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Currently, light-emitting diodes (LEDs) are considered a substitute for low-
power lasers in phototherapy protocols. LEDs enable photobiomodulation on
biological tissues and are considered safe and economical. However, the
molecular and metabolic mechanisms involved in LED-induced
photobiomodulation are not yet fully understood. This review summarizes
the metabolic mechanisms involved in LED-induced photobiomodulation in
biological tissues under different irradiation parameters and conditions. Studies
on LED-induced metabolism photobiomodulation were accessed using
scientific article databases, whose findings were summarized in terms of
molecular and cellular mechanisms. Data from the accessed studies
suggested that the molecular mechanism of LED-induced
photobiomodulation involves photoacceptors, such as cytochrome C
oxidase, membrane ion channels, mitochondrial modulation, and the
production of ROS.
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Introduction
A brief history of light-emiting diodes therapy

The photobiomodulation effect was first described in the 1960s by a Hungarian
surgeon, Professor Endre Mester, of the Semmelweis University of Medicine. Mester
aimed to reproduce an experiment previously reported by Paul McGuff in 1965, which
involved analyzing the effect of a ruby laser on a model of malignant tumors in rats
(McGuff et al,, 1965). Part of the methodology consisted of shaving the fur and making an
incision on the back of the rats to transplant tumors. However, the laser used in the
experiment was not as powerful as that used by McGuff. Instead of obtaining the expected
results, Mester observed an increase in the healing process of incisions and fur growth in
irradiated areas. Thus, the first report on the effects of low-level ruby laser (694 nm) on
wound healing and hair growth was published (Mester et al., 1968; Mester et al., 1971).
After obtaining positive results for the stimulating effects of a low-level laser, Mester
initiated research on the mechanisms underlying the therapeutic potential of the laser and
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introduced phototherapy in the treatment of hard-to-heal
wounds and ulcers (Mester et al., 1985).

The first visible light-emitting diode (GaAsP LED) was
invented in 1962 by Nick Holonyak and Bevacqua in New
York (Holonyak and Bevacqua, 1962) however, its therapeutic
applications began to receive more attention from researchers
between 1980 and 1990. LEDs emit light from a solid material,
where the energy in an electric current is converted into
luminous energy (electroluminescence), emitting
electromagnetic radiation in the visible, infrared, or ultraviolet
spectrum (Schubert, 2006, p. 1). In the 1980s, NASA conducted
experiments using LEDs to cultivate plants for space travel
(Nasa.gov [homepage on the internet], 2009). Subsequently,
researchers investigated whether the radiation emitted from
LEDs had the potential to inhibit bone and muscle loss and
increase the body’s capacity to heal wounds in astronauts
(Spinoff.nasa.gov [homepage on the internet], 2008). From
these initial findings on LED-induced photobiomodulation,
interest in this area was established, and the response of
biological tissues to LED therapy (LEDT) has since been
extensively reported in studies aimed at elucidating their

mechanisms of action.

Mechanisms of action of light-
emiting diodes therapy light-emiting
diodes therapy and effector
molecules

Optical window and tissue absorption

Phototherapy is based on the photochemical process caused
by the absorption of energy from photons that make up the
radiation beam by photoacceptors, which can be molecules or
parts of biological molecules. Therefore, an important aspect that
needs to be considered to determine the luminous spectrum that
will be used is the optical property of this tissue.

Radiation penetration in tissues depends on their absorptive
characteristics. The less radiation absorbed by the biological
tissue, the greater its penetration. For phototherapy, the
choice of radiation owing to its penetration potential is related
to the depth of the target tissue. Therefore, an essential concept in
phototherapy is the “therapeutic window,” or “optical window,”
of a tissue. The optical tissue window is the spectral range in
which most tissues respond as sufficiently weak absorbers that
allow for significant light penetration (Vo-Dinh, 2003).
Radiations emitted from low-power LEDs as well as those
used in photodynamic therapy (PDT) are included in the
optical window of LED therapy, which ranges from the end of
the wultraviolet A (UV-A) spectrum to the near-infrared
(390-1,200 nm).

Biological tissues have a variety of chromophores, such as
melanin, cytochromes, opsins, flavins, deoxyhemoglobin, and
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water (Salehpour et al, 2018). Because they consist
predominantly of water, it is crucial that the absorption
potential of this molecule be considered. Radiation absorption
by water occurs mainly in the infrared (A > 1,200 nm) and
ultraviolet (A < 200 nm) spectra. In the spectral range of
650-1,200 nm (red to near-infrared radiation), radiation
absorption by water and organic molecules is low, resulting in
a high degree of radiation penetration. Thus, red and near-
infrared radiation can reach deeper tissues and can be
2011). The most

significant tissue absorption and scattering occurs for blue

absorbed by photoacceptors (Gomes,

light, as the main chromophores found in superficial
biological tissues have high radiation absorption for radiation
at short wavelengths; consequently, radiation penetration is low

(Huang et al., 2009).

