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Red-light photons on skin cells
and the mechanism of
photobiomodulation
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Department of Biochemistry, Instituto de Quimica, Universidade de Sdo Paulo, Sdo Paulo, Brazil

Red light (600-700 nm, ~2.1-1.8 eV) consists of a low-energy radiation with a
high capacity to penetrate the skin and to induce stimulatory effects. These
characteristics make this wavelength range very promising for light-based
therapies. Aiming to discuss the mechanisms of action of
photobiomodulation, we start by providing a broad perspective of the skin
and of its interaction with light, focusing on the endogenous photosensitizers,
on the formation of excited states and reactive oxidants, and on the activation of
signaling effectors. The peculiar aspect of the photons in the red spectral range is
that they are much less absorbed by the endogenous photosensitizers and
consequently generate a lot fewer reactive oxidants (when compared with the
other ranges of visible light), allowing the skin to mainly experience the
consequences of several signaling pathways that are activated during the skin
interaction with red-light photons. Indeed, the effects of red light in epithelial
cells involve the control of metabolic responses, the modulation of several key
genes and transcriptions factors, as well as the regulation of the intracellular nitric
oxide stocks. In this article, we discuss how red light interacts with all these
variables and end up causing a vigorous tissue activation. We also analyzed the
effect of red-light photons on the nitric oxide homeostasis, with implications for
the phototherapy of psoriasis. It is likely that several of the observations and
mechanisms described for the interactions of red-light photons may also be
occurring during and after the interaction with other photons with similar energy.
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Interactions of red-light photons with the
endogenous photosensitizers

The skin is made up of three layers: epidermis, dermis, and hypodermis. Light reaches
different depths of the skin, depending on the wavelength of radiation, the optical properties
of the skin, and on the characteristics of the absorbing species present in each skin layer.
Endogenous absorbers, here called the endogenous photosensitizers (EP) are present in
specific concentrations and locations. They absorb radiation and generate excited states and
reactive oxidants that are ultimately responsible for the different skin responses during and
after sun exposure or irradiation protocols (Bastos et al., 2023).

The propagation and penetration of light photons through the skin depend on several
physical phenomena, including reflection, scattering, and absorption. Approximately 4%-
7% of the incident photons are reflected by the skin surface, regardless of the incident
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FIGURE 1

Photosensitized oxidation reactions. After the light absorption by the photosensitizer, a singlet excited state is formed almost instantaneously. A
ground and state of the photosensitizer (PS), forms an electronically excited single state, 'PS * (Abs.). The energy absorbed by the PS will return to the
surrounding media either by the emission of fluorescence (Fluo.) or through the release of heat (processed labeled as E). In the singlet excited state, the
photosensitizing molecule can be converted to a triplet excited state (*PS*) by intersystem crossing (ISC), inducing a multiple change in the reactivity

and lifetime of the PS (process C). The most impacting change is substantial increase in the lifetime of the triplet excited state, whose decay to the ground
state involves a forbidden reaction. Longer lifetimes, means better chances to react by either type | (electron transfer) or type Il (power transfer)
mechanisms. In the electron transfer route, 3PS * interaction with biological substrate, triggering radical formations and radical ions, which later interact
with molecular oxygen, producing reactive species, such as hydroxyl radical (OH.), superoxide ions (O,™) and hydrogen peroxide (H,O;). On the energy
transfer route, the 3PS * energy is transferred to molecular oxygen, producing single oxygen (*O,). Arrows in orange identify photon absorption, in blue,
photon emission by fluorescence and in green, photon emission by phosphorescence.

wavelength and pigmentation. Most of light scattering is induced
when incident photons interact with filamentous proteins and
pigments. Keratin, collagen, melanin, and hemoglobin (by light
light
penetration in human tissue. However, many others also

absorption) are the main skin molecules affecting
contribute by absorbing light. The main EP present in human
skin include small molecules, such as vitamins (nicotinamide,
flavin, folate), amino acids, cofactors, bilirubin, p-carotene and
macromolecules, such as proteins, nucleic acids, glycans, and
opsins (de Assis et al., 2021).

