ e A N & S
& ,d‘:’ e"'& ‘o‘e & x‘ﬁ & xc,é 0‘9 xc}éz & ’c'?dv
& & € & & €

c-Casp-8 43 kDa

c-Casp-8 18 kDa

0.5

Relative expression

Relative expression

0.0
o“qb' “da"2 4 'a“’{b ‘r}@' ép xc.\?"q\,

e &
& @"9 Q'@

c-Casp-3 17 kDa

Relative expression

B HaCaT

c-Casp-9 37 kDa
2.0 25

c-Casp-9 35 kDa

1.5

0.5

Relative expression
>
Relative expression

0.0

& g\- & & P o S o
b*éy K & & & € i & & ”f_.‘f’Q a"& j‘(}é & *c}g
& ) & )
& & & & & &

c-Casp-8 43 kDa

c-Casp-8 18 kDa

§ 5
g :
:
£ 5
& &
v 2 o
& &S & & &
&
&S &
25 c-Casp-3 17 kDa

Relative expression

Figure 5. Analysis of apoptosis-related proteins Casp-9, Casp-8 and Casp-3 expression levels in cell lysates from (A) A431 and (B) HaCaT cells. Values were
normalized to GAPDH. Columns represent mean values and bars represent + SD (n=3). 'P<0.03, “P<0.01 and "“P<0.001 vs. CTRL. Representative blot bands

are presented in Fig. S1. SD, standard deviation; Casp, caspase.

the other hand, a high quantity of HaCaT cells undergoing
apoptosis was also observed, even when treated with blue
light alone (P<0.001 vs. CTRL) (Fig. 3D and E). The RED and
RED + CISPL groups exhibited a percentage of apoptotic and
necrotic A431 cells similar to the CTRL (Fig. 3A, B and C).
With regards to the HaCaT cells, the RED + CISPL group
exhibited a significant increase in the percentage of apoptotic
cells with respect to the CTRL and RED groups (P<0.001 and
P<0.01 respectively; Fig. 3D and E).

Combined treatment with blue light and cisplatinum leads
to S and G2/M cell cycle arrest. Cell cycle analysis indicated
that the A431 cells treated with BLUE + CISPL were arrested
at the S phase (P<0.01; Fig. 4A and D), while the percentage
of cells in the GO/G1 checkpoint was significantly lower, as
compared to the CTRL (P<0.01; Fig. 4A and C). The BLUE
group exhibited lower percentages of cells in the G,/G, and
higher ones in the G,/M phase, as compared to the CTRL
(P<0.001; Fig. 4A, C and E). With regards to the HaCaT cell
line, cell cycle analysis indicated that the number of cells in
the BLUE + CISPL group was significantly higher in the S
phase and in the G,/M phase (P<0.05 and P<0.001; Fig. 4F,
I and J) and lower in the G,/G, phase (P<0.001; Fig. 4A and H)
compared with the CTRL. Furthermore, by observing the

sub-GO phase (Fig. 4A and G), the cells in the BLUE + CISPL
exhibited a higher percentage of cells in this phase, as
compared to the CTRL group (P<0.01).

Crucial role of apoptotic key factors in the fate of A431 and
HaCaT cells following treatment with light and cisplatinum.
The results described above led to the investigation of the
molecular mechanisms underlying the effects of the treat-
ments used. Hence, the expression levels of cell death-related
proteins, such as Casp-9, Casp-8, Casp-3, Bid, Bax, Cyt c, p53
and Aif were analyzed by western blot analysis (representative
protein bands are shown in Fig. S1).

The protein expression of cleaved Casp-9 in the A431 cells
was in line with the results obtained from the apoptosis and
cell cycle analysis, since the two cleaved forms of the protein
(cleaved at 37 and 35 kDa) increased upon treatment with BLUE
and BLUE + CISPL, as compared to the CTRL (Fig. 5A). With
regards to the HaCaT cell line, on the other hand, no significant
changes in either 37 KD or in 35 kDa cleaved Casp-9 were
identified (Fig. 5B). Casp-8 expression was also analyzed.
Pro-caspase 8 expression was not altered among the treatments
(data not shown), while the results on the Casp-8 cleaved frag-
ments exhibited a decreasing trend in 43 and 18 kDa protein
expression in the A431 tumor cells in all treatments, as compared
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Figure 6. Western blot analysis of apoptosis-related proteins Cyt ¢, Bax and tBid in (A) A431 and (B) HaCaT cells. Values were normalized to GAPDH.
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tBid, truncated BH3 interacting domain death agonist; Bax, Bcl-2-associated X protein; Cyt ¢, cytochrome ¢; SD, standard deviation.

to the CTRL group (Fig. 5A). However, it is important to note
the higher reduction of Casp-8 43 kDa upon RED + CISPL
treatment (P<0.01 vs. CTRL). In the HaCaT cells, the cleaved
Casp-8 fragment (18 kDa) was significantly increased only in
the RED group (P<0.05 vs. CTRL; Fig. 5B).

