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Abstract: Traumatic Brain Injury (TBI) remains a significant global health challenge, lacking effective
pharmacological treatments. This shortcoming is attributed to TBI's heterogeneous and complex
pathophysiology, which includes axonal damage, mitochondrial dysfunction, oxidative stress, and
persistent neuroinflammation. The objective of this study is to analyze transcranial photobiomod-
ulation (PBM), which employs specific red to near-infrared light wavelengths to modulate brain
functions, as a promising therapy to address TBI's complex pathophysiology in a single intervention.
This study reviews the feasibility of this therapy, firstly by synthesizing PBM’s cellular mechanisms
with each identified TBI’s pathophysiological aspect. The outcomes in human clinical studies are
then reviewed. The findings support PBM’s potential for treating TBI, notwithstanding variations in
parameters such as wavelength, power density, dose, light source positioning, and pulse frequencies.
Emerging data indicate that each of these parameters plays a role in the outcomes. Additionally, new
research into PBM’s effects on the electrical properties and polymerization dynamics of neuronal
microstructures, like microtubules and tubulins, provides insights for future parameter optimization.
In summary, transcranial PBM represents a multifaceted therapeutic intervention for TBI with vast
potential which may be fulfilled by optimizing the parameters. Future research should investigate
optimizing these parameters, which is possible by incorporating artificial intelligence.

Keywords: traumatic brain injury; photobiomodulation; pathophysiology; cellular mechanisms;
clinical studies; parameters; power; pulse frequency

1. Introduction

Traumatic Brain Injury (TBI) poses a significant public health challenge and is predom-
inantly instigated by an external mechanical force. It is a leading cause of mortality and
long-term disability globally, with annual incidences estimated between 64 and 74 million
cases [1]. Clinically, TBI manifests through a spectrum of symptoms ranging from coma
and headache to behavioral dysfunctions such as aphasia, seizures, amnesia, aggression,
and anxiety [2,3].

Currently, there are no FDA-approved pharmacotherapies for TBI recovery. TBI
pathogenesis involves a myriad of post-injury responses and secondary damage to brain
tissues, culminating in cellular damage and loss [4].

This absence of effective disease-modifying treatments is partly attributable to TBI's
intricate pathophysiology, suggesting the necessity for multifaceted therapeutic strategies.
The resultant structural and functional deficits can be permanent, underlined by complex
pathophysiological and cellular mechanisms [5].

Given these complexities, conventional single-modality interventions are unlikely to
be effective. Success in TBI treatment is anticipated to stem from innovative approaches,
underpinned by multimodal diagnostic techniques [6]. The mechanisms of photobiomodu-
lation (PBM) directly and indirectly identify with many cellular mechanisms associated
with the complex TBI pathophysiology [7].

In this context, transcranial PBM emerges as a promising intervention. PBM, involving the
application of red and/or near-infrared (NIR) light to the brain transcranially or intranasally,
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has shown the potential to expedite recovery from TBI symptoms and mitigate associated
symptoms. Clinical study evidence, both published and unpublished, indicates PBM’s efficacy
across various TBI severities, including chronic traumatic encephalopathy (CTE) [8].
Notably, the mechanisms and physiological processes underpinning PBM have been
extensively explored. Evidence suggests that PBM exhibits antiapoptotic, anti-inflammatory,
and pro-proliferative effects, in addition to modulating cellular metabolism [9]. New dis-
coveries and ongoing research on cellular research will contribute to improved outcomes.
Figure 1 provides a schematic structure of the reviews and discussion in this manuscript.
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Figure 1. Schematic structure of the manuscript’s reviews and discussion, starting with a review of
the pathophysiological aspects of traumatic brain injury (TBI), matching with photobiomodulation
(PBM) research on cellular mechanisms, supported by clinical data in the literature, and ending with
discussions on future research for parameters to improve outcomes for TBI.

2. Pathophysiological Aspects of TBI and Related PBM Research

The pathophysiological aspects of TBI can be grouped into axonal injury, excitotox-
icity, mitochondrial dysfunction, release of reactive oxygen species and oxidative stress,
neuroinflammation, axonal degeneration and growth inhibitors, apoptotic cell death, and
dysfunctional autophagy [4].

A summary presentation of the physiological aspects is presented in Figure 2.

For each of these, we can also identify cellular molecular mechanisms activated by
PBM to address them.

For this section, we searched online and the Google Scholar and PubMed databases
for PBM studies that were available until 31 December 2023 and investigated cellular
mechanisms related to the abovementioned pathophysiological aspects. We then reviewed
the findings to evaluate PBM effects and unveil the opportunities for translation into
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beneficial applications. The results for this section are summarized in Table 1, and details
are presented below.
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Figure 2. Summary of the identified pathophysiological aspects of traumatic brain injury (TBI) from
a trauma source that are addressable with photobiomodulation (PBM).

2.1. Axonal Injury

Axonal injury, a primary pathological feature of TBI, correlates with injury severity.
Typically, TBI results in diffuse axonal injury (approximately 70%) due to coup and contre-
coup forces, leading to layered brain hemorrhages [10].

PBM may aid in repairing axonal damage by increasing the production of cellular
energy currency, adenosine triphosphate (ATP). This process involves the regulation of
various secondary mediators: reactive oxygen species (ROS), nitric oxide (N), cyclic adeno-
sine monophosphate (cCAMP, and calcium ions (Ca?*). These mediators play key roles in
cellular signaling and function, and their modulation by PBM can lead to the activation of
pathways that promote the regeneration of axons [11].

A study conducted on rats showed that treatment with PBM significantly helped
repair nerve fibers. This effect was associated with an increase in the activity of certain
enzymes in utilizing the ATP—phosphoinositide 3-kinases/protein kinase B (PI3K/Akt)
cellular signaling pathway, crucial for many cell functions, including energy management
and cell growth [12].

The other pathophysiological aspects below are considered secondary to axonal injury
but are vital to the health of the post-TBI brain.

2.2. Mitochondrial Dysfunction

The functions of mitochondria include oxidative phosphorylation, where oxygen is
used to produce ATP. They also have important roles in ion homeostasis, several metabolic
pathways, apoptosis and programed cell death, and ROS production and consumption [13].
The role of these physiological aspects, and the need to balance them are expanded below.
The dysfunction of the mitochondria in managing these are linked to many neurological
conditions [14]. At the cellular level, the main cause of secondary harmful cascades is cell
damage centered in the mitochondria [15].

Electron microscopy studies of mitochondria post-TBI have shown significant struc-
tural damage, such as swelling, disruption of cristae (internal structures of mitochondria),
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and loss of membrane potential, all of which indicate impaired mitochondrial function. In
the process, proteins such as cytochrome ¢ and apoptosis-inducing factor (AIF) are released
into the cytosol, leading to further cell death [16,17].