Cytochrome c oxidase and mitochondrial
modulation

Although the mechanisms that mediate photobiomodulation
are not yet well understood, the mitochondrial enzyme
(CoX) is
researchers as the primary photoacceptor, and the events

cytochrome ¢ oxidase considered by many
resulting from the absorption of radiation energy by this
protein are responsible for the biological effects triggered
(Beauvoit et al., 1994; Karu, 1999; Karu, 2010). This enzyme,
known as complex IV, is a terminal enzyme of the electron
transport chain and a member of the heme/copper oxidase
superfamily, which is in the inner membrane of the
mitochondria and acts on the transfer of electrons from
mitochondrial cytochrome to molecular oxygen (Rich, 2017).
The hypothesis that CoX is the primary chromophore
the effects
oxidative metabolism

responsible  for of phototherapy involves
through the

photosensitization of the metal sites in the CoX structure. It

stimulating

has been suggested that such a process promotes an increase in
available electron levels for the reduction of dioxygen in the
catalytic center of cytochrome ¢ oxidase, which leads to changes
in the redox reactions carried out by the respiratory chain,
increased proton pumping, and the activity of the internal
mitochondrial membrane (Albuquerque-Pontes et al., 2015).
This alteration in the mitochondrial membrane potential
promotes an increase in cyclic adenosine monophosphate and
the synthesis of adenosine triphosphate (ATP) (Wu et al., 2014).
Consequently, the synthesis of DNA and RNA is increased,
which alters cellular activity and metabolism (Karu, 1987).

Dissociation of nitric oxide from CoX

It is well established that nitric oxide (NO) acts as a quick and
reversible inhibitor of mitochondrial respiration when present at
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physiological levels below 100 nM (Antunes et al., 2007). This
reversible inhibition occurs because of the production of nitrosyl
complexes in the heme group of cytochrome a3 in CoX (Brown,
2001). NO acts as a regulator of CoX activity by competing with
O, for enzymes of the respiratory chain. Thus, another reaction
identified as being responsible for the metabolic response of CoX
energization is the dissociation of NO from the CoX catalytic
center. Dungel and co-workers (Dungel et al., 2008) reported
that, depending on the wavelength, visible light restored the rate
of normal mitochondrial respiration after promoting the
recovery of NO-inhibited mitochondria.

ATP

Cell metabolism is positively stimulated by an increase in
ATP levels, which promotes photoacceptor sensitization. In
addition, it can elicit responses much broader than those
described by its essential energy function within cells because
the ATP molecule also has signaling potential, acting on
intercellular communication and producing different results
by activating P2 family receptors (P2X and P2Y) in purinergic
signaling. The activation of P2Y receptors triggers a cascade of
reactions that liberates intracellular calcium stores (Khakh and
Burnstock, 2009; Burnstock, 2018).

Modulation of reactive oxygen species

Stimulation of ATP production generates the production of
reactive oxygen species (ROS). High levels of ROS have
deleterious effects on molecules, including membrane proteins,
nucleic acids, and lipids. However, at low levels, ROS has positive
effects (Di Meo et al., 2018). Studies have suggested a relationship
between the proliferative effect of red-to-near-infrared radiation
and a moderate increase in the intracellular level of ROS in
normal cells (Wang et al., 2017; Amaroli et al., 2019). It is widely
accepted that the beneficial effects of ROS involve transcription
factors (Schreck et al., 1991). Nuclear factor kappa B (NF-kB)
induces gene transcription, promoting positive
photobiomodulation (Huang et al., 2009). However, in injured
cells or under stress conditions where oxidative stress is
increased, exposure to low-power red and near-infrared laser
irradiation tends to decrease the intracellular concentration of
ROS (Silveira et al., 2016).

Low-power irradiation at higher doses can promote high
ROS production and oxidative effects on nucleic acids (Wu et al.,
2007; Cadet and Wagner, 2013). Excess ROS induces the
formation of non-selective channels through mitochondrial
(mPTP),

mitochondrial membrane permeability (Zorov et al, 2000;

permeability transition pores enhancing inner

Bernardi et al., 2099). Jacobson and Duchen (Jacobson and
Duchen, 2002) reported an interaction between ROS and Ca*?
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and subsequent transient mitochondrial depolarization with the
opening of the mPTP. mPTP has protective functions when
transiently stimulated, such as preventing mitochondrial damage
by releasing calcium located in the matrix through pores. When
prolonged, its induction is usually related to damage to the
mitochondria and cell death pathways (Korge et al, 2011).
The
mitochondrial

unregulated increase in the permeability of the

membrane causes its dysfunctionalization
through the entry of solutes, the dilation of the matrix, and
the disruption of the outer membrane (Kim et al., 2003; Kinnally
and Antonsson, 2007). This disruption causes the release of
proapoptotic proteins into the cytosol. Injury to these
organelles is crucial for cell apoptosis (Desagher and
Martinou, 2000; Forte and Bernardi, 2006). In addition, the
opening of long-lasting mPTP, which increases ROS levels,
further stimulates ROS production, which threatens the

functioning of the mitochondrial population (Zorov et al., 2014).