The key apoptotic factor, Casp-3, in the A431 cell line at
the 17 kDa subunit level exhibited a significant increase in its
expression in the BLUE + CISPL group as compared to the
CTRL group (P<0.001; Fig. 5A). The same cell line instead
exhibited a decrease in the expression of Casp-3 17 kDa in the
RED + CISPL group (P<0.001). In the HaCaT cells, the level
of Casp-3 17 kDa in the BLUE + CISPL and RED groups was
increased (P<0.05 and P<0.01, respectively; Fig. 5B).

Bid protein was assessed by analyzing the expression of
its active cleaved form with a molecular weight of 15 kDa
(tBid). A significant increase was observed in its expression
in the A431 cells in all groups treated with light alone and
light combined with cisplatinum, as compared to the CTRL
group (P<0.001; Fig. 6A). No significant differences in tBID
expression were observed among the groups in the HaCaT
cells (Fig. 6B).

Bax protein expression in the A431 cells was not
significantly altered among the groups (Fig. 6A), while in the
HaCaT cells, its expression was markedly decreased in the
BLUE + CISPL group (P<0.05 vs. CTRL; Fig. 6B).

Furthermore, lower values of cytosolic Cyt ¢ were
observed in the A431 cells treated with blue light combined

with cisplatinum, as compared to the CTRL group (P<0.01;
Fig. 6A).

These results demonstrated that combined treatment
with blue light and cisplatinum (BLUE + CISPL) effectively
induced apoptosis, which was associated with a decrease in
the p53 protein expression level in the A431 (P<0.05 vs. CTRL;
Fig. 7A) and HaCaT cell lines (P<0.01 vs. CTRL; Fig. 7B). In
the HaCaT cells, all treatments led to a significant decrease in
p53 expression (Fig. 7B).

With regards to the analysis of expression of the necrop-
tosis-related protein, Aif, the data revealed a marked increase
in its cleaved form (57 kDa) in the A431 cells following expo-
sure to blue light (P<0.05 BLUE vs. CTRL; Fig. 7A) and blue
light combined with cisplatinum (P<0.05 BLUE + CISPL vs.
CTRL). Conversely, the HaCaT cells exhibited a significant
decrease in the 57 kDa-cleaved protein expression following
exposure to light alone (P<0.05 BLUE vs. CTRL and RED
vs. CTRL; Fig. 7B) and to light followed by the addition of
cisplatinum (P<0.05 BLUE + CISPL vs. CTRL; P<0.01
RED + CISPL vs. CTRL).

Discussion

CSCC is a type of malignant skin neoplasia with a high
morbidity risk (10); hence, it is fundamental for the devel-
opment of novel alternative therapies to increase tumor
vulnerability. Alternative therapies using LEDs (phototherapy)
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in combination with chemotherapeutic agents, including
cisplatinum, have recently been proposed as a different
approach to tumor treatment (12,16,32). In the present study,
the effects of LED spectra and cisplatinum, used alone or in
combination, were assessed on normal keratinocytes (HaCaT)
and cSCC cancer cells (A431).

The results revealed that combined treatment was more
effective on the A431 cells than single treatments, significantly
decreasing cell viability and increasing the apoptotic rate. A
higher effectiveness of BLUE + CISPL combined treatment
was observed when A431 cells were exposed to both agents,
which induced a significant increase in the percentage of
apoptotic A431 cells (~2-fold the effect of blue light as used
alone). The apoptotic effects of blue light were observed in
other in vitro and in vivo studies, where blue irradiation caused
a decrease in cellular growth and induced cell death in skin
cancer cell lines and animal models (51). A higher efficacy of
blue light combined with cisplatinum on inducing apoptosis
was observed in some cancer cell lines and xenograft mouse
models (32,36,51). The present data suggested that blue light
can enhance the cytotoxic effects of cisplatinum on A431 cells,
exerting a more prominent effect on apoptosis when used in
combination. It was also observed that cells were more sensitive
to blue light exposure alone, as compared to red light exposure
alone, suggesting that the blue light is more cytotoxic than
the red one. Indeed, the A431 cells displayed a high viability
rate when exposed to the red light and showed no changes in

the number of apoptotic cells, even under combined treatment
with cisplatinum. It was thus hypothesized that somehow, red
light confers to A431 cells a type of resistance to cisplatinum,
which was not observed when the cells were treated with blue
light and cisplatinum. This could be related to the tumorigenic
features of A431 cells as HaCaT cells were otherwise sensitive
to red light combined with cisplatinum.