PBM'’s effectiveness is often attributed to its action on mitochondria, particularly
cytochrome c oxidase (CCO) in the electron transport chain (ETC), playing a key role in
enhancing oxidative phosphorylation [18]. It is hypothesized that inhibitory nitric oxide
can be dissociated from CCO. This is part of the process of PBM enhancing ETC activity,
mitochondrial membrane potential, and promoting cellular recovery [19].

Through its action on the mitochondria, PBM can aid in cellular recovery by improv-
ing energy production, reducing oxidative stress, potentially mitigating apoptosis, and
promoting axonal regeneration [11].

2.3. Excitotoxicity

The blood-brain barrier (BBB) is a protective barrier that regulates the movement of
substances between the bloodstream and the brain. TBI-induced BBB breakdown leads to
excessive excitatory amino acid release, particularly glutamate, resulting in oxidative stress
and prolonged excitotoxicity [20].

Excitotoxicity occurs when glutamate over-activates its receptors, such as N-methyl-D-
aspartate (NMDA) and kainate (KA) receptors, leading to an influx of calcium ions (Ca%t)
into neurons. Excessive glutamate during TBI is also attributed to a failure of glutamate
re-uptake due to the dysfunction of glutamate transporters [21]. The excess Ca®* can trigger
a cascade of harmful events, including oxidative stress and neuronal damage [20].

While studies show PBM increases Ca?* concentration in healthy cells, PBM also plays a
homeostatic role in moderating the toxic levels of intracellular Ca?* content in stressed cells.
In an in vitro study, excitotoxicity was induced in cultured cortical neurons with glutamate, N-
methyl-D-aspartate (NMDA), and kainic acid (KA) to produce 50% cytotoxicity. The effects of
PBM on these excitotoxic cells were compared against a control of healthy neurons. Compared
with the control, samples treated with PBM at 810 nm had increased intracellular Ca%* in
healthy neurons but decreased significantly in the excitotoxic neurons [22].

In summary, TBI pathological effects on the BBB and subsequent excitotoxicity due to
glutamate overload, lead to neuronal damage through oxidative stress. PBM appears to
counter these effects by enhancing cellular energy production, regulating Ca?* concentra-
tions, and improving mitochondrial health, thereby offering a potential therapeutic strategy
to mitigate the damaging effects of TBI-induced excitotoxicity.

2.4. Reactive Oxygen Species, Reactive Nitrogen Species, and Oxidative Stress

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are generated as
natural byproducts of the normal metabolism of oxygen. At low levels, ROS is essential
for the regulation of physiological cellular functions, including cellular signaling, differ-
entiation, and survival [23,24]. RNS has been recognized as playing a crucial role in the
physiologic regulation of many, if not all, living cells, including nervous system cells [25].

TBI causes an overproduction of ROS and RNS which can overwhelm the brain’s antioxi-
dant defenses. This leads to oxidative stress, a state where the body’s ability to detoxify these
excess reactive products is disrupted. Oxidative stress results in damage to cell components,
including lipids, proteins, and DNA. This can cause mutations, malfunctions in cellular sig-
naling pathways, and can initiate programmed cell death (apoptosis), contributing to chronic
traumatic encephalopathy (CTE) neurodegeneration and other diseases [26,27].

PBM generally produces ROS at low levels, resulting in positive effects [28]. PBM has
been shown to modulate ROS levels positively, increasing antioxidant enzyme activity in
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), leading
to the reduction of oxidative stress in brain tissues [29,30]. Injured cells subjected to high
levels of oxidative stress, such as in the case of TBI, are also more responsive to PBM. It has
been found that the more stressed the cells are, the better they respond to PBM [31]. The
response tends to decrease the intracellular concentration of ROS [32].
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Near infrared (NIR) PBM has been found to regulate the production of ATP and ROS
in mitochondria. Interestingly, in isolated mitochondria, a 980 nm diode laser wavelength
at 100 mW decreases ATP and increases ROS production, whereas 800 mW and above
increases ATP and reduces ROS production [33]. The relatively higher power was shown
to be more inhibitive to ROS.

Another group experimented with a different set of parameters using a 635 nm laser
on skin fibroblasts cultured in high glucose to create high ROS levels. They found that PBM
can increase the antioxidant capacity of cells by reducing the high concentration of ROS
induced by high glucose [30].

A systematic review of PBM used in healthy human subjects analyzed the effects of
PBM on exercise-induced oxidative stress compared with placebo therapy. It was concluded
that PBM can reduce oxidative damage and increase enzymatic antioxidant activity after
exercise, and one session can modulate the redox mechanism [34].

In an experiment, Macedo et al. surmised that PBM therapy increased the activity of
glutathione enzymes (GST and GPX), which are highly important for the protection of the
lung against oxygen and nitrogen reactive species (RONS) [35].

In summary, TBI involves the overproduction of RONS leading to cellular damage.
PBM can reduce the incidence of high levels of RONS and consequential oxidative stress. A
large part is contributed by PBM’s enhancement of antioxidative activity.

2.5. Neuroinflammation

In response to TBI, glial cells, including microglia and astrocytes, become activated
and release inflammatory mediators, contributing to the inflammatory response [36]. TBI
can lead to a breakdown or disruption of the BBB, further facilitating the infiltration of
immune cells and substances that can exacerbate inflammation and neuronal damage [37]
Excessive or prolonged glial activation can cause neurotoxicity, synaptic dysfunction, and
neurodegeneration [38].

A study published in 2023 used a mouse model to investigate inflammation induced
by lipopolysaccharide (LPS), a component found in the outer membrane of certain bacteria
known to trigger an immune response. The study demonstrated PBM’s efficacy in down-
regulating proinflammatory cytokines (IL-1 and IL-18). These cytokines are signaling
molecules that promote inflammation and are typically elevated after TBI. In the meantime,
PBM was also shown to upregulate anti-inflammatory cytokines (IL-10). These molecules
help in reducing inflammation and promoting healing. The study observed improvements
in cognitive performance in the mice, suggesting that PBM might mitigate some of the
cognitive deficits associated with neuroinflammation [39].

In other animal models studying PBM effects on TBI, improvements were observed
for ischemia, neurodegeneration, aging, epilepsy, depression, and spinal cord injury. PBM
is therefore a promising modality to treat brain pathological conditions induced by neu-
roinflammation [9].

