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Abstract 
Over the last few years, laser radiation therapy has gained increasing popular-
ity in treating difficult dermatological problems. However, the effect of radia-
tion at the cellular level is often only briefly described. In this article, our goal 
is to explain the fundamental mechanisms that enable human cells to function 
at their best capacity. Moreover, we aim to give a clear overview of how laser 
radiation therapy (LRT) can influence these pathways and what crucial role 
the mitochondrion has in photobiomodulation. 
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1. Introduction 

Shortly after its discovery in the 1960s, laser radiation therapy (LTR) earned its 
keep when scientists noticed the influence it had on different wound healing pro-
cesses [1]. 

In 1967, Endre Mester inadvertently found that low-power LRT did not destroy 
the skin tumors but rather stimulated healing. These groundbreaking findings 
paved the way for the treatment of stubborn skin conditions [2]. 

Photobiomodulation (PBM) therapy describes the therapeutic application of 
PBM and is characterized by the interaction between light and tissue. It is gener-
ally known that extensive exposure to UV light is a risk factor for developing skin 
cancers, but the effect of lasers on tissue is not equally understood.  

Lasers (and other light systems) are modulated to use (quasi)monochromatic 
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low-level light irradiation (LLLI) to trigger primarily photochemical processes in 
a non-invasive way [3]. 

All devices with a wavelength between the spectrum of visible light and infra-
red (IR) might have a positive effect on tissue (e.g., laser, light-emitting diodes 
(LEDs)) [1]. 

Many clinical trials have been published on this topic, but fundamental studies 
confirming its biological effects are still lacking. However, several aspects of this 
chain of reactions have already been proven. Findings from clinical trials have 
shown that when low-intensity lasers are used, as in LLLI therapy, they induce a 
cellular or tissue-level response without causing any thermal damage [4]. This ar-
ticle focuses on the existing studies of LLLI, its relation to mitochondria, and the 
enzymes involved in the achievement of PBM. Most of the experiments cited in 
the articles were performed in vitro. 

2. Global and Experimental Findings 
2.1. LLLI Therapy Induces Cellular Proliferation and Biosynthetic  

Activity 

LLLI therapy is believed to lead to cell synthesis and proliferation phenomena in 
tissue. When cells encounter low-level light, specific intracellular photoreceptors 
absorb this light energy, initiating a cascade of intracellular signaling pathways. 
These pathways subsequently enhance the production of various chemical com-
pounds and enzymes, including adenosine triphosphate (ATP), collagen, and DNA. 
As a result, cell proliferation and tissue regeneration are promoted. Numerous 
studies have demonstrated the value of IR and red light in tissue healing and in-
fluencing the synthesis of Vascular Endothelial Growth Factor (VEGF), known to 
affect angiogenesis, proliferation, migration, differentiation, and apoptosis of en-
dothelial cells [5] [6]. 

In addition, infrared irradiation of the skin also increases cutaneous ferritin 
levels [7]. Ferritin has anti-inflammatory and antioxidant properties and is known 
within the anti-inflammatory immune system.  

In the early 1980s, experiments on isolated mitochondria showed that low-
level light irradiation (LLLI) increased mitochondrial proton electrochemical 
potential and ATP synthesis. Subsequent studies found that LLLI also elevated 
RNA levels and protein synthesis [8]. Later, it was found that light also increased 
RNA levels and protein synthesis [9]. Additionally, research revealed that 660 
nm LLLI on rat liver mitochondria enhanced oxygen consumption, activated 
respiratory chain enzymes, and promoted ATP synthesis through enzymatic re-
actions [10]. 

It is important to note that DNA itself cannot be targeted by PBM, as it has no 
photoreceptor. However, LLLI induces mitochondrial photoreception—primarily 
via cytochrome-c oxidase—which increases ATP production and modulates reac-
tive oxygen species (ROS), thereby indirectly promoting cell proliferation and 
stimulating DNA synthesis. 
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2.2. Intracellular Mechanisms Underlying Photobiomodulation 
2.2.1. Mitochondria as Primary Targets of LLLI Therapy 
One of the key mechanisms behind LLLI therapy is the activation of mitochondria 
within cells. The increased production of ATP stimulates the cells into a state of 
enhanced metabolism, inducing cell proliferation and tissue regeneration. To gain 
a better understanding, a brief summary of mitochondrial respiration is provided 
before further dissection of the topic of photochemical reactions.  