Nuclear factor kappa B

NEF-KB is regulated by changes in the redox state, which
modulate several cellular functions, including the expression of
multiple protective and stimulating genes. NF-kB acts on
enzymes, growth and transcription factors, stress response
genes, apoptosis, and cell cycle regulators (D’Angio and
Finkelstein, 2000). In addition, the activation of this nuclear
factor promotes the positive regulation of inflammatory
cytokines (IL-6, IL-8, and TNF-a), cyclooxygenase 2 (COX-2),
nitric oxide synthase (NOS), and chemokines (CCL2 and
CXCL8) (Pires et al, 2018). NF-kB dimers exist in the
cytoplasm but are inhibited by their inhibitory proteins (IkB),
which regulate the nuclear translocation of NF-kB. ROS play a
key role in the phosphorylation of the IkB protein. Under the
action of ROS and the removal of IkB, the NF-kB protein is
released and activated, leading to the transcription of genes. In
response to this activation, by stimulating ROS production, it is
possible to observe some photobiomodulatory effects in normal
cells, such as collagen synthesis, the expression of anti-apoptotic
proteins, the synthesis of proteins involved in gene expression,
cell migration, and proliferation (Tergaonkar, 2006; Chen et al.,
2011).

Opsins

Photosensitive proteins, known as opsins (OPN), are
expressed in non-visual and visual tissues. Most animal opsins
are coupled to the G protein (Gt, Gq, Go, Gs, Gi and Gi, and Gi/
Go), and when energized by light, act as photoacceptors,
triggering a series of signaling cascades mediated by G
proteins (Koyanagi and Terakita, 2014). Thus, they can
modulate cellular physiological responses via intentional light
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irradiation. Humans have nine opsin genes, all of which have
different absorption maxima, four visual opsins, peropsin, RGR,
OPN3, OPN4, and OPNS5 (Terakita and Nagata, 2014). OPN3,
also known as panopsin, is expressed in various tissues, such as
the eye, liver, and brain. These opsins are more sensitive to green
and blue light and activate cascades related to Go and Gi proteins
(Koyanagi et al., 2013). The human retina expresses OPN4, also
known as melanopsin, which has maximum absorption in the
range of blue light and activates cascades mediated by the G-type
proteins Gq and Gi/Go (Bailes and Lucas, 2013). OPN5, known
as neuropsin, is highly sensitized by the UV region and activates
signaling cascades through the Gi protein (Kojima et al., 2011).

One of the episodes that follows opsin energization and
activation is the opening of photosensitive ion channels, such
as transient receptor potential (TRP) channels (Poletini et al.,
2015), which allows for the non-selective permeabilization of
sodium, calcium, and magnesium in the cell (Montell, 2011). Lan
et al. (2020) demonstrated that OPN3 expression increases in
human dermal fibroblasts after exposure to ultraviolet A
radiation. This regulation of OPN3 triggers phototransduction
and increases the expression of matrix metalloproteinases
(MMPs) through the calcium-dependent G protein-coupled
signaling pathway related to skin photoaging. Castellano-
Pellicena et al. (2019) demonstrated that blue light irradiation
at 447 nm increased the expression of OPN3 in the tongue
Through
differentiation, proliferation, and migration assays, they found

epithelium and accelerated tissue healing.
that blue light promotes keratinocyte differentiation. Wang et al.
(2020a) observed that in human epidermal melanocytes in vitro,
the silencing of OPN3 by RNAi-OPN3 decreased intracellular
calcium levels, leading to the activation of the mitochondrial

apoptosis pathway.

Phototoxicity

The biological effects triggered by phototherapy depend on
the standard device, which varies according to the irradiation
target (Zein et al., 2018). The cytotoxicity promoted by
photobiomodulation has also been found to improve the
therapeutic efficiency, mainly for the treatment of tumors
(Ohara et al.,, 2003; Oh et al,, 2015; Kim et al., 2021; Tian
et al,, 2021). The known cell apoptosis pathways are observed
in intrinsic (mitochondrial) and extrinsic (activation of cell death
receptors) processes (Cavalcante et al., 2019).

Masub et al. (2021) demonstrated that LED irradiation at
633 nm, high fluence at 640 J/cm?, and irradiance at 87 mW/cm*
in human dermal fibroblasts negatively influenced cell cycle
progression and induced cell cycle arrest in GO/GI. This
finding was followed by an increased expression of the
p53 checkpoint regulator.