In summary, PBM has been shown to reduce inflammation in the brain, which is a
common response to TBI. It can modulate the activity of pro-inflammatory cytokines and
promote the release of anti-inflammatory cytokines. By reducing inflammation, PBM may
help mitigate secondary damage caused by excessive immune responses [40].

2.6. Axonal Degeneration and Growth Inhibitors

In TBI, axons, which are responsible for transmitting information in the nervous
system, can become damaged or severed. This damage can lead to axonal degeneration,
disrupts neural communication, and can be responsible for brain swelling and neuronal
death [41]. Axonal degeneration can trigger post-traumatic neurodegeneration, presented
with toxic protein pathologies amyloid and hyperphosphorylated tau. These protein
pathologies are found in neurodegenerative diseases such as Alzheimer’s and Parkinson’s.
In the case of TBI, its equivalent is the presence of CTE [42,43].
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After TBI, the brain can produce molecules known as growth inhibitors [4]. These
molecules impede the ability of neurons to regenerate axons, thus hindering the repair
process. Glial cells, such as astrocytes and microglia, may contribute to this process by
forming a scar tissue barrier around the injury site, which releases inhibitory molecules
preventing axonal regrowth. They can also activate downstream effectors that lead to
axonal collapse [44].

PBM has been shown to promote axonal regeneration. This could be due to PBM’s ef-
fects on mitochondrial function in neurons, enhancing their energy production and survival,
which are crucial for repair and regeneration processes [11]. In a controlled animal study of
lesioned facial nerve treated with PBM, the nervous function was restored in 30 days with
PBM treatment. This was contrasted with the control group which showed no recovery,
indicative of the effect of PBM for axonal regeneration following nerve damage [45]. An-
other study investigated the effects of PBM on neuronal axon regeneration under oxidative
stress in vitro. This shows that PBM reduced ROS levels, increased neuronal survival, and
promoted axonal growth and branching [46].

In summary, the mechanisms of action behind PBM’s effectiveness in countering
TBI-related axonal degeneration involve enhancing the regenerative capacity of axons and
reducing the inhibitory environment created by growth inhibitors and inflammation. This
is supported by evidence from research on spinal cord injury and oxidative stress models,
which show PBM’s potential in promoting neural repair and reducing secondary damage.

2.7. Apoptotic Cell Death

TBI can trigger a form of programmed cell death, apoptosis, in both neurons and
glial cells. This process involves a series of biochemical events leading to characteristic
cell changes and death. It involves mitochondrial dysfunction, caspase activation, DNA
fragmentation, and phagocytosis [47]. The loss of neurons and glial cells through apop-
tosis significantly contributes to the loss of brain function. It can also induce secondary
inflammatory cascades that can exacerbate brain damage [48].

PBM has shown potential in reversing the apoptotic process. This effect is believed
to be mediated through its action on cellular mitochondria [11]. PBM can activate cell
survival pathways involving various signaling molecules and proteins that work together
to prevent the cell from undergoing apoptosis [19].

In addition to its role in inhibiting cell death, PBM has also been observed to stim-
ulate neurogenesis, the process of generating new neurons from neural stem cells. An
animal study demonstrated that PBM can enhance neurogenesis following injuries similar
to ischemic stroke. The proposed mechanisms underlying this effect include (1) the promo-
tion of proliferation and differentiation of neural progenitor cells within the peri-infarct
zone, which is the area surrounding the damaged brain tissue; and (2) the improvement
of the neuronal microenvironment. This improvement is achieved by modulating the
inflammatory status and enhancing mitochondrial function [49].

Angiogenesis plays a crucial role in supporting neurogenesis during the recovery
from TBI. Specifically, angiogenesis, stimulated by vascular endothelial growth factor
(VEGEF), has been shown to significantly enhance neurogenesis and reduce lesion volumes
post-TBI [50]. This process is also critical in remodeling neurogenesis following ischemic
strokes [51]. PBM has demonstrated efficacy in promoting angiogenesis. It does this by
modulating endothelial dysfunction [52] and aiding in wound healing [53], serving as
examples of its angiogenic effects.

In the context of brain injury in human cases, the generation of new neurons can aid in
recovery and functional restoration. In this respect, Chao et al. reported a TBI case involving
a 23-year-old professional hockey player with a history of concussions, with symptoms of
headaches, mild anxiety, and difficulty concentrating. He treated himself with a PBM device
for 8 weeks. MRI showed increased brain volumes together with improved functional
connectivity, increased cerebral perfusion, and improvements in neuropsychological test
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scores [54]. This suggests that PBM may help in reducing cell death and enhancing brain
repair mechanisms.

In an animal study involving a mouse model of lipopolysaccharide-induced inflam-
mation, a significantly higher proportion of apoptotic cells was observed in the control
group than in the PBM group. This means that PBM has the potential to reduce cell loss to
apoptosis in injured neurological tissue [55].

Cell culture studies provide explanations of PBM-induced anti-apoptosis based on
identified protein modifications decreasing an apoptosis-regulating protein and suppress-
ing the activity of components for efficient apoptosis [56].

In summary, PBM can support the survival of neurons and other brain cells follow-
ing TBL It can activate prosurvival pathways and anti-apoptotic mechanisms, potentially
preventing cell death in injured brain tissue [57]. Studies suggest that PBM stimulates
neurogenesis, the process of generating new neurons from neural stem cells. This is partic-
ularly relevant for chronic TBI cases in which cognitive and neurological deficits persist
due to cell death [47,54]. PBM as a multifaceted approach not only helps in preventing
further cell loss but also contributes to the restoration of brain function, as demonstrated in
both human case studies and animal models.

2.8. Autophagy and Lysosomal Pathways Dysfunction

Autophagy is a cellular process that involves the degradation and recycling of dam-
aged or unnecessary cellular components. It plays a crucial role in maintaining cellular
homeostasis and health. Lysosomes are cellular organelles that contain enzymes to break
down waste materials and cellular debris and are integral to the autophagy process. Au-
tophagy and lysosomal function are essential for maintaining cellular homeostasis, clearing
damaged or unwanted materials, and regulating cellular metabolism [58].

TBI can disrupt these processes, impairing the ability of cells to efficiently remove and
recycle damaged components. This disruption can lead to the accumulation of toxic proteins
and cellular components, contributing to cell death and exacerbating brain damage [59,60].

PBM is hypothesized to regulate ROS levels, thereby facilitating healthy mitophagy
and maintaining cellular homeostasis. Mitophagy is a specific type of autophagy focused
on the degradation and recycling of mitochondria. It helps to support the brain which
is impaired during TBI [61] as a result of mitochondrial dysfunction [15]. By regulating
ROS levels, PBM may enhance mitophagy, helping cells to remove dysfunctional mitochon-
dria [62]. This in turn supports protein activity (involving PINK1/Parkin signaling) [63],
which helps regulate mitophagy [64].