The direct consequence of light absorption by the EP is the
formation of excited states, which are usually much more reactive
than their respective ground state counterparts (Bastos et al., 2023).
We can categorize excited-state reactions as direct photochemistry,
where the excited states react directly with surrounding molecules,
and photosensitized oxidation, where the excited states activate
other molecules that become reactive and oxidize surrounding
molecules. Meanwhile, the original photosensitizer typically
returns to the ground state and becomes available to absorb
another photon. Among several classifications and definitions of
the photosensitized oxidations, there are two competing
mechanisms called Type I and Type II. The Type I mechanism
involves contact-dependent reactions, i.e., triplet excited states
abstracting or donating electrons or hydrogen atoms to and from

surrounding molecules. In Type II mechanisms, there is always an
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energy transfer reaction with molecular oxygen forming singlet
oxygen ('O,), a contact-independent pathway with high reactivity
towards electron-rich compounds (Figure 1). In the contact-
dependent pathway, damage occurs specifically at the site where
the photosensitizer (PS) is located. In Type II photosensitized
oxidation, the sites of reaction depend on the process of reaction
and diffusion of 'O,. Type I and Type II mechanisms can occur
simultaneously, with the predominant mechanism being defined
according to the substrate, the distance between the PS and the
targets, and the oxygen concentration (Baptista et al., 2021).

Both Type I and Type II mechanisms cause biomolecular damage
and ultimately induce the loss of biological function. In living systems,
Type I and Type II mechanisms usually work synergistically. For
example, it has been shown that membrane damage depends on the
formation of alkoxyl groups. Membrane permeabilization is triggered
by aldehyde production, which occurs through the direct reaction
between the excited triplet state of PS and targets in the lipid
membrane, such as lipid unsaturation and -OOH groups formed
after the initial “ene” reaction. -OOH groups are the main result of the
reaction between 'O, and the lipid double bond.

These oxidation processes invariably lead to molecular damage.
Therefore, an important question we aim to answer in this review is
why red-light photons cause stimulatory effects? It is very likely that
we know only a small part of the mechanisms that are activated
during the interaction of red-light photons with the skin. However,
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FIGURE 2

Generalized effects of red-light irradiation of the skin (600-700 nm). Red and blue fonts represent increase and decrease of specific effects,
respectively. For example, red light stimulus is correlated with the increase of NO release and with the decrease in the fibrotic process.

we know enough to propose explanations that are detailed below.
Nevertheless, the answer to this question starts with a simple
observation. Red light photons penetrate a lot more in the skin,
compared with blue and green light photons (De Assis et al., 2021).
At a certain limit, the explanation to this observation is also simple,
red-light photons are less scattered and are also less absorbed by the
EP. Less light absorption means formation of fewer excited states
with smaller amounts of reactive oxidants and smaller damage to the
biological architecture. The total amount that is induced is seven
times less than the amount of these species generated in other
regions of the visible light (Zastrow et al., 2009). At the same time,
there is activation of several signaling pathways, such as the
activation of the Nrf2 pathway, which shifts the metabolic
processes within the cells, leading to advantages conditions to
overpasses external challenges (de Assis et al., 2021). Therefore,
smaller absorption of red-light photons by the EP allows the skin to
experience more of the stimulatory effects induced by the light-skin
interactions. In this review, we do not aim to discuss the effects of
UV, blue, and green light photons, instead we will focus on the
effects of red-light photons.

The skin has a window of optical wavelength (600-1,300 nm) in
which the absorption coefficients of melanin, hemoglobin, and water
are the smallest. The reactions favoring the formation of reactive
oxidants decrease with the increase in wavelength, since fewer EP are
present in human skin in this optical window. Photobiomodulation
affects the skin according to the hormetic paradigms. Hormesis is
the principle that an agent, substance, stimulus, or condition can
induce a biphasic dose-response (Felician et al., 2023). At lower light
fluencies, there are stimulating effects, while at higher fluencies,
there are inhibitory effects.
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Human skin has a vigorous network of antioxidant molecules
and enzymes, whose concentrations are tightly regulated. The
generation of reactive oxidants by light absorption affects redox
homeostasis in complex ways (Schalka et al., 2022). In general terms,
high concentrations of radicals will overwhelm the antioxidant
responses, leading to oxidative failure of the redox networks and
causing a widespread oxidative damage, a condition that has been
called oxidative distress (Sies and Jones, 2020). Depending on where
the radicals and oxidants accumulate, specific damage may occur,
for example, in important organelles such as mitochondria and
lysosomes of the skin cells. This can affect all the biochemical
processes triggered by these organelles, including cell metabolism,
cell differentiation, autophagy, and and
Chandel, 2012).

The molecular mechanisms of the stimulatory effects are still not

immunity (Sena

completely understood. Activation of mitochondria surely plays a
preeminent role, being consistently correlated with the effects of red
and infrared light exposure. Because of its key position in the
electron transport chain of mitochondria, it has been proposed
that the stimulatory effects of red light are due to the light absorption
by an enzyme called cytochrome C oxidase. However, recent
literature has shown that this hypothesis is not valid, and surely
cytochrome ¢ oxidase is not the only molecule involved (Sommer,
2019). Nevertheless, there are many possibilities to explain the
stimulatory effects of red light, including several other heme-
based proteins, opsins, nitric oxide.