Given current insights into the association between apop-
tosis and cell cycle progression, the present study then sought
to determine whether there were any differences in cell cycle
progression upon single or combined light and cisplatinum
treatment. Focusing on BLUE + CISPL treatment, a significant
increase in the percentage of cells in the S and/or G,/M phases
was observed in both normal keratinocytes and skin cancer
cells, suggesting that this treatment also exerted a cytostatic
effect. This was in agreement with studies describing that
HaCaT cells have a defective G, checkpoint, responding to
UVB radiation by arresting cells in the S and G, phases (64).
The same effect was reported when HaCaT cells were exposed
to blue and red LEDs together with curcumin (64).

Apoptosis is the main programmed-cell death pathway that
cells form under any cytotoxic stimulus (52). There are two
controlled pathways involved in apoptosis: The death receptor-
regulated or extrinsic pathway that activates Casp-8, and the
mitochondria-controlled or intrinsic pathway that activates
Casp-9 (16,65). There are other apoptosis-related proteins
associated with the different pathways (intrinsic, extrinsic, or



10 TARTAGLIONE et al: EFFECTS OF BLUE LIGHT AND CISPLATINUM IN ¢SCC CELLS

both), including Bax (pro-apoptotic), tBid (anti-apoptotic) and
Cyt ¢, which are associated with the intrinsic pathway (52,66),
and p53 and Casp-3 proteins. Apart from apoptosis, other cell
death mechanisms have been described, including necroptosis,
in which the Aif protein plays a central role (67). To further
elucidate the molecular mechanisms underlying the apoptotic
process that A431 and HaCaT cells undergo following different
treatments, the expression of diverse cell death-related proteins
was analyzed.

The data obtained revealed several outcomes. The cytoflu-
orimetric analysis indicated that cells underwent an apoptotic
process since Annexin V was bound to phosphatidylserine
molecules expressed in the outer membrane of apoptotic
cells. It was therefore then evaluated whether the intrinsic or
extrinsic apoptotic pathway was activated.

The activation of Casp-9, rather than Casp-8, in the
A431 cells confirmed that cells treated with blue light and
blue light combined with cisplatinum were involved in the
intrinsic apoptotic pathway. The blue light activated the initi-
ator Casp-9 but not the effector Casp-3; these results were
associated with the low apoptotic rate of this treatment The
advantage of using combined treatment (BLUE + CISPL)
was associated with an increased expression of active
effector Casp-3 subunit. However, following the further
evaluation of Cyt ¢ activated by cleaved Casp-9 (52,65,66),
low expression values were observed. In addition, the tBid
protein (associated with the extrinsic pathway) exhibited
high levels in all treatments with light alone and light
combined with cisplatinum. These contradictory outcomes
were also observed in a study on cervical carcinoma cells,
which demonstrated that Casp-8 formed a complex with
Bid, leading to its cleavage into t-Bid and to the subsequent
activation of type II extrinsic apoptosis (65). However, that
study also reported the formation of the Casp-8/Bid complex
in cells that were undergoing mitochondrial-independent
apoptosis (65). In a previous study, p53 expression, a key
apoptosis-related protein, was analyzed (68). A decrease in
the expression of the total protein was found in A431 cells
that had undergone BLUE + CISPL combined treatment and
red light exposure alone. Previous studies on the behavior of
p53 against different stresses have revealed a high temporal
dynamism in its expression levels. In particular, it has been
observed that cells exposed to UV (69,70) and cisplatinum (71)
exhibited important variations of pS3 protein expression. It
was hypothesized that the low p53 expression identified in
the cells in the present study was linked to the blue light
and cisplatinum treatment, which differently modulated the
p53 expression profile over time. Based on these conflicting
data, it was hypothesized that cells were undergoing another
type of cell death. Therefore, the expression levels of the
necroptosis-related protein, Aif, were analyzed. Increased
expression levels of cleaved (c-Aif) proteins were observed
in the A431 cells treated with blue light alone and blue light
combined with cisplatinum. These data suggest that tumor
cells were undergoing necroptosis triggered by the light,
given that single treatment with cisplatinum did not yield
any significant increase in c-Aif expression values. In light
of these results, it cannot be affirmed that A431 cells have
one particular cell death mechanism, since protein expres-
sion analysis showed that, indeed, tumor cells also follow the

intrinsic and extrinsic apoptotic pathways, and the necroptotic
cell death mechanism. This could be explained by a possible
phosphatidylserine re-localization, which has been described
in other skin cancer cells under pro-apoptotic stimuli and
has been speculated to induce smaller cross-reactive proteins
that might lead to different cell death mechanisms working
simultaneously (72).