In summary, TBI impairs autophagy and lysosomal functions, leading to toxic protein
build-up and cell death. PBM is hypothesized to help counteract these effects by modulating
ROS levels through mitochondrial activity, thus facilitating healthy mitophagy and helping
to restore cellular homeostasis [56]. This is particularly important in the context of brain
injury, where cellular health is critical to recovery and function.

Table 1. Summary of pathophysiological aspects, cellular mechanisms, and related photobiomodula-

tion research.

Pathophysiological Aspects Description of the PBM Research

Axonal Injury

PBM may aid axonal recovery through improved ATP generation and
modulation of secondary mediators. It activates the PI3K/ Akt signaling
pathway [11,12].

The effects of PBM on mitochondria, particularly cytochrome c oxidase, can

Mitochondrial Dysfunction restore electron transport and increase mitochondrial membrane potential,

aiding axonal regeneration [11,19].

Excitotoxicity

PBM was found to increase ATP content, CaZ* levels, and mitochondrial
membrane potential, counteracting excitotoxicity [22].
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Table 1. Cont.

Pathophysiological Aspects Description of the PBM Research

PBM reduces RONS levels and oxidative stress, promoting antioxidant

Reactive oxygen and nitrogen species (RONS) capacity and reducing damage. It can modulate exercise-induced oxidative

stress [30,32-35].

Neuroinflammation

PBM can reduce pro-inflammatory cytokines, activate anti-inflammatory
responses, and downregulate neurotoxic microglia and astrocytes [9,39,40].

Axonal Degeneration

PBM increases axonal regeneration and counters growth inhibitors, potentially
preventing axonal damage and degeneration [4,44—46].

Apoptotic cell death

PBM activates anti-apoptotic mechanisms, potentially preventing cell death
and promoting neurogenesis [47,54-57].

Autophagy and Lysosomal Dysfunction

PBM can restore mitochondrial function and improve mitophagy by regulating
autophagy and lysosomal activity [61-64].

Additional Systemic Mechanisms

PBM enhances cellular energy production, improves blood flow, modulates
synaptic plasticity, and reduces ferroptosis [65-70].

In addition to the above, the following systemic and secondary PBM mechanisms are
also applicable to treating TBL

3. Additional Relevant Systemic and Secondary PBM Mechanisms

Certain PBM mechanisms have systemic effects, with availability across the different
pathophysiological elements related to TBI.

3.1. Increased Cellular Energy Production

In PBM, when photons from the light source interact with cytochrome c oxidase in
mitochondria, it can lead to increased ATP production. This enhanced energy production
improves cellular function and repairs damaged brain tissues [71].

3.2. Enhanced Blood Flow and Oxygenation

PBM is believed to enhance cellular energy availability by improving blood circula-
tion through the photodissociation of nitric oxide (NO). This improves blood flow and
oxygen delivery to the injured brain region. It promotes tissue repair and reduces hypoxic
conditions that can exacerbate TBI-related damage [65]. A 2016 published animal study
suggested that 660 and 810 nm wavelengths pulsing at 10 Hz produced the best outcomes
in TBI by improving blood flow and oxygenation [66].

3.3. Modulation of Synaptic Plasticity

PBM may influence synaptic plasticity, which is the ability of synapses to strengthen
or weaken over time, affecting neuronal signaling. By promoting synaptic plasticity, PBM
could enhance cognitive recovery and functional improvements in TBI patients [67,68].

The above literature on the effects of PBM on the pathophysiology of TBI shows the
promise of PBM for treating TBI. The real value will lie in the translation to human use, as
confirmed by clinical study data.

3.4. Effect on Ferroptosis

Ferroptosis can play a significant role in neuronal death and brain damage following
the injury [72]. It is a form of regulated cell death characterized by iron-dependent lipid
peroxidation linked to oxidative stress and inflammation [69]. PBM has been observed
to reduce oxidative stress [70] and modulate inflammatory responses [39], which could
influence ferroptosis pathways.
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4. Clinical Data on PBM Effects on Human TBI

For many years, outcome data have been based on some animal studies. The average
volume of the mouse brain is approximately 0.4 cm3, while the average volume of the
human brain is approximately 1400 cm® [73]. This means that the human brain is approx-
imately 3500 times larger than the mouse brain in terms of volume, underlining the fact
that effective parameters for the mouse model will not be the same for a human. Therefore,
while animal models provide valuable early information on brain functions and safety, we
should now focus on human studies for greater relevance.

In this section, a qualitative review was undertaken to gain insights aimed at enhancing
the use of PBM for TBI recovery. The scope of this review encompassed solely human
clinical studies while excluding non-human research findings. An examination of available
human clinical studies from the existing literature was conducted, with a primary focus
on information extraction. The search process involved comprehensive online searches
through the Google Scholar and PubMed databases that were available as of 31 December
2023. It should be noted that the limited number of accessible human studies, coupled
with significant disparities in research methodologies, utilized devices, and measurement
parameters, rendered the application of traditional quantitative comparative analyses
impractical. Consequently, traditional tests of bias, comparative effect sizes, and other
statistical measures were not used. In contrast, the chosen qualitative review methodology
seeks to provide a contextual understanding that can furnish valuable insights, thereby
potentially informing the optimization of PBM applications for the attainment of superior
outcomes in TBI treatment. With this review basis, the findings and subsequent perspectives
are presented below.

The most recent systematic review on PBM-TBI studies (by Stevens et al., with data up
to October 2021) [9] contained only animal studies, except for one human study involving
68 randomized subjects using a closed helmet with LEDs emitting NIR light. This is
discussed in more detail below and in Figueiro Longo et al. (2020) [74].

The review did not include several small studies that showed the potential of PBM to
treat TBI. All the available published studies are included in this manuscript for the purpose
of extracting key findings that can inform the quest for improving treatment outcomes with
PBM. These are summarized in chronological order below.

In an early 2011 report, Naeser et al. reported two human TBI cases that improved
with PBM with 870 nm and 633 nm light emitting diodes (LEDs), 22.2 mW/cm? power
density, and with continuous wave [75].

In 2014, Naeser et al. reported the findings in an open protocol study of 11 subjects
with the same set of PBM parameters. The participants had improved sleep and fewer
post-traumatic stress disorder (PTSD) symptoms, if present. Participants and their families
reported better ability to perform social, interpersonal, and occupational functions [76].