Perhaps  the  best-known of  the
photobiomodulation effect involves nitric oxide (NO). There are

intermediate

consistent reports of increase in NO levels in irradiated tissues
(Gebremendhin et al., 2021). NO can induce vasodilation (Ahmad
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et al, 2018), inhibit lipid peroxidation reactions (Hogg and
Kalyanaraman, 1999; Suschek et al., 2001), stimulate insulin
secretion by releasing calcium from mitochondria (Laffranchi
et al, 1995), activating ion channels such as the large
conductance potassium channel (Gebremendhin et al., 2021) and
TRP channels through cysteine S-nitrosylation (Yoshida et al., 2006;
Gambino et al., 2022), explaining several responses of the skin to sun
and red-light exposure (McGarr, et al., 2023). Calcium levels, for
example, can regulate mitochondrial respiration (Vilas-Boas et al.,
2023), which could be a hallmark of red-light exposure in different
cell types (Figure 2).

Metabolic responses of skin cells
induced by red light exposure

The skin is a very complex tissue composed of different cell types
(mainly fibroblasts, keratinocytes, and melanocytes, but also Merkel
and Langerhans cells) that contribute to the homeostasis of the
organism and is responsible to start the biochemical responses
during and after red light exposure. In the context of sun
exposure, our skin interacts with photons of different energies at
various depths, activating different responses to cope with the
challenges caused by light absorption. Indeed, the skin has a
robust network of redox reactions and redox-active species,
known as the skin redoxome, which determines the redox
environment of cells and tissues, coordinating signaling cascades
and the expression of many genes and transcription factors (Schalka
et al.,, 2022).

In terms of specific irradiation  protocols  of
photobiomodulation, different studies have focused on the
esthetic applications of red-light irradiation (600-700 nm),
showing that doses up to 15-20 J/cm? typically increases various
skin rejuvenation parameters. These include enhancing elasticity
and density, reducing roughness and pore diameter, and
normalizing sebum production rates (Couturaud et al, 2023).
Red light exposure also induces higher re-epithelialization and
wound retraction, particularly in advanced repair phases (Simoes
et al,, 2020), and is beneficial for the recovery of the skin barrier
function (Abe et al, 2019). Activation of cell proliferation,
independent of cell type and light source (ranging from 600 to
900 nm), is wundoubtedly a significant hallmark of
photobiomodulation (Glass, 2021; Brondon et al., 2009; Tang
et al.,, 2023).

These effects on the skin have been mainly associated with the
stimulatory effect of red light on fibroblast cell lines, leading to
metabolic activation (George et al., 2018) and increasing the
synthesis of collagen, elastin, and hyaluronic acid (Abergel et al.,
1987; Kim et al., 2016; Kim B. et al., 2019). Red light exposure also
has several other modulatory effects on fibroblasts, such as
enhancing DNA repair (Kim et al, 2017). Umino and Denda
established that keratinocytes also respond to red light exposure
by increasing respiration rate associated to the increase in the
mitochondrial activity. There was an evident increase in the rate
of cellular proliferation (Umino and Denda, 2023). Interestingly,
even cells lacking citochromo ¢ oxidase show the typical
photobiomodulation effect of enhancing cell proliferation after
red-light irradiation. (Lima et al., 2019).
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The responses observed in melanocytes are not as well
understood as those in fibroblasts and keratinocytes. Depending
on the experimental setting, different authors have observed
inhibition or activation after red light exposure. Red light
irradiation has been used for re-pigmentation therapy in vitiligo,
based on the stimulation of melanocytes (Macedo et al,, 2012; Yu
et al,, 2003). On the other hand, some authors correlate red light
exposure (~20 J/cm?) with reductions in melanin content, tyrosinase
activity, and cell viability (Oh et al, 2017; Chen et al, 2018).
Nevertheless, further studies are clearly necessary to provide a
more complete understanding of melanocyte responses to red
light (Wu et al,, 2020). It is evident that melanin itself acts as a
photosensitizer, generating 'O, and other reactive oxidants after red
light exposure. The presence of oxidation reactions induced by
melanin photosensitization complicates the scenarios of cellular
responses after red light exposure, justifying further investigation
(Chiarelli-Neto et al., 2011; Chiarelli-Neto et al., 2014).