Regarding the wavelength of light for phototherapy
procedures, Oh et al. (2015) demonstrated that blue LED
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(450 nm) has the potential to inhibit cell growth and trigger
apoptosis in melanoma cells. The first proposed mechanism was
similar to that reported for red light at high fluences. Elevated
ROS levels were found to lead to caspase activation and
mitochondrial damage. In addition, their experimental results
indicated an increase and activation of the transcription factor
p53 due to DNA damage. Increased P53 levels initiate cell cycle
arrest and trigger apoptosis via the transcriptional activation of
pro-apoptotic genes (Fridman and Lowe, 2003). Wang et al.
(2017) compared the effects of higher (660 and 810 nm) and
lower (415 and 540 nm) wavelengths on stem cells. In this study,
green and blue light decreased cellular ATP, inhibited cell
proliferation, increased intracellular ROS and calcium, and
decreased intracellular pH and mitochondrial membrane
potential. The results indicated an increase in the activity of
TRPV1 calcium channels caused by the absorption of blue and
green light by OPNs, which have a signaling relationship with
these cationic channels. Thus, the authors concluded that due to
the energization of opsins, the increase in calcium and ROS levels
was the main factor responsible for inhibiting proliferation. Kim
et al. (2021) demonstrated the apoptotic potential of a blue LED
(460 nm) in a pancreatic tumor, promoted by the regulation of
the AKT/mTOR pathway (an important pathway related to the
progression of tumors) and its suppressive potential in a tumor
model in xenografts through the inhibition of the AKT2 protein.
Protein kinase B (AKT) isoforms are overexpressed in cancers,
mediate signs of survival, promote tumor cell proliferation, and
cause resistance to chemotherapy.

Radiation emitted from light-emiting
diodes

Table 1 presents the findings of some recent studies on LED-
induced photobiomodulation in different models with varying
irradiation parameters. Studies were found on the databases of
scientific articles SciElo - Scientific Electronic Library Online
(http://www.scielo.br), PubMed (https://pubmed.ncbi.nlm.nih.
gov), CAPES - Coordenagido de Aperfeicoamento de Pessoal
de Nivel Superior (http://www.periodicos.capes.gov.br), Google
Scholar (https://scholar.google.com), and ERIC - Educational
Resources Information Center (https://eric.ed.gov). To this
end, the following keywords were used in the advanced search
fields of the aforementioned databases: “light-emitting diodes,”
“photobiomodulation,” phototherapy,” “LED therapy,” “blue
LED,” “green LED,” “red LED,” and “NIR-LED.” The search
was limited to articles published between 2009 and 2021, from

»%»

which a rigorous analysis of the resulting articles was conducted.
Articles that addressed the mechanisms involved in the response
to LED therapy and photobiomodulation itself were selected, the
main findings of which are discussed below.

Based on the studies presented in Table 1, some characteristics
of photobiomodulation induced by LED irradiation, which have
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TABLE 1 Summary of studies with LED and respective findings.

Study (year)

Shakibaie et al.
(2019)

de Almeida et al.
(2017)

Rosa et al. (2016)

Kuse et al. (2014)

Otsu et al. (2020)

Matsumoto et al.

(2014)

Dereci et al. (2016)

Yuan et al. (2017)

Yan et al. (2018)

Rohringer et al.
(2017)

Wang et al. (2016)

Teuschl et al.
(2015)

Experimental
model

Breast cancer cells
(in vitro)

Odontoblast-like cells
(in vitro)

Bacteria and fungus in
bone tissue

Murine cone
photoreceptor-derived
cells

Murine photoreceptor-
derived cells (in vitro)

Colon cancer cells
(in vitro)

Rats

Stem cells (in vitro)

Colorectal cancer cells
(in vitro)

Endothelial cells (in vitro)

Stem cells (in vitro)

Monolayers myoblasts,
fibroblasts, and
keratinocytes

Frontiers in Photonics

Wavelength
(nm)

435 (blue) and
629 (red)

455 (blue) and
630 (red)

455 (blue)

464 (blue), 456 and 553
(white), 522 (green)

464 (blue) and 522
(green)

465 (blue), 525 (green)
or 635 (red)

400-490 (blue LED)
and 980 (NIR low-level
diode laser)

470 (blue)

470 (blue)

475 (blue), 516 (green)
and 635 (red)

420 (blue), 540 (green),
660 (red) and
810 (NIR)

470 (blue) and
630 (red)

Irradiation
parameters®

17.5 and 7 J/cm?

2 or 4 J/cm? 80 and
40 mW/cm?

75 mW/cm?

0.38 mW/cm?

0.38 mW/cm?

15 mW or 30 mW

12 mW/cm? e 13 J/cm?

20 mW/cm?

0,72, 44, 216 ¢
288 J/cm?

Pulsed; 40 mW/cm?;

24 J/cm?

3 J/em?

50 mW/cm? 30 J/cm?

05

Biological effect

Decreased metabolism and
viability

Decreased metabolism

Reduced biofilm load

Cell damage induction

Cell death induction

Reduced proliferation and
increased apoptosis

Bone regeneration
induction

Reduced proliferation and
osteogenic differentiation,
and increased apoptosis

Reduced proliferation,
migration, and EMT, and
increased apoptosis

Improved migration and
proliferation

Osteoblast differentiation

Proliferation, apoptosis,
and necrosis

10.3389/fphot.2022.1018773

Findings

The irradiation at 629 nm
upregulated the expression of LDHA
and was downregulated by treatment
at 435 nm. Glucose uptake, lactate
formation, and glutamine
consumption were diminished in the
435 nm-irradiated cells.

Blue light triggered negative effects
on cellular metabolism. In contrast to
blue light, at 4 J/cm?, red light
stimulated ALP production.