In the HaCaT cell line, expression analysis of the same
proteins did not yield well-defined results, with regards to
the cell death mechanism. In fact, caspase analysis suggested
the activation of the extrinsic apoptotic pathway, since
cleaved-Casp-9 (37 and 35 kDa) expression levels were not
significant at all. However, the expression of the active 18 kDa
subunit of Casp-8 and the active 17 kDa subunit of Casp-3
were increased following red light treatment. It is therefore
likely that the HaCaT cells underwent extrinsic apoptosis cell
death only following red light treatment. Treatment with blue
light combined with cisplatinum caused only the increase of
the active fragment of Casp-3; further investigations of the
mechanism of cell death in HaCaT treated are necessary.
Furthermore, p53 expression levels were low in all groups,
potentially due to the expression dynamism displayed by p53,
depending on the type and intensity of the stress (69-72). The
results of the expression analysis of necroptosis-related protein
Aif ruled out this cell death mechanism, since both full-length
proteins and cleaved fragments were very lowly expressed in
all groups.

The mechanisms leading to cell death differed in each
of the analyzed cell lines. However, it can be affirmed that
combined treatment, particularly BLUE + CISPL, promoted
the activation of programmed cell death in both cell lines,
although the exact mechanisms were not clarified. The fact that
both apoptotic pathways were active in both cell lines has been
supported by a recent study by Laubach et al (73) on HaCaT
and A431 cells undergoing treatment with curcumin and light
irradiation. That study theorized a switch in the apoptotic
mechanism related to changes in cellular redox balance and
a mechanism of apoptotic stimulation independent from clas-
sical death receptors. Keratinocytes and skin tumor cells were
also reported to undergo different apoptotic processes, due to
the different expression of apoptotic regulators and apoptotic
responses involved in reaching the diverse functional needs of
the skin (73).

The combination of different treatments for the targeting
of cSCC has several advantages: Targeting of different key
signal transduction pathways; more efficient damage caused
in tumor cells; increased therapeutic efficacy; additive or even
synergistic effects that allow for the dose of the most toxic
component can be reduced to eliminate or lessen noxious
side-effects (32). The results of the present study indicated that
the combination of blue light radiation at 465 nm followed by
cisplatinum could be used as a potential treatment for cSCC
and recommended further in vivo tests and clinical trials.
In particular, the use of light combined with a local cisplat-
inum-based treatment could be investigated in non-metastatic
¢SCC, or when the conventional surgical approach is not an
option. In addition, given the availability of local treatments
containing 5-FU, the effect of blue radiation combined with
5-FU was investigated. Preliminary viability data (Fig. S2)
revealed an effect of blue light radiation combined with 5-FU
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similar to that obtained with cisplatinum, but less significant.
Since novel therapeutic strategies are being developed for
¢SCC (74-77), the apoptotic effect of blue-light treatment can
also be investigated in combination with the new treatments
for cSCC, such as immune checkpoint agents or electroche-
motherapy. A limitation of the present study is the use of only
one skin cancer cell line making results about A431 referred
only to ¢SCC and not to other types of skin cancer. The use
of HaCaT cells instead of primary human keratinocytes is
another limitation, although the selection was based on the use
of the same culture conditions. As regards experiments with
light, it is known that the culture conditions, in particular the
medium utilized, may influence the results (78,79). The use
of normal human epidermal keratinocytes-adult cells (NHEK
cells) was attempted (data not shown). In the experiments
in the present study, the NHEK cells exposed to light in the
KGM-Gold medium showed a change in morphology, while
in the same mediums used for A431, the NHEK cells showed
extremely slow growth and a clear change in morphology
(data not shown). Rather, the HaCaT cells growing in the same
conditions of A431 cells made the results more comparable.
In conclusion, the data of the present study suggested that
the combination of blue light and cisplatinum reduced the
survival rate of A431 cells and triggered the apoptotic death
of A431 cells. Further studies are required to fully elucidate
the exact molecular mechanisms through which combined
treatments of blue light and cisplatinum mediate apoptotic cell
death, and to understand its overall mechanism in skin cancer.
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