Red light irradiation also induces strong anti-inflammatory
responses in human tissues, suggesting that Langerhans cells also
respond to red light. As will be further discussed below, exposure to
650 nm can ameliorate the symptoms of several skin diseases,
including psoriasis and atopic dermatitis, by restoring cytokine
levels through the reduction of IL-6 and TNF-a (Demirel et al.,
2012; Kim et al, 2021). Langerhans cells are integral to innate
immune responses, participating in the regulation of T cells and
serving as immune sentinels at the skin barrier surface. They sense
the environment and regulate immune responses through
interactions with microorganisms and viruses (West and Bennett,
2017). According to Salman et al. (2023), red light exposure causes
the release of specific cytokines and reduces immune cell migration
through the dermis, likely through the activation of Nrf2 (Salman
et al,, 2023). Indeed, physiological doses of 627 nm have shown to
induce the release of IL-4 in co-cultures of keratinocytes and
immune cells (macrophages/dendritic cells) (Leong et al., 2018).

Rheumatoid arthritis which
inflammatory processes that affects the joints, have also been

and osteoarthritis, involves
successfully treated by photobiomodulation (Zhang and Qu,
2023). In 2D cell cultures, Sungsoo Na and co-authors have
shown enhanced osteoblast proliferation, osteoclast
differentiation, and osteoclastic bone resorption activity (Na
2018). By

photobiomodulation has been a key technology to reduce the

et al, combating the articular degeneration,
pain suffered by these patients (Mazulo-Neto et al., 2021).

The sensory mechanisms that allow humans to interact with the
environment include the recognition of touch and physical/
mechanical stimuli in the skin and in the central nervous system,
through neuronal synapses (Talagas et al., 2018). However, there is
another non-neuronal cell called the Merkel cell that functions in
mechanical and light-touch sensing (Maricich et al., 2009; Bataille
etal., 2022). Merkel cells participate in various skin functions such as
sensitive indentation, pressure, tactile stimuli, hair movement, and
mechanically activated ion channels (Zimmerman et al, 2014;
Garcfa-Mesa et al, 2017). This type of cell has a significant
interaction and is influenced by sun exposure (Horny et al,
2021), making it susceptible to mutations and carcinomas. We
did not find any information in the scientific literature that
evaluates the responses of Merkel cells to red light irradiation.

This could potentially be an interesting topic for future research.
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FIGURE 3

Skin cells were shown to have specific responses to red light stimuli, according to its respective phenotypes. All together those responses contribute
to a systemic skin response that is ultimately responsible for the photobiomodulation effect.

As mentioned above, metabolic activation is also one of the most
important hallmarks of the photobiomodulation (Amaroli et al.,
2024). Mitochondria activation, including the increase in the rate of
oxygen breathing and of ATP production has been observed in
many cell types, however, we did not find any report of
measurements being done in skin cells. Among others, liver,
mesenchymal, neuroblastoma and retina cells showed similar
mitochondria activation when irradiated with different light
sources (670, 808, 980 nm), (Chu-Tan et al, 2016). Even though
skin cells were never directly evaluated, it is very likely they also
would respond to the stimulus of red light by increasing the rate of
ATP production and the respiratory capacity, since this response has
been reported to be similar in different cell types (Mansano, 2020;
Amaroli et al.,, 2021; Tang et al., 2023).

As described above, each type of skin cell has a profile of
response to the red light stimuli, which will depend on the
particular phenotype and biological function it exerts on the skin.
All together, these responses contribute to the systemic tissue
changes occurring during and after the red-light exposure, which
is currently known as the photobiomodulation effect (Figure 3).

Modulation of gene expression
mediated by red light exposure

Besides the metabolic changes, exposure to red light can alter
expression of several genes and transcription factors on the skin (Da
Silva et al.,, 2023). We will review studies performed mainly with
fibroblasts and keratinocytes, aiming to understand the responses of
the dermis and epidermis, respectively, during and after the
exposure to red light (Figure 4).
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Fibroblasts