LED treatment at 455 nm, mainly
during 10 min of application,
reduced the biofilm load of C.
albicans and S. aureus.

Blue light treatment increased ROS
levels, modulated protein expression,
and stimulated the aggregation of
S-opsin, leading to severe damage in
the treated cells.

Blue LED increased the accumulation
of damaged lysosomes and lysosomal
cell death, by oxidative stress and the
activation of the TFEB pathway.

LED treatment at 465 nm inhibited
proliferation and increased apoptosis
by MAPK pathway and extrinsic
apoptosis pathway.

When compared with the control
group, blue LED stimulated bone
regeneration, but with no statistical
difference when compared with low-
level laser light at 980 nm.

Blue LED inhibited osteogenic
differentiation and cell proliferation,
and induced apoptosis in BMSCs
through DNA damage by

increased ROS.

Blue LED irradiation induced DNA
damage and cell apoptosis, and
inhibited CRC cell migration, cell
proliferation, and EMT process.

Red- and green-pulsed LED light
increased HUVEC 3D migration and
proliferation. Moreover, the green
light showed increased 2D migration
potential.

Irradiation at 420 and 540 nm
increased osteoblast differentiation
and the levels of intracellular calcium
by activating light-gated calcium ion
channels.

Blue light increased apoptosis and
decreased proliferation in all treated
cell types and promoted necrosis in
myoblasts and fibroblasts cells. Red
light increased proliferation in all

3 cell types.

(Continued on following page)
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TABLE 1 (Continued) Summary of studies with LED and respective findings.

Study (year)

Dungel et al.
(2014)

Experimental
model

Ischemia disturbed rodent

flap model (in vivo)

Irradiation
parameters®

Wavelength
(nm)

470 (blue) and
629 (red)

50 mW/cm?; 30 J/cm?

Biological effect

Reduced necrosis and
improved angiogenesis

10.3389/fphot.2022.1018773

Findings

Both treatments increased
angiogenesis in the intramuscularly
and sub-epidermal layer.

Zhang et al. (2019)

Mice

625 (red), 520 (green), -
465 (blue) and white

Modulation of lipid
metabolism

Green light showed glucose
intolerance and increased serum and
liver lipid levels. Melatonin receptor-
1b and thyroid hormone receptor-f
expression levels were lowered.

Yang et al. (2016)

Nishioka et al.
(2012)

Evangelista et al.
(2020)

Meng et al. (2020)

Li et al. (2018)

Dall Agnol et al.
(2009)

Ruan et al. (2020)

Mesenchymal stem cells

(in vitro)

Skin flaps in rats

Acute Achilles tendinitis

in rats

Human synoviocyte cells

Model mimicking acne
(in vitro)

Tissue of diabetic rats

Stem cells

620 (red) 2 J/cm?

630 (red) 5 J/cm? 150 mW
630 (red) 9 J/cm?; 0.3 W/cm?
630 (red) 13, 26 and 39 J/cm?
637 (red) 0.2-1.2 J/cm?%

0.499-0.583 mW/cm?

640 (red LED); 660 30 mW; 6 J/cm?

(red laser)

1,100 mW/cm?
0-8 J/cm2

650 (red)

Increased proliferation and
osteogenic differentiation

Increased viability and
angiogenesis

Tissue repair

Reduced cell proliferation
and migration

Anti-inflammatory effect
and improvement of the
barrier impairment in acne
vulgaris

Tissue repair

Hard tissue regeneration

During a long culture period, low
levels of LED light at 620 nm
enhanced the osteogenic
differentiation and proliferation of
hUMSCs.

LED and laser irradiation improved
the viability of skin flaps, but LED
was more efficient in increasing the
number of mast cells in the transition
line and blood vessels.

Red light increased the number of
fibroblasts, the expression of the
HSP70, and the amount of collagen in
a model of acute Achilles tendinitis.

The expression of inflammatory
factors (MMP-3, IL-6, IL-1p, and IL-
8) was reduced and IL-10 expression
was increased. The growth inhibitory
effects of red light on MH7A cells
may be associated with the TRPV4/
PI3K/AKT/mTOR signaling
pathway.

Oleic acid-induced IL-1 release was
reduced following treatment with red
LED at 0.2, 0.5, and 1.2 J/em®.

Laser and LED irradiation promoted,
in a similar way, an acceleration of the
cutaneous wound healing compared
to the untreated group.

Treatment with LED of 6 J/cm?
significantly improved mineralization
and osteogenic differentiation.
Additionally, LED also led to the
induction of Wnt/p-catenin
activation.

Choi et al. (2019)

Hayworth et al.
(2010)

Brochetti et al.
(2017)

Frontiers in Photon

Human fibroblasts
(in vitro)

Muscle fibers (in vivo)

Lung fibrosis in mice

ics

660 (red) 50 mW/cm?

660 (red) 9 mW/cm?

15 J; 100 mW; 5 J/cm?
33.3 mW/cm?

660 (red)

06

Altered viability and
morphology

Improved aerobic capacity

Inflammatory and fibrotic
parameters

Low-level irradiation increased the
expression of HSP90, triggering
cellular changes.