2.2.2. Structural Organization of Mitochondria Relevant to LLLI Therapy 
Mitochondria are the organelles responsible for energy metabolism in eukaryotes; 
they have a double-membrane structure, consisting of two membranes (outer and 
inner) enclosing a dense matrix [11] [12] (Figure 1). 

 

 
Figure 1. Schematic cross-section of a mitochondrion. 

2.2.3. Mitochondrial Respiration and Bioenergetic Control 
Respiration is the step-wise release of energy from carbohydrates and other mol-
ecules; this energy is used to synthesize ATP and can be divided into three major 
pathways: glycolysis, the Krebs cycle, and the electron transport chain (ETC). The 
latter two processes take place in the mitochondria [13]. This ATP can be used 
directly by the cell. Ultimately, this energy can be released in several forms, such 
as chemical, mechanical, electrical, osmotic, or thermal energy [14]. Increasing 
the ADP level (to be discussed later) in the mitochondrial matrix accelerates all 
reactions of the mitochondrial complexes. Conversely, the oxidations of all these 
enzymes stop in the absence of ADP in the matrix (Figure 2). 

During glycolysis, glucose is converted into pyruvate, which is the first step in 
the breakdown of glucose for energy production. After glycolysis, the Krebs cycle 
(in the matrix) and the ETC (in the inner membrane) take place [13]. 

During the Krebs cycle, also known as the mitochondrial tricarboxylic acid 
(TCA) cycle, the six-carbon molecule citrate is generated, releasing energy that 
generates GTP (equivalent to an ATP molecule), electrons, and, most importantly, 
potential chemical energy [15]. These compounds can be further metabolized by 
the respiratory chain to produce 11 ATP molecules. This is done via a proton gra-
dient and ATP synthase [16] (Figure 3). 

https://doi.org/10.4236/jcdsa.2026.162008


B. Cambier et al. 
 

 

DOI: 10.4236/jcdsa.2026.162008 110 J. Cosmetics, Dermatological Sciences and Applications 
 

 
Figure 2. Schematic representation of mitochondrial resting metabolic activity. 

 

 
Figure 3. Schematic representation of the Krebs (tricarboxylic acid, TCA) cycle within 
the mitochondrial matrix, illustrating the generation of reducing equivalents and 
metabolic intermediates. 

2.2.4. Electron Transport Chain Dynamics and the Role of Cytochrome c  
Oxidase 

The ETC is a series of protein complexes and electron carriers located in the inner 
membrane of mitochondria. These complexes and carriers work together to trans-
fer electrons, resulting in the generation of ATP through a process called oxidative 
phosphorylation. This chain is regulated by the relative concentrations of ATP 
and ADP.  

Five transmembrane protein complexes (I - V) are responsible for the ETC. 
Each complex has a specific function in the transfer of electrons. The complexes 
are eventually combined to form a configured supercomplex [17]. This form of 
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energy, generated by mitochondrial respiratory chain oxidative phosphorylation, 
covers over 80% of the ATP required by the cell [18]. Explaining all the complexes 
would lead us too far for the scope of this article, but it is important to understand 
that complex IV is of utmost importance in this chain of reactions caused by LLLI 
[17] (Figure 4). 

 

 
Figure 4. Organization of the mitochondrial electron transport chain (ETC) within the 
inner mitochondrial membrane. 

 
This brings us to the core of where it all happens: the light-sensitive particles in 

the mitochondrion.  
Cytochromes, flavins, and complex IV/the CCO belong to the ETC and can 

absorb light. Therefore, they are perceived as the photoreceptors of the ETC, with 
the CCO being the main target.  

Cytochromes are coenzymes that transport electrons. Except for soluble cyto-
chrome c, which is the substrate of complex IV, cytochromes are associated with 
the complexes of the ETC: cytochrome b associates with complex II, cytochrome 
c1 is in complex III, and cytochromes a and a3 are in complex IV.  

Cytochromes absorb light in different bands of the visible light spectrum.  
Flavins: Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) 

are coenzymes that transport hydrogen. The flavin nucleus absorbs wavelengths of 
the visible spectrum. Complex IV or cytochrome c oxidase (CCO) oxidizes the cy-
tochrome c iron ions, thereby generating H2O by transferring electrons from cyto-
chrome C to O2 and pumps protons from the matrix into the intermembrane space.  

We will now explain in more detail how this complex is found to be responsible 
for the absorption of red light and near infrared (NIR).  