In 2015, Hesse et al. reported the use of low-level lasers with a wavelength of
785 nm, continuous wave, and 10 mW /cm? power density over 10 weeks on four chronic
patients in a state of unresponsive wakefulness or minimal consciousness and one subacute
patient in the state of akinetic mutism (total of five patients). In summary, the treatment
protocol improved the patients” alertness and awareness, but epileptic fits were potential
side effects [77].

Published in 2018, Hipskind et al. used a device with an array of 402 LEDs combining
wavelengths of 629 nm and 850 nm, an average power density of 6.7 mW/cm?, and pulsing
at rates of 73, 587, and 1175 Hz over 6 weeks. They treated 12 military veterans with chronic
TBI over 13 weeks using SPECT for imaging. They concluded that pulsed transcranial
PBMT using LEDs shows promise in improving cognitive function and regional cerebral
blood flow [78].

In a study published in 2020, Figueiro Longo et al. studied 68 (35 treatment and
33 sham control) randomized, double-blind subjects with moderate TBI using a closed
helmet with LEDs emitting NIR light at 810 nm, continuous wave with a power density
of 36 mW/cm?. The study met the primary outcome measure of safety without adverse
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events within the first 7 days. Measuring with diffusion magnetic resonance imaging (MRI),
there were significant changes in radial diffusivity at the late subacute stage (3-month time
point) between the PBM and sham groups, indicating significant remyelination with PBM
at that time point. The Rivermead post-concussion questionnaire (RPQ) did not reveal
changes of significance. This study provides the first human evidence to date that PBM
engages neural substrates that play a role in the pathophysiological factors of moderate
TBI [74]. Its safety profile suggests that it is safe to explore similar types of brain PBM with
other parameters to extract more significant outcomes for TBI treatment.

A single case reported in 2020 by Chao et al. was the first and only study to reveal that
neurogenesis in chronic TBI recovery was possible with PBM. The subject was a 23-year-old
professional hockey player with a history of concussions, which were presumed to have
caused his symptoms of headaches, mild anxiety, and difficulty concentrating. He treated
himself at home with a PBM with LEDs emitting 810 nm light pulsing at 10 or 40 Hz
through an intranasal and four transcranial modules that targeted nodes of the default
mode network (DMN) with a maximum power density of 100 mW/cm?. After 8 weeks
of PBM treatment, increased brain volumes, improved functional connectivity, increased
cerebral perfusion, and improvements in neuropsychological test scores were observed [54].

In a 2022-published report, Rindner et al. used a low level at 1064 nm, continuous
wave, with irradiance of 250 mW /cm? for 10 min each session over 8 weeks on 11 patients
diagnosed with TBI. The study faced challenges for patient compliance because it was con-
ducted during the COVID-19 pandemic. The findings generally lacked significant positive
clinical outcomes but suggest that PBM with the methodology was well tolerated and may
have the ability to produce positive cognitive and emotional benefits for individuals with
TBI [79]. In addition to the use of lasers, this study delivered far more power density than
preceding studies which generally used LEDs.

Chan et al. [80] published a preprint paper in 2022 that conducted a deeper data
analysis on patients from the earlier published Figueiro Longo et al. study [74]. They
selected 17 treated patients, 21 sham, and 23 as healthy controls and investigated the effect
of PBM on resting-state connectivity in different brain regions, differentiating between
acute and subacute phases. Based on their results, the authors proposed that PBM can
modulate the neuronal connectivity during the transition from acute to subacute phases in
TBI (2-3-week time-point) in the frontal-parietal regions. The heterogeneity of TBI posed
challenges in extracting more useful conclusions on clinical outcomes [80].

In a recent 2023 publication, Naeser et al. detailed the recovery of four retired profes-
sional (American) football players from suspected CTE. This study included a home-use
device using LEDs with 810 nm wavelength, pulsing at 40 Hz and delivering power den-
sity of up to 100 mW /cm?. The study did not compare against sham devices. However,
the clinical assessments were thorough. When assessed in the laboratory after 1 month
of PBM treatment, there was significant improvement in post-traumatic stress disorder
(PTSD), depression, pain, and sleep. One patient discontinued narcotic pain medications
and had reduced tinnitus. The first set of treatments stopped after 1 month. At 2 months
post-PBM, two cases regressed. Then, home PBM resumed with a home-use device af-
ter a 2-month break. It was applied to only cortical nodes of the default mode network
(DMN) over 12 weeks. Again, significant improvements resumed. There were significant
increases/improvements in salience network (SN) functional connectivity (FC) over time,
along with executive function, attention, PTSD, pain, and sleep. Improvements were
also observed in the central executive network (CEN) FC, verbal learning/memory, and
depression. Increased n-acetyl-aspartate (NAA) (related to oxygen consumption and mito-
chondria) was present in the anterior cingulate cortex, parallel to less pain and PTSD [8].

Liebel et al., in a study presented in 2022 and 2023, evaluated 49 former male and
female athletes with a history of concussive and/or repetitive sub-concussive events. In
the non-randomized study, the participants received active PBM with 810 wavelengths,
pulsing at 40 Hz with up to 100 mW /cm? power density, over 8 weeks. The participants
demonstrated statistically significant reductions in self-reported depression, posttraumatic
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stress, and adjustment symptoms compared with pre-treatment levels. Sleep quality, simple
reaction time, and dominant and nondominant hand grip strength improved following
PBM treatment [81] This study was presented as a poster, and a peer-reviewed submission
is pending approval for publication at the time of writing.

A summary of the above findings is presented in Table 2.

Table 2. Summary of human TBI studies treated with PBM.

Study (Publication Year)

PBM Parameters

Results and Clinical Outcomes

Naeser et al. (2011) [75]

LEDs: 870 nm, 633 nm,

22.2 mW/cm?, continuous wave

Two case reports: improved focus, cognition, memory, and
inhibition accuracy.

Naeser et al. (2014) [76]

LEDs: 870 nm, 633 nm,

222 mW/ cm2, continuous wave

11 subjects, open protocol: improved sleep, reduced PTSD
symptoms, and improved functions.

Hesse et al. (2015) [77]

Laser diodes: 785 nm lasers, 10
mW /cm?, 36,5 Hz pulsing

5 patients with disorders of consciousness: improved
alertness and awareness and potential epileptic fits.

Hipskind et al. (2018) [78]

LEDs: 629 nm, 850 nm,
6.7 mW /cm?, various pulsing
rates

12 military veterans with chronic cases, clinical assessment,
and SPECT imaging: improved cognitive function,
neuropsychological scores, and regional cerebral blood flow.

Figueiro Longo et al. (2020) [74]

LEDs: 810 nm, 36 mW/cm?,
continuous wave

68 subjects with moderate TBI in a randomized, double
blind study: safety with no confirmed adverse events,
indication of significant axonal remyelination at the
3-month time-point using diffusion MRI.