Fibroblasts are involved in the deposition of proteins in the
extracellular space of the dermis, which is fundamental for
maintaining the tissue homeostasis. The synthesis of several
proteins is activated during wound skin healing, and the
dysregulation of this process is critical for the physiopathology of
several skin diseases, as for example, in cutaneous fibrosis (Andrews
etal, 2016; Darby and Hewitson, 2007). Interestingly, stimulation of
wound healing is another hallmark of red light exposure (Felician
et al, 2023). The expression of several genes, including of
extracellular matrix proteins, such as metalloproteinases (MMP),
metalloproteinase inhibitors (TIMP), and collagen isoforms (COL),
is regulated by red light exposure (Li et al., 2020). Genes like MMP]I,
MMP2, MMP3, MMPY9, TIMP1, and COLIA1 have shown
significantly modulation following irradiation with red light. At a
typical dose used in photobiomodulation protocols, i.e. 5 J/cm® at
660 nm, there is a reduction in the expression of matrix
metalloproteinase genes (MMP3 and MMP9), accompanied by an
increase in the expression of collagen and proteinase inhibitors, both
in normal and challenged fibroblasts (such as those in diabetes or
hypoxia) (Ayuk et al, 2018). Kim et al. (2015) observed negative
modulation of MMPI and MMP2 expression and positive
modulation of COLIAI gene expression (although without
alteration in the levels of type 1 collagen protein), indicating
interference in translation or post-translational mechanisms,
following irradiation with 633 nm light. However, the literature
shows a lack of consensus on these changes. For example, Lee et al.
(2024) observed upregulation of gene expression for both
metalloproteinases (MMPI and MMP3) and type 1 collagen after
irradiation with 6 J/cm? at 628 nm.
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Another important set of genes whose expression is affected by
red light are those related to the inflammatory response and some
growth factors. FGF2 (Fibroblast Growth Factor 2), FGF7, and
VEGFA (Vascular endothelial growth factor A) have increased
expression in fibroblasts after red light irradiation with 6 J/cm?* at
633 nm (Lee et al., 2024). Heat shock proteins HSPs also have
expression levels increased after irradiation with red light (660-nm
LED at 30 J/cm?) (Choi et al., 2019). HSPs can also act in responses
to other types of stress in addition to thermal, such as oxidative
hypoxia, through the folding, remodeling, or degradation of
structurally incorrect proteins (Hu et al., 2022).

Genes encoding extracellular matrix remodeling and
constitution proteins, growth factors and cytokines (interleukins,
angiopoietins, IGFBP, FGF and TGF family), integrins, kinases,
mitochondrial and redoxome proteins, are among those
upregulated or negatively regulated, depending on the dose of
light (Austin et al.,, 2021; Li et al, 2020; Kim H. S. et al., 2019;
Tripodi et al., 2023; Houreld et al., 2014; Zhang et al., 2003).

The differential expression of regulatory RNAs as the
microRNAs (miRNAs) involved in the fibrotic process also
occurs after red light exposure. Let-7a, miRNA-29, and miRNA-
196 showed increased expression levels after irradiation, while pro-
fibrotic miRNAs, miRNA-21, miRNA-23b, and miRNA-31, have
suppressed expression levels when dermal fibroblasts are exposed to
extremely high doses (320 and 640 J/cm?) of red light at 633 nm
(Mamalis et al., 2019). Some of these miRNAs are known to regulate
growth factor beta TGF pathway, which is directly involved in the
fibrotic processes of scleroderma (Zhu et al,, 2013; Li et al., 2012).

More comprehensive genomic analyses, by using microarrays or
RNA sequencing (RNA-seq), shows the joint expression of groups of
genes after red-light irradiation. Evan Austin and colleagues studied
the transcriptome of human dermal fibroblasts irradiated by red
light 633 nm at a dose of 320 J/cm” or 640 J/cm®. One of the relevant

findings was the temporal resolution of the relative number of
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Differentially Expressed Genes (DEGs). At time zero after
irradiation, 147 of 191 and 205 of 239 DEGs were downregulated
and upregulated, respectively. These numbers changed drastically as
a function of time, with inversions of the majority regulation
modalities (downregulates or upregulates). 4 h after irradiation
with 640 J/cm?®, the number of positively expressed genes exceeds
the number of negatively expressed ones. For cells irradiated at
320 J/cm?, there was equalization in the up and down regulations,
along with a significant decrease in DEGs 24 h after irradiation
(Austin et al., 2021). These results suggest a transient regulation
dependent on both dose and time, complicating the comparisons
among studies that have used different irradiation protocols.

In addition to annotating the genes affected by red light
exposure, it is important to mention the molecular processes
involved in their regulation. The SMAD family of proteins,
which belong to the TGF-beta signaling pathway (Derynck et al.,
1996; Andrews et al., 2016), includes genes identified in signaling
networks through RNA-seq analyses. For instance, SMAD3 (pro-
fibrotic) was found to be downregulated from 4 h to 24 h after
irradiation with 633 nm light at a dose of 640 J/cm?, accompanied by
upregulation of SMAD4 (also pro-fibrotic) and downregulation of
SMAD?7 (anti-fibrotic). Certain miRNAs identified as mediators of
cutaneous fibrosis, as reported by Mamalis et al. (2019), were also
found to have downregulated expression under similar irradiation
parameters.