2.2.5. The Redox Centers of CCO 
The reactive oxygen species (ROS) and nitric oxide (NO) are of major importance. 
The absorption of photons by the enzymes described above leads to the transient 
activation of the respiratory chain caused by a redox change in the CCO. This then 
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triggers a series of molecular reactions. This redox potential relies on two interre-
lated phenomena: the occurrence of reactive oxygen species (ROS) and the occur-
rence of nitric oxide (NO).  

2.3. Redox Signaling Induced by LLLI Therapy 
2.3.1. Reactive Oxygen Species as Signaling Mediators in  

Photobiomodulation 
LLLI is responsible for promoting oxidation reactions and altering cellular redox 
potential by inducing ROS production in mitochondria [19] [20]. ROS are very 
small molecules that affect electron transfer and ATP metabolism. Moreover, ROS 
are important for signalling pathways from the mitochondria to the cell nucleus 
and can influence transient functions related to mitochondrial metabolism. Their 
potentially harmful effect is limited by the cell’s warning systems. These systems 
detect ROS and activate antioxidant defenses. In cells, there are several transcrip-
tion factors that are sensitive to changes in the levels of oxidants and antioxidants, 
called redox-sensitive transcription factors. These transcription factors control 
the expression of genes. Two examples of redox-sensitive transcription factors are 
the nuclear transcription factor NF-kB and the AP1 transcriptional complex.  

LLLI causes moderate oxidative stress by stimulating the production of ROS 
and the induction of oxidative phosphorylation. This activates transcription fac-
tors. These transcripts lead to the synthesis or release of numerous molecules, in-
cluding interleukins, growth factors, and inflammatory cytokines [21]. Among 
these transcription factors, the role of nuclear transcription factor kappa B (NF-
κB) is essential. It regulates cAMP, the levels of cytokines, growth factors, and 
inflammatory mediators, and leads to an increase in anti-apoptotic proteins.  

These signaling and protection systems, stimulated by LLLI, indicate that LLLI 
has not only restorative but also preventive effects. For example, pre-treatment 
with IR protects the skin from induced UVB toxicity because IR inhibits UVB-
induced apoptosis. In this process, the role of the transcription factor p53 is es-
sential as a regulatory factor that watches over the integrity of the cell [22]. It 
brings the cell into a resting phase, which promotes recovery, or it induces apop-
tosis. LLLI could therefore promote anti-apoptotic protective effects. Another 
study, which showed that UV-induced erythema can be preventively treated with 
a 660 nm LED, reinforces this conclusion [23]. Moreover, the activation of anti-
apoptotic genes explains why exposure to LLLI protects the cell from the harmful 
effects of cyanide, tetrodotoxin, or methanol [24] [25]. 

Besides, PBM promotes cell proliferation and viability due to the promotion of 
free radical action, which affects the expression of genes involved in DNA repair. 
APEI and OGG1 are examples of this. Their expression, after exposure to laser 
irradiation, appears to be different in skin and muscle tissue and depends on the 
parameters and protocols [26]. 

ROS also regulate growth factors and enzymes involved in tissue repair. The 
anti-inflammatory effects of LLLI should also be highlighted. Researchers showed, 
in cultures of human fibroblasts, that irradiation at 635 nm can directly dissociate 
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ROS. This ultimately results in the inhibition of prostaglandin E2 (PGE2) release, 
substances that play a central role in inflammation [27]. 

It is suggested that LLLI therapy may be pro-oxidant in the short term by pro-
moting oxidative phosphorylation, but antioxidant in the medium or long term 
through the initiation of protective pathways as illustrated above [28]. 

2.3.2. Absorption Spectra of Cytochrome c Oxidase in Different Redox  
States 

CCO contains two redox centres, two hemes (heme a and heme a3) and two copper 
atoms (Cua and Cua3) [29]. Between its fully oxidised and fully reduced forms, 
CCO has many intermediate forms of mixed valence with different ligation states. 
These different forms have different absorption spectra [30]. Researchers discov-
ered four “active” regions of the absorption spectrum, and these seem to depend 
on the nature of the CCO intermediates. The first region is between 613.5 and 
623.5 nm, the second is between 667.5 and 683.7 nm, the third is between 750.7 
and 772.3 nm, and the last peak position is between 812.5 and 846.0 nm [31]. 

Thus, the absorption spectrum of CCO varies and depends on the oxidation 
state of CCO. The wavelengths at 710 - 790 nm are characteristic of a relatively 
reduced photoacceptor, while the region at 650 - 680 nm is characteristic of a rel-
atively oxidized state of the photoacceptor [32]. 