In vivo low-level light therapy
promoted a dose- and fiber-type-
dependent increase in cytochrome
oxidase in muscle fibers, especially in
intermediate and red fibers.

Photobiomodulation therapy
reduced collagen production, the
number of inflammatory cells, static
and dynamic pulmonary elastance,
and interstitial thickening.

(Continued on following page)
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TABLE 1 (Continued) Summary of studies with LED and respective findings.

10.3389/fphot.2022.1018773

Study (year) Experimental Wavelength Irradiation Biological effect Findings
model (nm) parameters®

de Paula-Silva et al.  Colitis in mice 660 (red) 15J; 100 mW; 5 J/cm?  Structural protection and LED irradiation reduced

(2019) 33.3 mW/cm? inflammatory modulation inflammatory infiltrates and ulcers
and decreased the amount of crypt
dysplasia/edema. It also promoted an
increase in the proliferation of crypt
cells and attenuated apoptosis.

Martignago et al. Skin graft in rats 630 (red) and 3J; 6 J/em? 0.4 W/em®  Tissue repair Red LED increased TGF-p protein

(2020) 850 (NIR) expression and enhanced the skin
graft score compared to the NIR
group.

Traverzim et al. Women at labor (in vivo) 660 (red) and 5 mW/cm? (red and Analgesia during labor A statistically significant difference in

(2021) 850 (NIR) NIR); 216 ] pain was observed, but there was no
difference between the groups when
comparing labor duration, Apgar
score, and fetal well-being.

Tatmatsu-Rocha Pancreas in experimental ~ 805 (NIR) 0.88 J; 40 mW; Pancreatic duct LED irradiation modified the

et al. (2017) model of diabetes in rats 449 J/em® regeneration morphology and altered
carbohydrate metabolism in the
pancreas in an experimental model of
diabetes.

Zomorrodi et al. Human transcranial and 810 (NIR) 240 J/cm?; 100 Modulation of neural Photobiomodulation therapy

(2019) intranasal (transcranial) and 25 oscillations reduced the power of the slower delta

photobiomodulation (intranasal) W/cm? and theta frequencies and increased

Tatmatsu-Rocha Diabetic wound of rats 850 (NIR-LED)/904 40 mW; 18.33 J/cm?/ Modulation of

et al. (2018) (NIR-pulsed laser) 48 mW; 14.69 J/cm? inflammation, tissue repair,
angiogenesis, and
mitochondrial homeostasis

Vitoriano et al. Diabetic ulcers 850 (NIR-LED)/830 15.48 J/cm?; 0.25 W/ Tissue repair and
(2019) (NIR laser) cm?/14.64 J/cm? improvement of the
0.24 W/em? neuropathic symptoms
de Mattos et al. Induced tendinitis in 890 (NIR) 17 mW/st; 122.4/cm? Improvement in the
(2014) sheep per pads sensitivity to pain,

reduction in edema, and an
increased number of vessels

Diamantino et al. Femoral lesions of rats 945 (NIR) 48 mW; 12.4 J/cm? Bone formation
(2017)

Helrigle et al. Calcaneal tendon of 945 (NIR) 32 mW; 3.84 J/cm? Modulation of

(2016) ovariectomized rats inflammatory response
Cidral-Filho et al. Mouse plantar incision 950 (NIR) 80 mW/cm? 9 J/cm? Analgesia

(2014) model

“Irradiation parameters: total energy (J), potency (mW), fluence (J/cm?), and irradiance (mW/cm?).
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the power of the higher alpha, beta,
and gamma frequencies.

Both groups showed increased blood
vessels, and collagen fibers were
increased only by the LASER in
diabetic wounded skin. OX2 was
lower and VEGF was higher in the
LED group.

Tissue repair and an improvement in
the neuropathic symptoms were
observed.

Treatment showed an improvement
in pain sensitivity on palpation and
an absence of lameness. A reduction
in edema and an increased number of
vessels were also observed.
Phototherapy with 890 nm LEDs
reduced the inflammatory process.

In diabetic and non-diabetic animals,
treatment with LED positively
influenced bone formation without
causing changes in the volume of
tissue and optical density in the final

stages.

LED irradiation caused a decrease in
TNF-a and IL-6 expression, a
reduced number of pro-
inflammatory cells, and an increase in

IL-10 expression.

LEDT at doses of 9 J/cm? activated
the peripheral opioid receptors and
the L-arginine/NO pathway.

frontiersin.org


https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://doi.org/10.3389/fphot.2022.1018773

Veloso et al.

already been clinically explored, were observed, such as increased
proliferation and viability in different cell lines and improved
repair of different tissues, increased angiogenesis, altered
metabolism, and cellular morphology, for wavelengths between
red and NIR, in previously established parameters.
demonstrated that
affects  the
proliferation and differentiation of mesenchymal stem cells.
They cited the MAPK/ERK pathway and target cellular
pathways of ROS, ATP, NADH, and cAMP as pathways
potentially responsible for the observed effects but did not

red LED
osteogenic

Yang and co-workers

photobiomodulation  positively

explore the pathways themselves in their study (Yang et al,
2016). Choi and co-workers observed changes in the viability and
morphology of human fibroblasts after red LED irradiation,
mediated by increased levels of heat shock proteins (HSPs),
providing a potential explanation for the improvement in the
healing and repair of wounds after irradiation with LED (Choi
et al., 2019). In 2020, another study demonstrated the tissue
repair potential of red LED in an experimental rat model of
Achilles tendonitis. The authors observed an increase in the
number of fibroblasts, as well as in the amount of collagen and
the expression of HSP70 (Evangelista et al., 2020).