The extent of the genes identified also reveals a breadth of
cellular pathways and processes involved in the regulation of
fibroblasts responses for red-light irradiation. Activation of
several transcription factors have been identified, in addition to
the SMAD proteins already mentioned, JUN and FOS proteins are
also involved in the gene effected by red light (involved in the
regulation of MMP synthesis) and also NF-«xB families, which are
associated with oxidative stress and inflammatory processes (Austin
et al,, 2021; Kim B. et al., 2019).
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Keratinocytes

Although keratinocyte is the most abundant cell found in the skin
epidermis, studies of gene expression after exposure to red light,
especially at the transcriptional level, are very limited. There are
red-light
predominantly modulated the expression of pro-inflammatory
cytokines. For instance, Sun et al. (2018) demonstrated that
keratinocytes pre-treated with the pro-oxidant phorbol-12-
myristate-13-acetate  (PMA) and subsequently irradiated with
633 nm light at doses of 8.1 J/cm® or 16.2 J/cm® showed altered
to PMA-treated,
keratinocytes. They observed differences in the expression of

measurements in stressed cells where irradiation

gene expression compared non-irradiated
309 genes between irradiated and non-irradiated cells, including
stress response and NF-kB-mediated pro-
cytokines Ptgs2, which

cyclooxygenase-2, an enzyme involved in the synthesis of

oxidative genes

inflammatory such as encodes
Prostaglandin E2 associated with inflammatory processes. The
SPHK1 gene, encoding sphingosine kinase 1, was the most
significantly ~ upregulated gene, implicated in suppressing
inflammatory effects via NF-kB (Sun et al, 2018). Additionally,
Nrf2 activation was confirmed in the same study. Nrf2 activation
was also observed in keratinocytes stressed with 24-
dinitrochlorobenzene (DNCB). Irradiation with 660 nm light at
3 J/em® attenuated the expression of pro-inflammatory cytokines
(INF-a, IL-6, and IL-8), except when Nrf2 was silenced using
siRNA, indicating that this pathway is crucial for the anti-
inflammatory effects of red light on keratinocytes (Salman et al., 2023).

Angiogenesis

The skin, like other organs in the human body, undergoes
processes of microcirculation located deep within the dermis,
extending to a region close to the basal layer of the epidermis.
Skin microcirculation plays a crucial role in regulating
thermoregulation, blood pressure, inflammatory responses, and
overall tissue homeostasis by facilitating the transport of
nutrients and of oxygen and systemic factors through a network
extending from arteries to small capillaries near the epidermis
(Gutterman et al., 2016; Sanchez et al, 2019). Microvascular
endothelial cells are the primary components of dermal blood
vessels and contribute to the synthesis and secretion of

chemokines and cytokines, recruiting immune cells in response
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to various stimuli such as light, heat, and both pathological and
physiological processes (Swerlick and Lawley, 1993).

RNA-seq analysis in a human umbilical vein endothelial cell
showed that cells irradiated at 632.8 nm with a dose of 1 J/cm?
revealed 103 downregulated genes and 135 upregulated genes.
KEGG pathway enrichment analysis showed correlations with the
TGF-beta, TNF-beta, HIF-1, and insulin signaling pathways, as well
as cytokine-cytokine receptor interactions. The vascular endothelial
growth factor (VEGF) pathway, which is crucial for angiogenesis
and wound healing, was significantly activated as demonstrated by
Zhang et al. (2022), along with increased cellular migration after
irradiation.

S-nitrosothiol modulation by red light
and the mechanism of
photobiomodulation: implications for
the treatment of psoriasis

Another hallmark of red light exposure is the modulation of
cytokines and of inflammatory processes. In a murine model, red
light exposure has been proven to decrease the expression of
inflammatory cytokines and to increase the levels of anti-
inflammatory cytokines (Shamloo et al., 2023; Costa et al., 2017).
From a redox point of view, anti-inflammatory responses can be
correlated with the redox homeostasis of the skin and with the
upregulation of its antioxidant mechanisms (Sun et al, 2018;
Simplicio et al., 2009; Shamloo et al., 2023; Schalka et al., 2022;
De Freitas and Hamblin, 2016; Garcia-Criado et al., 2009; Dompe
et al, 2020). The ability of nitric oxide (NO) to inhibit the
progression of the lipid peroxidation reactions is likely to play an
important role in this context (Simplicio et al., 2009; Hogg and
Kalyanaraman, 1999; Suschek et al., 2001). There is also evidence
that NO donors, i.e. small molecule nitrosothiols, reduce the
production of inflammatory factors. (Garcia-Criado et al., 2009;
Wang M et al,, 2021; Corti et al., 2014).