Chao et al. (2020) [54]

LEDs: 810 nm LEDs, intranasal
and transcranial modules up to
100 mW/cm?, 10 Hz and 40 Hz

A single case of chronic TBI imaged with MRI: neurogenesis
in chronic TBI recovery; improved connectivity, cerebral
perfusion, and neuropsychological test scores.

Rindner et al. (2022) [79]

Lasers: 1064 nm,
250 mW/ cmz, continuous wave

11 cases diagnosed with TBI: safe with potential cognitive
and emotional benefits.

Chan et al. (2022, preprint) [80]

LEDs: 830 nm, 29 mW/cm?,
continuous wave

Data analysis of 38 patients with moderate TBI in a
double-blind study, using fMRI: changes in resting-state
connectivity were observed, but the symptom changes were

not significantly different from placebo.

4 ex-NFL players with suspected CTE: significant
improvements in PTSD, depression, pain, sleep, and brain
network connectivity.

LEDs: 810 nm, up to

Naeser et al. (2023) [8] 100 mW /cm?2, 40 Hz

49 former athletes with repetitive TBI history: reductions in
depression, PTSD, and adjustment symptoms Sleep quality,
simple reaction time, and hand grip strength improved.

Liebel et al. (2022 poster, 2023
peer review pending) [81]

LEDs: 810 nm, up to
100 mW /cm?2, 40 Hz

Key Findings:

o  The common denominator is that PBM applied to the brain is safe, with no report of
significant adverse effects.

e  PBM shows promise for treating chronic TBI in a degenerative state, particularly for
suspected CTE.
The efficacy outcomes were inconsistent.
Many studies were case series that lacked sham control.
Imaging studies through diffusion and structural MRI reveal clearer objective mea-
sured outcomes than clinical studies by partially overcoming the challenging hetero-
geneity of TBL

e  Data based on time-course were more conclusive than across-group comparison (such
as sham and severity) due to TBI heterogeneity.
The parameters used varied widely between studies.
The more recent studies appear to favor higher power densities; devices that pulse
produce improved clinical outcomes. This indicates that parameters used in some
studies were suboptimal and compromised outcomes.
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Larger randomized controlled clinical trials are required to validate the findings.
At the ongoing pace, and with the challenges of conducting controlled human studies,
it will be many years before PBM can reach consensus on optimal parameters.

For details of the parameters, please refer to the original text, which also provides
detailed nuances of clinical outcomes.

In summary, the findings indicate that PBM holds promise for the treatment of TBI.
This potential can be progressively realized through continuing investments in research,
facilitating new discoveries in the field.

5. New Discoveries in Cellular Mechanisms Inform Future PBM Treatments

In the recent systematic review of the literature published in 2021 by Stevens et al
specifically related to TBI, the authors concluded the PBM produces positive physiological
outcomes. However, they also suggested that there is no difference between the outcomes
of continuous wave and pulsed PBM, or energy delivery [9]. With more published data,
a later systematic review based on data up to July 2022 on PBM of broader brain activity,
the authors suggested that parameters including power density could influence mental
outcomes, and that more studies need to be conducted in this respect [82]. Since that
time, more investigations have been carried out by a network of collaborators, which
leads to the perspective in this manuscript that while PBM has a significant effect on TBI,
modifications of the underlying cellular mechanisms by adjusting certain parameters can
lead to better outcomes.

We are in the quest for effective PBM treatments, not just for TBI but also for brain con-
ditions across the board, by conducting more detailed research into the effects of different
parameters on brain functions. This was spurred by evidence of electroencephalography
(EEG) waveforms modified by delivery of a chosen pulse frequency of gamma at 40 Hz,
published in 2019 [83]. Brains with TBI can be characterized by certain waveforms [84].
Energy delivery via power density (mW/cm?) has also been found to have a significant
influence on brain activity and structures.

While the precise cellular and physiological mechanisms of PBM in TBI are still under
investigation, several key mechanisms have emerged based on research findings:

5.1. Increase in Cellular Current Flow and Resistance

One of the characteristic features of a living cell is that it controls the exchange of
electrically charged ions across the cell membrane [85]. PBM has been shown to allow more
electrical current to flow through cells. Interestingly, PBM also in the meantime, increases
cellular resistance or resilience, which is important for the functional integrity of the myelin
sheaths of the axons. This was achieved with 810 nm wavelength delivered at 10 Hz [86].
Further investigation to explore the characteristics of other pulse frequencies is warranted.

5.2. Polymerization of Tubulins

Dimers of «- and {3-tubulin polymerize to form microtubules, which are composed of
13 protofilaments assembled around a hollow core. Tubulin dimers can depolymerize as
well as polymerize, and microtubules can undergo rapid cycles of assembly and disassem-
bly [87]. PBM pulsed at 10 Hz at 810 nm demonstrated depolymerization of tubulins [86].
There is also evidence that intervention with this set of parameters can destabilize the
secondary structure of the microtubules, with a-helices transitioning into {3 sheets [88]. As
microtubules are a core component of neuronal integrity, more knowledge in this area has
implications for TBI recovery and avoidance of CTE neurodegenerative progression.

5.3. The Significance of Pulse Frequency

More recent studies extend beyond the effects of PBM on molecular mechanisms—they
offer clues that each parameter such as wavelength, power density, and pulsing rates could
influence physiological outcomes. This hypothesis is supported by other investigations
that have shown that pulse frequencies influence the brain response.
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In 2019, Zomorrodi et al. published for the first time that inducing a certain PBM
frequency in the brain can change the waveforms of the brain. The study delivered 810 nm
wavelength at 40 Hz (gamma) to the hubs of the default mode network (DMN) of healthy
brains and found that this increases the power of the faster oscillations of alpha, beta, and
gamma, while reducing the power of the slower oscillations of delta and theta [33].

In 2023, Tang et al. [89] reported in a randomized sham-controlled study involving
56 healthy subjects that pulsed waves at 40 Hz and 100 Hz produced significantly better
cognitive effects than continuous wave and sham. Like the Zomorrodi et al. study [83],
they observed significant increase in the gamma waveforms, particularly with the 40 Hz
delivery. Wavelengths of 660 nm and 830 nm wavelengths were used [89].