In addition, within the same spectral range, the modulation
of the inflammatory response, analgesia, the reduction of
neuropathic symptoms, and the modulation of neural
oscillations were observed. Tatmatsu-Rocha and co-workers
analyzed the effects of photobiomodulation mediated by laser
and near-infrared LED on collagen fibers in an animal model. In
their study, although no increase in collagen fibers was observed
in groups treated with LED, irradiation was found to positively
modulate angiogenesis and increase vascular endothelial growth
(VEGF). They
COX2 expression, which exerts an anti-inflammatory effect
(Tatmatsu-Rocha et al, 2018). In 2016, another study
explored the modulation of the inflammatory response by
NIR-LED in rats, and reported reduced levels of TNF-a and
IL-6, a reduced number of pro-inflammatory cells, and increased

factor also observed a reduction in

IL-10 expression (Helrigle et al, 2016). Two other studies
analyzed the analgesic potential of red LED and NIR during
childbirth and in a plantar incision model in rats, the latter by
activating peripheral opioid receptors via L-arginine/NO
(Cidral-Filho et 2014; al,  2021).
Furthermore, in a 2019, a study demonstrated that NIR-LED-
mediated transcranial photobiomodulation showed potential in

al., Traverzim et

modulating neural oscillations (Zomorrodi et al., 2019).

These responses are sometimes related to the activation of
different proteins and molecular pathways that are already
known. However, other times, researchers have been unable to
accurately clarify the events behind the responses. Furthermore, it
was observed that inhibitory effects could also be obtained by
modulating the irradiation parameters in the same spectral range,
such as the use of a high fluence. This was demonstrated by Meng
and co-workers, who analyzed the response of human synoviocyte
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MH7A cells to red LED irradiation. Repeated radiation at 26 and
39J/cm’® exerted an inhibitory effect on these cells, reducing
proliferation and migration, potentially through the regulation of
the TRPV4/PI3K/AKT/mTOR signaling pathway (Meng et al,
2020). However, inhibitory/cytotoxic effects are more commonly
observed at wavelengths belonging to the irradiation range of blue
and green light. The effects of inhibition of proliferation,
differentiation, and cell migration, the reduction of metabolism
and viability, the induction of cell damage and cell death, and
the reduction of bacterial biofilm are presented in Table 1.

Shakibaie and co-workers demonstrated that blue LED
irradiation at 17.5 J/cm® decreased the viability of breast cancer
cells. LDHA (Lactate dehydrogenase A) and GLS (Glutaminase)
expression was found to be downregulated, and the consumption
of glutamine, glucose, and lactate decreased. The opposite effects
were observed in cells treated with red LED (Shakibaie et al., 2019).
In 2020, another study demonstrated that exposing murine
photoreceptor-derived cells to blue LED light caused increased
levels of damaged lysosomes via the TFEB pathway and the
formation of perinuclear clumps, promoting lysosomal cell
death (Otsu et al, 2020). Yan and co-workers analyzed the
effects of blue LED radiation on colorectal cancer cells and
observed a decrease in live cells, lower cell proliferation, and
increased apoptosis. Cell migration was inhibited, similar to
epithelial-mesenchymal transition (EMT), and an accumulation
of ROS and DNA damage were also observed. However, in
addition to the results mentioned above, responses contrary to
those commonly observed were also observed, such as increased
migration, cell proliferation, differentiation, the induction of bone
regeneration, increased angiogenesis, and reduced cell necrosis
(Yan et al, 2018). Rohringer and co-workers investigated the
effects of LED radiation on endothelial cells in vitro. As a
result, the authors found that pulsed green light significantly
increased cell proliferation and 2D and 3D migration, even
more than those observed with red light treatment; however,
they did not specify the pathways by which these effects were
achieved (Rohringer et al, 2017). In addition, in 2016, a study
reported that blue LED could significantly increase bone
regeneration in rats (Dereci et al., 2016).