Thiols, are sulfur-based compounds that play an important role
on cell signaling mechanisms and on the redox homeostasis of the
skin (Ulrich and Jakob, 2019). They are surely among the most
important compounds in the antioxidant defenses of cells and
tissues (Georgescu et al., 2022). There is an equilibrium between
thiols and their oxidized forms, disulfides, known as dynamic thiol-
disulfide homeostasis (TDH). There are well stablished correlations
between TDH dysregulation and skin inflammatory diseases such as
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psoriasis (Georgescu et al., 2022). Cysteine thiols and their oxidized
disulfide counterparts are carefully balanced to maintain redox
homeostasis in various cellular compartments, protect organisms
from oxidative stressors, and actively participate in redox regulation
and signaling processes. (Ulrich and Jakob, 2019).

When associated with NO, thiols form s-nitrosothiols (RSNO)
(Marozkina and Gaston, 2020). NO is a weak oxidant that rarely reacts
spontaneously with thiol residues in the physiological environment.
Cysteine residues have a pKa of 8.3, indicating that a small percentage
of the cysteine exist in the form of thiolate ion (S-) (Massa et al., 2021).
However, NO oxidation products are capable of reacting with free
thiols (Wink et al., 1996; Massa et al., 2021). Consequently, the
formation of RSNO occurs mainly after oxidation reactions that
transform NO in nitrogen oxides, such as nitrogen dioxide (NO,)
and nitrogen trioxide (N,0O5) (Shi and Qiu, 2020; Jourd'heuil et al.,
2003). Also, red light, peaking at 700 nm, can strongly induce the
formation of nitrosothiols (Pelegrino et al., 2020). By logic analysis, it
is evident that red light photons should be able to favor the oxidation
of NO and the formation of NO, and N,0s3, although this was not yet
shown experimentally.

Besides forming NO stocks, there is clear experimental evidence
that visible light is capable of decomposing RSNO, promoting the
release of NO (Weihrauch et al.,, 2021; Oplander et al., 2013; Barolet
et al,, 2021). Indeed, exposing RSNOs to sun light causes RSNOs
decomposition and NO release (Veleeparampil et al., 2009). It is
therefore evident that sun light exposure is an extraordinary effective
way to naturally release NO in the skin (Veleeparampil et al., 2009;
Weihrauch D et al,, 2021; Opldnder et al., 2013; Barolet et al., 2021).

Red light radiation carries ~43 kcal per mol of photons, which is
an energy capable of decomposing RSNO (Barolet et al., 2021). In this
context, light causes the homolytic cleavage of sulfur-nitrogen bonds
and release NO from nitrosothiol derivatives (Singh et al., 1996). It is
evident therefore that typical protocols of photobiomodulation can
induce the formation of novel NO stocks, as well as the release of
bioactive NO, which may explain several of the immunomodulatory
and redox homeostatic roles played by red light and irradiation during
photobiomodulation protocols (Hamblin, 2017; Shamloo et al., 2023;
Couturaud et al., 2023).

Psoriasis is a chronic inflammatory disease highly correlated with
an increased expression level of inducible nitric oxide synthase
(NOS2), an enzyme that can increase the intracellular NO levels by
several orders of magnitude, causing oxidation distress and the release
of pro-inflammatory cytokines (Wong et al, 2013; Bruch-Gerharz
et al, 1996; Pujari et al, 2014). High levels of nitrite, nitrate and
malonyldialdehyde (MDA) in psoriasis patients is also an important
biomarker of this disease (Tekin et al., 2006; Cannavo et al., 2019). Both
oxidative stress and inflammatory cytokines are correlated with
increased intracellular levels of nitric oxide (NO) (Suschek et al.,
2001; Lee et al., 2000; Demirel et al., 2012; Raykova et al., 2003). In
the condition of oxidative distress present in psoriasis, the increased
NOS2 activity is paired with the decrease in the levels of superoxide
dismutase, favoring the formation of peroxynitrite (Yildirim et al,
2003; Massa et al,, 2021). The use of NO-releasing creams for the
treatment of disease is proposed, which suggest that low NO
bioavailability (Matoshvili et al, 2014), associated with oxidative
stress is an important factor for the development of the pathology.