From these findings, we can summarize what is known:

1.  PBM delivered to the brain influences brain function, which is explained by a variety
of cellular mechanisms.

2. Pulse frequency affects brain waveforms, with EEG can inform brain states for diag-
nosis.

6. Perspective on Effective Parameters and Further Research

The reviewed evidence indicates that certain generalized parameters involving near-
infrared (NIR) wavelengths and pulsing have the potential to offer benefits to individuals
experiencing post-TBI symptoms. However, it underscores the necessity for further re-
search to yield more predictable and efficacious clinical outcomes. Generalizing with a
simplified protocol is anticipated to be particularly challenging, given the inherent vari-
ability among individual subjects. A potential solution to this challenge lies in finding the
ideal personalized parameter settings.

Research based on healthy and diseased subjects as well as in vitro and animal studies
have suggested that different wavelengths [28,90-92], power and dose densities [93-95],
and pulse frequencies [83,96] influence outcomes. With this state of knowledge, we can
conclude that more work is needed to narrow down effective parameters in the quest for
better applications and outcomes. In addition, the Inverse Square Law suggests that the
distance between the light source (laser or LED) and the target surface should influence
landed /irradiated power [97], and the position of the light source on the head, such as the
hubs of the default mode network [98], could influence neurological outcomes.

With this background, further research on effective parameters could include the following:

—_

Extend the investigation on tubulin polymerization [86] using a spread of different parameters.
Extend the investigation with Raman spectroscopy [87] covering a wide range of parameters.
3. Extend the EEG investigation using gamma at 40 Hz [83], alpha at 10 Hz, theta/delta
at 4 Hz and other frequencies. In addition, we can seek real-time EEG readings for a
better understanding of pulse frequency effects on brain waveforms and functions.
4. Measure the real-time response of the brain to various PBM parameters using fMRI.
The precedence has been set with a real-time fMRI study by Nawashiro et al. pub-
lished in 2017 on four cases. It demonstrated regional blood oxygen level dependency
(BOLD) increases with laser at 810 nm wavelength, 204 mW /cm? power density, and
continuous wave for 90 s on and 60 s off for 3 times [99]. In 2020, Dmochowski
et al. published a real-time fMRI study using a laser with 808 nm wavelength,
318 mW /cm? power density, continuous wave, and 10 min duration on 20 subjects
[100] The BOLD response in this study was more significant than that in Nawashiro
et al. The difference in the level of response could be due to the treatment time. These
studies can lead to new studies to determine whether applying different parameters
such as wavelength, pulse frequencies, and light source positioning on the head will
make a difference.
5. The efficacy of interventions for TBI is challenged by factors such as TBI’s hetero-
geneity and the variability in brain states and structures. Moreover, PBM presents a
range of interventional parameters that can impact outcomes. The key to determining
the most effective treatment may reside in a methodology involving iterative cycles

N
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of feedback and the careful selection of parameters from a wide array of choices.
Incorporating artificial intelligence (Al) into this methodology could greatly expe-
dite the process, enhancing the ability to personalize and optimize outcomes for
individual patients.

7. Limitations of the Study

The limited number of human clinical studies available, along with a lack of common
basis factors, hinders the conduct of a meaningful quantitative or meta-analytical synthesis.
Based on the existing literature, clinical outcomes have been inconsistent. This inconsis-
tency may stem from the wide variety of device parameters and study methodologies
employed. Although PBM is known to alter physiological markers, which might lead to
clinical outcomes, current data are insufficient to establish a general set of parameters that
consistently predict outcomes with high confidence. The idea that personalizing treatment
by adjusting pulse frequency, wavelengths, and other parameters can enhance effectiveness
is primarily based on limited peer-reviewed research and preliminary data from ongoing
studies. These ongoing studies are not yet published or peer-reviewed, and the discussions
in this study include insights from the author’s forward-looking perspective.

8. Conclusions

This study proposes that photobiomodulation (PBM) can effectively modulate the
pathophysiology of traumatic brain injury (TBI). PBM research can be aligned with the
various pathophysiological aspects, highlighting its potential influence. The aspects include
axonal injury, excitotoxicity, mitochondrial dysfunction, oxidative stress due to reactive
oxygen species, neuroinflammation, axonal degeneration, growth inhibition, apoptotic cell
death, and dysfunctional autophagy.

These insights collectively underscore PBM’s potential as a versatile treatment modal-
ity for TBI, applicable across different stages (acute or chronic) and severities, including
chronic traumatic encephalopathy (CTE).

Available human clinical studies have corroborated PBM’s potential in TBI treatment.
However, there is considerable variability in the parameters used in these studies, such as
wavelength, power, light source positioning, pulse frequency, and dosage. Our analysis
indicates that each parameter can distinctly influence treatment outcomes. While not yet
conclusively established, factors like the distance and positioning of the light source can
also affect therapeutic results.

The current research indicates that our understanding of PBM’s full potential in
treating TBI is still in its early stages. Intensifying research efforts and incorporating
Artificial Intelligence (Al) could significantly advance our knowledge of the optimal PBM
parameters, thereby enhancing treatment outcomes in TBI therapy.

In summary, transcranial PBM represents a multifaceted therapeutic intervention for TBI
with vast potential which may be fulfilled by optimizing the parameters. Future research
should investigate optimizing these parameters, which is possible by incorporating Al

Funding: This research received no external funding.

Conflicts of Interest: Author Lew Lim is the Founder & CEO of Vielight Inc., a manufacturer
of photobiomodulation devices. He also owns many patents in the field, which may result in
commercial benefits.

References

1. Dewan, M.C; Rattani, A.; Gupta, S.; Baticulon, R.E.; Hung, Y.C.; Punchak, M.; Agrawal, A.; Adeleye, A.O.; Shrime, M.G;
Ru-biano, A.M,; et al. Estimating the global incidence of traumatic brain injury. J. Neurosurg. 2018, 130, 1080-1097. [CrossRef]

2. Bruns, ], Jr.; Hauser, W.A. The epidemiology of traumatic brain injury: A review. Epilepsia 2003, 44, 2-10. [CrossRef]

3. Andriessen, T.M.; Jacobs, B.; Vos, P.E. Clinical characteristics and pathophysiological mechanisms of focal and diffuse trau-matic
brain injury. J. Cell. Mol. Med. 2010, 14, 2381-2392. [CrossRef]

4. Ng,S.Y.; Lee, A Y.W. Traumatic brain injuries: Pathophysiology and potential therapeutic targets. Front. Cell. Neurosci. 2019, 13,

528. [CrossRef]


https://doi.org/10.3171/2017.10.JNS17352
https://doi.org/10.1046/j.1528-1157.44.s10.3.x
https://doi.org/10.1111/j.1582-4934.2010.01164.x
https://doi.org/10.3389/fncel.2019.00528

Cells 2024, 13, 385 15 0of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rauchman, S.H.; Zubair, A.; Jacob, B.; Rauchman, D.; Pinkhasov, A.; Placantonakis, D.G.; Reiss, A.B. Traumatic brain injury:
Mechanisms, manifestations, and visual sequelae. Front. Neurosci. 2023, 17, 1090672. [CrossRef]

Lynch, D.G.; Narayan, R.K,; Li, C. Multi-Mechanistic Approaches to the Treatment of Traumatic Brain Injury: A Review. J. Clin.
Med. 2023, 12,2179. [CrossRef]

Salehpour, E; Sadigh-Eteghad, S.; Mahmoudi, J.; Kamari, E; Cassano, P.; Hamblin, M.R. Action Mechanisms of Photobiomodula-
tion in Neuronal Cells and the Brain. In Photobiomodulation for the Brain: Photobiomodulation Therapy in Neurology and Neuropsychiatry;
Springer Nature: Cham, Switzerland, 2023; pp. 49-85.