Few studies have addressed photobiomodulation at
molecular and metabolic levels. Generally, researchers have
investigated responses to LED radiation in a superficial way,
only hypothesizing the mechanisms behind the responses
obtained, as these are not yet well understood. As such, there
is a need for future studies to approach the metabolic and
molecular alterations in a qualitative and quantitative manner,
using newly available technologies, such as omics technologies,
highlighting NMR-based metabolomics. In this way, it may be
possible to identify the changes caused by LED therapy, such as
the inhibition, stimulation, and/or metabolic shifts, and to
understand more clearly how the effects of LED therapy are
achieved to enable its safe application, as well as for the
development of new therapies.
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NIR LED

Stimulates regeneration of the pancreatic duct
Improves neuropathic symptoms and signs
Tissue repair in diabetic ulcers

Red LED

General tissue repair

Increases cell viability and proliferation ° >
Improves metabolism and has -
anti-inflammatory effects

Orange LED

At neuroinflammatory
resp after an ischemic CVA
Reduces neuroinflammation in
the paraventricular nucleus

Green LED

Inhibits proliferation of stem cells from . e«
adipose tissue

Increases intracellular calcium
Stimulates osteoblasts differentiation

Blue LED

Induces colon cancer cell autophagy
Suppresses the growth of pancreatic

cancer cells

FIGURE 1

Metabolic and molecular effects observed after irradiation with LED in different experimental models and wavelengths. Blue LED (450-495 nm)
(Yoshimoto et al., 2018; Kim et al., 2021), green LED (495-570 nm) (Wang et al., 2016; Rohringer et al., 2017; Wang et al., 2017), yellow LED
(570-590 nm), orange LED (590-620 nm) (Lee et al., 2017; Wang et al., 2020b), red LED (620-700 nm) (Yang et al., 2016; Brochetti et al., 2017; de
Almeida et al., 2017; Shakibaie et al., 2019; Martignago et al., 2020; Traverzim et al., 2021), and NIR-LED (700-2,500 nm) (de Mattos et al., 2014;

Tatmatsu-Rocha et al,, 2017; Vitoriano et al.,, 2019).

Metabolic effects of light-emiting
diodes therapy

Studying the metabolic shift associated with low-power
irradiation is a promising way to clarify LED-induced
photobiomodulation. Although metabolomics, the systematic
study of metabolites on a large scale, plays a fundamental role
in this investigation, studies on LED-induced photobiomodulation
from this perspective are scarce. The metabolic and molecular
effects of each wavelength are summarized in Figure 1.

Shakibaie et al., (2019) investigated the effects of distinct
types of radiation on the metabolism of breast cancer cells. As a
result, blue LED radiation (435 nm) was found to decrease the
viability and expression of glutaminase (GLS) and lactate
dehydrogenase A (LDHA) in MCEF7 cells compared to those
in the group irradiated with red light and the control
group. Thus, a decline in glutamine, glucose, and lactate
consumption was observed. Blue light irradiation was also
found to inhibit cell proliferation and metabolic activation. In
contrast to the effect of irradiation with blue LED, red LED was
found to positively regulate the expression of LDHA and GLS,
followed by a decline in glucose consumption (112%), glutamine,
and lactate production (107%). These results indicate increased
metabolic activity in tumor cells irradiated with red LED. Zhang
et al,, (2019) demonstrated the influence of light irradiation on
non-visual physiological processes. To this end, rats were
exposed to light emitted from LEDs at different wavelengths.
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The group irradiated with green light showed higher serum and
liver lipid levels and greater glucose intolerance than the group
exposed to white light. In addition, the expression of melatonin
1b and thyroid hormone [ receptors was found to be reduced in
the livers of obese rats exposed to green light.

In this review, data on the cellular metabolic pathways altered
by the absorption of light emitted from LEDs was gathered for
the first time. Despite advances, research that provides insights
into cellular responses to irradiation at different wavelengths
remains scarce. The gaps in our understanding of LED-induced
photobiomodulation and the lack of studies on metabolomic
processes underlie the urgent need for more studies. In this
context, the analytical techniques of nuclear magnetic resonance
(NMR), as well as mass spectrometry (MS), are being
the
metabolomic analysis of different experimental models (Costa

increasingly — considered as promising tools  for
dos Santos et al., 2021), thereby improving our understanding the
biological effects of LEDs and their potential therapeutic

applications in photobiomodulation.

Future perspectives

The emergence of the omics era has paved the way for
medicine to focus on individual genetic and/or metabolic
backgrounds and precision medicine. Currently, it is possible
to combine omics data with parameters of LED therapy in
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different cell lines and tissue types with molecular and metabolic
profiles, leading to precision LED therapy. Treatment could be
personalized based on the target tissue type and patient
metabolic profile to enable a more effective and safer
treatment, as well as to address the specific needs of each
patient individually.

Conclusion

The studies reviewed herein suggest that radiation emitted
from low-power LEDs can induce photobiomodulation
depending on the irradiation parameters and biological tissue,
as shown in Figure 1 and Table 1. The mechanisms involved in
this effect are mainly related to the energization of endogenous
photoacceptors, such as cytochrome c oxidase. These results
include metabolism modulation, viability, the proliferation of
normal and tumoral cells, tissue regeneration, an alteration in the
differentiation and migration of different cell types, and the
induction of cellular damage. This review is important as it
highlights the current lack of metabolomics studies with
photobiomodulation, as well as providing an organized and
comprehensive overview of the mechanisms responsible for
the performance of LEDT for use by the scientific community,
in addition to future perspectives of precision LED therapy.
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