2.3.3. Nitric Oxide Release and Mitochondrial Signaling Modulation 
NO is a free radical and a gas that, together with other free radicals, is important 
in the primary defence against attacks by microorganisms, and is involved in, but 
not exclusive to, neurotransmission, vasodilation, wound healing, and the regula-
tion of biochemical pathways [33]. 

In 2005, researchers showed that enhanced mitochondrial NO production took 
place after red and NIR irradiation [34]. Moreover, LLLI was found to induce both 
the production and release of NO, particularly from the OCC, in cultured cells. 
The NO thus produced in small amounts probably activates signalling pathways 
beneficial to the cell [35] [36]. 

All these biological processes demonstrate the clinical relevance and potential of 
LLLI. However, to achieve the most effective result, the implementation and irradi-
ation parameters, such as dosing and frequency, need to be carefully monitored. 

2.3.4. Wavelength-Dependent Effects and Dose-Response Relationships 
The colour of light is determined by its wavelength, which is essential for LLLI ther-
apy. Photons are absorbed by photoacceptors, which trigger biochemical reactions.  

These biochemical effects result from complex interactions that combine acti-
vating and inhibitory effects [37]. This explains why exposure to a single wave-
length can be effective in a way that is not the case when radiation is delivered in 
the broad visible spectrum.  

Regarding the dose, it was found that the “reciprocity rule”, whereby a photo-
chemical reaction is directly proportional to the total energy dose, regardless of 
the time in which this dose is delivered, does not apply to PBM. Moreover, there 
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is a threshold dose to consider [31]. 
It is important to note that there is a relationship between the several parame-

ters. As a result, fluence, power density, and duration should not be considered 
separately. The different parameters play an important role, which is why biphasic 
dose (stimulation under low-dose treatments, but inhibition under high-dose) re-
sponses exist. The Arndt-Schulz curve illustrates the complexity of this response 
and visualizes a possible dose “sweet spot” in the tissue. It shows that too short a 
duration or insufficient power density has no effect, and conversely, excessive du-
ration and/or power density may have inhibitory effects. Therefore, the maximum 
beneficial effect has an optimal balance between duration and power density [36]. 

2.3.5. Influence of the Cellular Metabolic State on Photobiomodulation  
Outcomes 

Furthermore, treatment results appear to be better when the cells have stopped 
dividing and are in a suffering state. This makes the condition of the cells at the 
time of irradiation essential.  

The stimulatory effect of irradiation is greater on resting or slowly growing cells 
than on cells that are already in the growth phase. More specifically, irradiation of 
already growing cells even had an inhibitory effect in some experimental models 
[38]. Several decades later, clinical studies showed that the most damaged cells 
seemed to respond better to LED. After fractional laser treatment, half of the 
treated area was exposed to LLLI, and the difference in healing between these two 
areas was only visible (48 hours later) in the patients exposed to the highest frac-
tional laser dose [39]. From this, it can be deduced that the action spectrum varies 
according to the proliferation phase of the cell [31] (Figure 5). 

 

 
Figure 5. Three-dimensional model of the Arndt-Schulz curve illustrating how either 
irradiance or illumination time (fluence) can have biphasic dose response effects in LLLT. 
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3. Discussion and Conclusion 

All these studies clearly indicate the potential biological and clinical effects of 
LEDs on the prevention of apoptosis, induction of cell proliferation, stimulation 
of fibroblasts, collagen synthesis, and angiogenesis, which are all related to tissue 
repair. Exposure to certain wavelengths of light could therefore increase the activ-
ity and efficiency of mitochondria, leading to improved cell function and possibly 
even a delay in the aging process. Overall, the effect of light on mitochondria is a 
complex chain of reactions in which perfect circumstances are necessary for opti-
mal treatment and results.  

Variable factors such as the initial state of the cells and the parameters of an 
LLLI device (e.g., wavelength, pulse system, level of deposited energy, energy den-
sity, and power density) need to be taken into account, as well as the correct posi-
tioning of the area to be treated relative to the light source, allowing enough pho-
tons to reach the target, are essential to achieve the desired result.  

In this article, our aim was to demonstrate the pivotal role of mitochondria in 
PBM. We explained the crucial role of cytochrome c oxidase, a critical component 
of the mitochondrial electron transport chain (ETC), and the absorption of light 
by CCO. These mechanisms enable cells to respond to changes in their environ-
ment and regulate their metabolic processes. The molecular outcomes (e.g., in-
creased ATP and VEGF) are of major importance and have an observable thera-
peutic benefit (e.g., accelerated wound closure). 