Several literature reports suggest that sun exposure has positive
effects on improving chronic inflammatory skin diseases, such as
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psoriasis (Berg, 1989; Seyland et al., 2011; Matoshvili et al., 2014).
Therefore, it has become evident that psoriasis can be treated by
photomedicine (Makuch et al, 2022; Hamblin et al, 2023;
Kleinpenning et al., 2012). Two protocols have been used: (i) use of
psoralen and skin irradiation with UVA (PUVA), and (ii) UVB
phototherapy (Wong et al,, 2013; Foerster et al, 2017; Tahir and
Mujtaba, 2004). There is also evidence that the mechanisms by which
these photomedicine protocols work are somehow correlated with NO
homeostasis. UV photons can modulate NO bioavailability, via
photodecomposition of intracellular NO stocks (Barolet et al., 2021;
Oplédnder et al, 2013), as well as by inhibition of NOS2 activity
(Johnson-Huang et al, 2010), suggesting a possible temporary
reestablishment of the NO bioavailability homeostasis. Although
effective, both treatments use high-energy photons that induce
many side effects (Informed Health, 2021; Chuang et al, 1992;
Osmancevic et al, 2014; Thatiparthi et al, 2022). Possible side
effects of UV radiation therapy include dry skin, itching, as well as
skin reactions similar to sunburn (Informed Health, 2021). PUVA
therapy has short- and long-term adverse effects. Such erythema,
pruritus, nausea and headache, and in the long term, the development
of chronic actinic skin damage and dyskeratotic skin conditions (van
Praag et al., 1993) Furthermore, the correlation between the use of UV
radiation and the occurrence of skin cancer, although controversial, is
also described in the literature (Chuang et al., 1992; Osmancevic et al.,
2014; Thatiparthi et al., 2022). In this context, it is necessary to advance
to new strategies that boost the bioavailability of skin NO, and to
reduce inflammation without causing severe adverse side effects.

Strategies that aim to increase thiol levels in the skin can act as a
starting point for the generation of RSNOs, when associated with the
presence of red light. The logical photobiomodulation strategy follows
the use of topical thiols associated with exposure to red light. The
exposure time in order to red light induce RSNO generation in the
skin is unclear, but it is suggested that long exposure times are
necessary (Pelegrino et al, 2020). On the other hand, after the
photobiomodulation process, RSNO can be decomposed via
exposure to natural sunlight in the affected areas (Veleeparampil et
al,, 2009), with the corresponding increase in the amount of free NO
(Figure 5). Increase in the bioavailability of NO in psoriatic lesions
could work in a similar manner to the NO-releasing creams, which are
already being suggest for this treatment (Matoshvili et al., 2014). In
addition to being a low-cost treatment, red light irradiation also has no
side effects to the skin when compared to UV light.

Conclusion

Understanding the interactions of red-light photons with the
human skin is an important step towards the development of novel
photonic technologies. In here, we described how red-light photons
interact with skin molecules, as well as the subsequent skin
responses at the molecular and cellular levels, with direct
implications to the mechanisms involved in photobiomodulation.
It is becoming more evident that controlled sun exposure is
beneficial to the lifespan and to the life quality of individuals and
the exposure to the red-light photons may explain part of the
benefits. We also highlighted several aspects that need further
research to be properly explained. We hope this review will
stimulate further basic and applied research in this field to allow
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the development of novel and optimized photonic techniques
applied to photomedicine.
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Glossary

COL1AI Collagen Type I Alpha 1 Chain gene

DEGs Differentially Expressed Genes

DNCB Dinitrochlorobenzene

EM Extracellular matrix

FGF Fibroblast Growth Factor

Fluo. fluorescence

HSP Heat Shock Protein

H,0, Hydrogen peroxide

*OH Hydroxyl radical

IGFBP Insulin-like growth factor binding protein
IL-6 Interleukin 6

IL-8 Interleukin 8

ISC intersystem crossing

JUN Transcription factor Jun

FOS cFOS protein proto-oncogene

miRNAs microRNAs

MMP1 Matrix Metallopeptidase 1

MMP2 Matrix Metallopeptidase 2

MMP3 Matrix Metallopeptidase 3

MMP9 Matrix Metallopeptidase 9

MMPs Matrix metalloproteins

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NO Nitric oxide

NO, Nitrogen dioxide

N,O03 Nitrogen trioxide

NO Nitric Oxide

Nrf2 nuclear factor erythroid 2-related factor 2
PMA phorbol-12-myristate-13-acetate

PS Photosensitizer

PUVA Psoralens irradiation with UVA

RNA-seq RNA sequencing

RSNO S-nitrosothiols

'0, singlet oxygen

SMAD3 Mothers against decapentaplegic homolog 1
SMAD4 Mothers against decapentaplegic homolog 4
SMAD7 Mothers against decapentaplegic homolog 7
RSNO S-nitrosothiols

0, ° Superoxide ion

TGF Transforming growth factor

S” Thiolate ion

TDH Thiol-disulfide homeostasis
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TIMPs

TIMP1

TNF

3ps*

TRP

VEGF

10.3389/fphot.2024.1460722

Tissue Inhibitors of Metalloproteinases
Tissue Inhibitors of Metalloproteinase 1 gene
Tumor Necrosis Factor (also TNF-a-Type)
Triplet excited state

Transient receptor potential channels

Vascular endothelial growth factor
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