However, many factors in this LLLI therapy remain unclear. It is suggested that 
LLLI therapy may act as a pro-oxidant in the short term by promoting oxidative 
phosphorylation, but as an antioxidant in the medium term through the initiation 
of protective pathways [28]. 

One of the problems with studies regarding LLLI is that they are hard to compare 
because the specifications of an LLLI device are known not to be always reliable [40]. 
This is one more argument for understanding that irradiations that are excessive in 
dose or duration can lead to a lack of impact or induce unfavourable outcomes.  

Furthermore, clear guidelines regarding the appropriate dosage and duration 
of LLLI therapy are not yet in sight and are still being debated. The results and 
information collected so far may be called into question due to the fact that these 
experiments were performed in vitro.  

LLLI is promising in the treatment of difficult wound healing problems, but 
further research is needed to gain more information about the specifications of 
the therapy.  

Acknowledgements 

We acknowledge Diede Houbaert, PhD, for helping with the creation of the illus-
trations. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this paper. 

https://doi.org/10.4236/jcdsa.2026.162008


B. Cambier et al. 
 

 

DOI: 10.4236/jcdsa.2026.162008 116 J. Cosmetics, Dermatological Sciences and Applications 
 

References 
[1] Kuffler, D.P. (2015) Photobiomodulation in Promoting Wound Healing: A Review. 

Regenerative Medicine, 11, 107-122. https://doi.org/10.2217/rme.15.82 

[2] Mester, A. and Mester, A. (2017) The History of Photobiomodulation: Endre Mester 
(1903-1984). Photomedicine and Laser Surgery, 35, 393-394.  
https://doi.org/10.1089/pho.2017.4332 

[3] Kim, H.P. (2014) Lightening up Light Therapy: Activation of Retrograde Signaling 
Pathway by Photobiomodulation. Biomolecules & Therapeutics, 22, 491-496.  
https://doi.org/10.4062/biomolther.2014.083 

[4] Liu, N., Lu, W., Qu, X. and Zhu, C. (2022) LLLI Promotes BMSC Proliferation 
through Circrna_0001052/miR-124-3p. Lasers in Medical Science, 37, 849-856.  
https://doi.org/10.1007/s10103-021-03322-0 

[5] Staninger (2004) An Overview of FAR-INFRARED THERAPY for HEALTHY AG-
ING & DETOX. 
https://thermomedica.nl/wp-content/uploads/2016/06/FAR_INFRARED_THER-
APY.pdf  

[6] Chen, C., Hung, H. and Hsu, S. (2008) Low‐Energy Laser Irradiation Increases En-
dothelial Cell Proliferation, Migration, and Enos Gene Expression Possibly via PI3K 
Signal Pathway. Lasers in Surgery and Medicine, 40, 46-54.  
https://doi.org/10.1002/lsm.20589 

[7] Applegate, L.A., Scaletta, C., Panizzon, R., Frenk, E., Hohlfeld, P. and Schwarzkopf, 
S. (2000) Induction of the Putative Protective Protein Ferritin by Infrared Radiation: 
Implications in Skin Repair. International Journal of Molecular Medicine, 5, 247-298.  
https://doi.org/10.3892/ijmm.5.3.247 

[8] Passarella, S., Casamassima, E., Molinari, S., Pastore, D., Quagliariello, E., Catalano, 
I.M., et al. (1984) Increase of Proton Electrochemical Potential and ATP Synthesis in 
Rat Liver Mitochondria Irradiated in Vitro by Helium‐Neon Laser. FEBS Letters, 
175, 95-99. https://doi.org/10.1016/0014-5793(84)80577-3 

[9] Greco, M., Guida, G., Perlino, E., Marra, E. and Quagliariello, E. (1989) Increase in 
RNA and Protein Synthesis by Mitochondria Irradiated with Helium-Neon Laser. 
Biochemical and Biophysical Research Communications, 163, 1428-1434.  
https://doi.org/10.1016/0006-291x(89)91138-8 

[10] Yu, W., Naim, J.O., McGowan, M., Ippolito, K. and Lanzafame, R.J. (1997) Photo-
modulation of Oxidative Metabolism and Electron Chain Enzymes in Rat Liver Mi-
tochondria. Photochemistry and Photobiology, 66, 866-871.  
https://doi.org/10.1111/j.1751-1097.1997.tb03239.x 

[11] McBride, H.M., Neuspiel, M. and Wasiak, S. (2006) Mitochondria: More than Just a 
Powerhouse. Current Biology, 16, R551-R560.  
https://doi.org/10.1016/j.cub.2006.06.054 

[12] Frey, T.G. and Mannella, C.A. (2000) The Internal Structure of Mitochondria. Trends 
in Biochemical Sciences, 25, 319-324.  
https://doi.org/10.1016/s0968-0004(00)01609-1 

[13] Fernie, A.R., Carrari, F. and Sweetlove, L.J. (2004) Respiratory Metabolism: Glycoly-
sis, the TCA Cycle and Mitochondrial Electron Transport. Current Opinion in Plant 
Biology, 7, 254-261. https://doi.org/10.1016/j.pbi.2004.03.007 

[14] Saraste, M. (1999) Oxidative Phosphorylation at the fin De Siècle. Science, 283, 1488-
1493. https://doi.org/10.1126/science.283.5407.1488 

[15] Martínez-Reyes, I. and Chandel, N.S. (2020) Mitochondrial TCA Cycle Metabolites 

https://doi.org/10.4236/jcdsa.2026.162008
https://doi.org/10.2217/rme.15.82
https://doi.org/10.1089/pho.2017.4332
https://doi.org/10.4062/biomolther.2014.083
https://doi.org/10.1007/s10103-021-03322-0
https://thermomedica.nl/wp-content/uploads/2016/06/FAR_INFRARED_THERAPY.pdf
https://thermomedica.nl/wp-content/uploads/2016/06/FAR_INFRARED_THERAPY.pdf
https://doi.org/10.1002/lsm.20589
https://doi.org/10.3892/ijmm.5.3.247
https://doi.org/10.1016/0014-5793(84)80577-3
https://doi.org/10.1016/0006-291x(89)91138-8
https://doi.org/10.1111/j.1751-1097.1997.tb03239.x
https://doi.org/10.1016/j.cub.2006.06.054
https://doi.org/10.1016/s0968-0004(00)01609-1
https://doi.org/10.1016/j.pbi.2004.03.007
https://doi.org/10.1126/science.283.5407.1488


B. Cambier et al. 
 

 

DOI: 10.4236/jcdsa.2026.162008 117 J. Cosmetics, Dermatological Sciences and Applications 
 

Control Physiology and Disease. Nature Communications, 11, Article No. 102.  
https://doi.org/10.1038/s41467-019-13668-3 

[16] Mills, E.L., Kelly, B. and O’Neill, L.A.J. (2017) Mitochondria Are the Powerhouses of 
Immunity. Nature Immunology, 18, 488-498. https://doi.org/10.1038/ni.3704 

[17] Zhao, R., Jiang, S., Zhang, L. and Yu, Z. (2019) Mitochondrial Electron Transport 
Chain, ROS Generation and Uncoupling (Review). International Journal of Molecu-
lar Medicine, 44, 3-15. https://doi.org/10.3892/ijmm.2019.4188 

[18] Papa, S., Martino, P.L., Capitanio, G., Gaballo, A., De Rasmo, D., Signorile, A., et al. 
(2011) The Oxidative Phosphorylation System in Mammalian Mitochondria. In: Sca-
tena, R., Bottoni, P. and Giardina, B., Eds., Advances in Experimental Medicine and 
Biology, Springer, 3-37. https://doi.org/10.1007/978-94-007-2869-1_1 

[19] Karu, T. (1999) Primary and Secondary Mechanisms of Action of Visible to Near-IR 
Radiation on Cells. Journal of Photochemistry and Photobiology B: Biology, 49, 1-17.  
https://doi.org/10.1016/s1011-1344(98)00219-x 

[20] Lubart, R., Eichler, M., Lavi, R., Friedman, H. and Shainberg, A. (2005) Low-Energy 
Laser Irradiation Promotes Cellular Redox Activity. Photomedicine and Laser Sur-
gery, 23, 3-9. https://doi.org/10.1089/pho.2005.23.3 

[21] Gao, X. and Xing, D. (2009) Molecular Mechanisms of Cell Proliferation Induced by 
Low Power Laser Irradiation. Journal of Biomedical Science, 16, Article 4.  
https://doi.org/10.1186/1423-0127-16-4 

[22] Frank, S., Menezes, S., Lebreton‐De Coster, C., Oster, M., Dubertret, L. and Coulomb, 
B. (2006) Infrared Radiation Induces the P53 Signaling Pathway: Role in Infrared 
Prevention of Ultraviolet B Toxicity. Experimental Dermatology, 15, 130-137.  
https://doi.org/10.1111/j.1600-0625.2005.00397.x 

[23] Barolet, D. and Boucher, A. (2008) LED Photoprevention: Reduced MED Response 
Following Multiple LED Exposures. Lasers in Surgery and Medicine, 40, 106-112.  
https://doi.org/10.1002/lsm.20615 

[24] Eells, J.T., Henry, M.M., Summerfelt, P., Wong-Riley, M.T.T., Buchmann, E.V., 
Kane, M., et al. (2003) Therapeutic Photobiomodulation for Methanol-Induced Ret-
inal Toxicity. Proceedings of the National Academy of Sciences, 100, 3439-3444.  
https://doi.org/10.1073/pnas.0534746100 

[25] Wong-Riley, M.T.T., Liang, H.L., Eells, J.T., Chance, B., Henry, M.M., Buchmann, E., 
et al. (2005) Photobiomodulation Directly Benefits Primary Neurons Functionally 
Inactivated by Toxins. Journal of Biological Chemistry, 280, 4761-4771.  
https://doi.org/10.1074/jbc.m409650200 

[26] de Souza da Fonseca, A., Mencalha, A.L., Araújo de Campos, V.M., Ferreira Ma-
chado, S.C., de Freitas Peregrino, A.A., Geller, M., et al. (2012) DNA Repair Gene 
Expression in Biological Tissues Exposed to Low-Intensity Infrared Laser. Lasers in 
Medical Science, 28, 1077-1084. https://doi.org/10.1007/s10103-012-1191-3 

[27] Lim, W., Lee, S., Kim, I., Chung, M., Kim, M., Lim, H., et al. (2007) The Anti‐Inflam-
matory Mechanism of 635 Nm Light‐Emitting‐Diode Irradiation Compared with Ex-
isting COX Inhibitors. Lasers in Surgery and Medicine, 39, 614-621.  
https://doi.org/10.1002/lsm.20533 

[28] Chen, A.C.H., Huang, Y.Y., Arany, P.R. and Hamblin, M.R. (2009) Role of Reactive 
Oxygen Species in Low Level Light Therapy. In Proceedings of SPIE, Vol. 7165, Ar-
ticle 716502. https://doi.org/10.1117/12.814890  

[29] Capaldi, R.A., Takamiya, S., Zhang, Y., Gonzalez-Halphen, D. and Yanamura, W. 
(1987) Structure of Cytochrome-C Oxidase. In: Current Topics in Bioenergetics, 
Elsevier, 91-112. https://doi.org/10.1016/b978-0-12-152515-6.50008-4 

https://doi.org/10.4236/jcdsa.2026.162008
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1038/ni.3704
https://doi.org/10.3892/ijmm.2019.4188
https://doi.org/10.1007/978-94-007-2869-1_1
https://doi.org/10.1016/s1011-1344(98)00219-x
https://doi.org/10.1089/pho.2005.23.3
https://doi.org/10.1186/1423-0127-16-4
https://doi.org/10.1111/j.1600-0625.2005.00397.x
https://doi.org/10.1002/lsm.20615
https://doi.org/10.1073/pnas.0534746100
https://doi.org/10.1074/jbc.m409650200
https://doi.org/10.1007/s10103-012-1191-3
https://doi.org/10.1002/lsm.20533
https://doi.org/10.1117/12.814890
https://doi.org/10.1016/b978-0-12-152515-6.50008-4


B. Cambier et al. 
 

 

DOI: 10.4236/jcdsa.2026.162008 118 J. Cosmetics, Dermatological Sciences and Applications 
 

[30] Szundi, I., Liao, G.L. and Einarsdóttir, Ó. (2001) Near-Infrared Time-Resolved Opti-
cal Absorption Studies of the Reaction of Fully Reduced Cytochrome c Oxidase with 
Dioxygen. Biochemistry, 40, 2332-2339. https://doi.org/10.1021/bi002220v 

[31] Karu, T.I. and Kolyakov, S.F. (2005) Exact Action Spectra for Cellular Responses Rel-
evant to Phototherapy. Photomedicine and Laser Surgery, 23, 355-361.  
https://doi.org/10.1089/pho.2005.23.355 

[32] Karu, T.I., Pyatibrat, L.V. and Afanasyeva, N.I. (2005) Cellular Effects of Low Power 
Laser Therapy Can Be Mediated by Nitric Oxide. Lasers in Surgery and Medicine, 36, 
307-314. https://doi.org/10.1002/lsm.20148 

[33] Bruckdorfer, R. (2005) The Basics about Nitric Oxide. Molecular Aspects of Medi-
cine, 26, 3-31. https://doi.org/10.1016/j.mam.2004.09.002 

[34] Karu, T.I., Pyatibrat, L.V., Kolyakov, S.F. and Afanasyeva, N.I. (2005) Absorption 
Measurements of a Cell Monolayer Relevant to Phototherapy: Reduction of Cyto-
chrome c Oxidase under near IR Radiation. Journal of Photochemistry and Photobi-
ology B: Biology, 81, 98-106. https://doi.org/10.1016/j.jphotobiol.2005.07.002 

[35] Ball, K.A., Castello, P.R. and Poyton, R.O. (2011) Low Intensity Light Stimulates Ni-
trite-Dependent Nitric Oxide Synthesis but Not Oxygen Consumption by Cyto-
chrome c Oxidase: Implications for Phototherapy. Journal of Photochemistry and 
Photobiology B: Biology, 102, 182-191.  
https://doi.org/10.1016/j.jphotobiol.2010.12.002 

[36] Hamblin, M.R. and Demidova, T.N. (2006) Mechanisms of Low Level Light Therapy. 
In Proceedings of SPIE, Vol. 6140, Article 614001. https://doi.org/10.1117/12.646294  

[37] Sutherland, J.C. (2002) Biological Effects of Polychromatic Light. Photochemistry 
and Photobiology, 76, Article 164.  

[38] Fedoseyeva, G.E., Karu, T.I., Letokhov, V.S., Lobko, V.V., Pomoshnikova, N.A., Lya-
punova, T.S., et al. (1984) Effect of the He‐Ne Laserradiation on the Reproductionrate 
and Protein Synthesis Ofthe Yeast. Laser Chemistry, 5, 27-33.  
https://doi.org/10.1155/lc.5.27 

[39] Alster, T.S. and Wanitphakdeedecha, R. (2009) Improvement of Postfractional Laser 
Erythema with Light-Emitting Diode Photomodulation. Dermatologic Surgery, 35, 
813-815. https://doi.org/10.1111/j.1524-4725.2009.01137.x 

[40] Guirro, R.R.D.J. and Weis, L.C. (2009) Radiant Power Determination of Low-Level 
Laser Therapy Equipment and Characterization of Its Clinical Use Procedures. Pho-
tomedicine and Laser Surgery, 27, 633-639. https://doi.org/10.1089/pho.2008.2361 

https://doi.org/10.4236/jcdsa.2026.162008
https://doi.org/10.1021/bi002220v
https://doi.org/10.1089/pho.2005.23.355
https://doi.org/10.1002/lsm.20148
https://doi.org/10.1016/j.mam.2004.09.002
https://doi.org/10.1016/j.jphotobiol.2005.07.002
https://doi.org/10.1016/j.jphotobiol.2010.12.002
https://doi.org/10.1117/12.646294
https://doi.org/10.1155/lc.5.27
https://doi.org/10.1111/j.1524-4725.2009.01137.x
https://doi.org/10.1089/pho.2008.2361

	Low-Level Light Irradiation Therapy and Its Action on the Mitochondrion
	Abstract
	Keywords
	1. Introduction
	2. Global and Experimental Findings
	2.1. LLLI Therapy Induces Cellular Proliferation and Biosynthetic Activity
	2.2. Intracellular Mechanisms Underlying Photobiomodulation
	2.2.1. Mitochondria as Primary Targets of LLLI Therapy
	2.2.2. Structural Organization of Mitochondria Relevant to LLLI Therapy
	2.2.3. Mitochondrial Respiration and Bioenergetic Control
	2.2.4. Electron Transport Chain Dynamics and the Role of Cytochrome c Oxidase
	2.2.5. The Redox Centers of CCO

	2.3. Redox Signaling Induced by LLLI Therapy
	2.3.1. Reactive Oxygen Species as Signaling Mediators in Photobiomodulation
	2.3.2. Absorption Spectra of Cytochrome c Oxidase in Different Redox States
	2.3.3. Nitric Oxide Release and Mitochondrial Signaling Modulation
	2.3.4. Wavelength-Dependent Effects and Dose-Response Relationships
	2.3.5. Influence of the Cellular Metabolic State on Photobiomodulation Outcomes


	3. Discussion and Conclusion
	Acknowledgements
	Conflicts of Interest
	References