Naeser, M.A.; Martin, P.I.; Ho, M.D.; Krengel, M.H.; Bogdanova, Y.; Knight, ].A.; Hamblin, M.R; Fedoruk, A.E.; Poole, L.G;
Cheng, C.; et al. Transcranial Photobiomodulation Treatment: Significant Improvements in Four Ex-Football Players with Possible
Chronic Traumatic Encephalopathy. . Alzheimer’s Dis. Rep. 2023, 7, 77-105. [CrossRef]

Stevens, A.R.; Hadis, M.; Milward, M.; Ahmed, Z.; Belli, A.; Palin, W.; Davies, D.J. Photobiomodulation in acute traumatic brain
injury: A systematic review and meta-analysis. |. Neurotrauma. 2023, 40, 210-227. [CrossRef] [PubMed]

Skandsen, T.; Kvistad, K.A.; Solheim, O.; Strand, I.H.; Folvik, M.; Vik, A. Prevalence and impact of diffuse axonal injury in
pa-tients with moderate and severe head injury: A cohort study of early magnetic resonance imaging findings and 1-year
out-come. J. Neurosurg. 2020, 113, 556-563. [CrossRef] [PubMed]

Choi, J.E. Proposed mechanisms of photobiomodulation (PBM) mediated via the stimulation of mitochondrial activity in
peripheral nerve injuries. Med. Lasers 2021, 10, 195-200. [CrossRef]

Li, B.; Wang, X. Photobiomodulation enhances facial nerve regeneration via activation of PI3K/Akt signaling pathway-mediated
antioxidant response. Lasers Med. Sci. 2022, 37, 993-1006. [CrossRef]

Brand, M.D.; Orr, A L.; Perevoshchikova, I.V.; Quinlan, C.L. The role of mitochondrial function and cellular bioenergetics in
ageing and disease. Br. ]. Dermatol. 2013, 169 (Suppl. S2), 1-8. [CrossRef] [PubMed]

Cabral-Costa, J.V.; Kowaltowski, A.J]. Neurological disorders and mitochondria. Mol. Asp. Med. 2020, 71, 100826. [CrossRef]
[PubMed]

Cheng, G.; Kong, R H.; Zhang, L.M.; Zhang, ]. N. Mitochondria in traumatic brain injury and mitochondrial-targeted multipotential
therapeutic strategies. Br. J. Pharmacol. 2012, 167, 699-719. [CrossRef]

Sullivan, P.G.; Keller, ].N.; Bussen, W.L.; Scheff, S.W. Cytochrome c release and caspase activation after traumatic brain inju-ry.
Brain Res. 2002, 949, 88-96. [CrossRef]

Singh, LN.; Sullivan, P.G.; Deng, Y.; Mbye, L.H.; Hall, E.D. Time course of post-traumatic mitochondrial oxidative damage and
dysfunction in a mouse model of focal traumatic brain injury: Implications for neuroprotective therapy. J. Cereb. Blood Flow Metab.
2006, 26, 1407-1418. [CrossRef] [PubMed]

Li, Y.; Park, ].S.; Deng, ].H.; Bai, Y. Cytochrome c oxidase subunit IV is essential for assembly and respiratory function of the
enzyme complex. ]. Bioenerg. Biomembr. 2006, 38, 283-291. [CrossRef]

Hamblin, M.R. Mechanisms and Mitochondrial Redox Signaling in Photobiomodulation. Photochem. Photobiol. 2018, 94, 199-212.
[CrossRef]

Chamoun, R; Suki, D.; Gopinath, S.P.; Goodman, J.C.; Robertson, C. Role of extracellular glutamate measured by cerebral
mi-crodialysis in severe traumatic brain injury. J. Neurosurg. 2010, 113, 564-570. [CrossRef]

van Landeghem, FK.; Weiss, T.; Oehmichen, M.; Von Deimling, A. Decreased expression of glutamate transporters in astro-cytes
after human traumatic brain injury. J. Neurotrauma. 2006, 23, 1518-1528. [CrossRef]

Huang, Y.Y,; Nagata, K.; Tedford, C.E.; Hamblin, M.R. Low-level laser therapy (810 nm) protects primary cortical neurons against
excitotoxicity in vitro. J. Biophotonics 2014, 7, 656664. [CrossRef]

Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Harmful and beneficial role of ROS 2017. Oxid. Med. Cell. Longev. 2018, 2018,
5943635. [CrossRef] [PubMed]

Milkovic, L.; Cipak Gasparovic, A.; Cindric, M.; Mouthuy, P.A.; Zarkovic, N. Short Overview of ROS as Cell Function Regulators
and Their Implications in Therapy Concepts. Cells 2019, 8, 793. [CrossRef] [PubMed]

Martinez, M.C.; Andriantsitohaina, R. Reactive nitrogen species: Molecular mechanisms and potential significance in health and
disease. Antioxid. Redox Signal. 2009, 11, 669-702. [CrossRef] [PubMed]

Checa, J.; Aran, ].M. Reactive Oxygen Species: Drivers of Physiological and Pathological Processes. . Inflamm. Res. 2020, 13,
1057-1073. [CrossRef]

Fesharaki-Zadeh, A. Oxidative Stress in Traumatic Brain Injury. Int. J. Mol. Sci. 2022, 23, 13000. [CrossRef]

Amaroli, A.; Ravera, S.; Baldini, F.; Benedicenti, S.; Panfoli, I.; Vergani, L. Photobiomodulation with 808-nm diode laser light
promotes wound healing of human endothelial cells through increased reactive oxygen species production stimulating mito-
chondrial oxidative phosphorylation. Lasers Med. Sci. 2019, 34, 495-504. [CrossRef]

Sunemi, S.M.; Teixeira, I.LL.A.; Mansano, B.S.D.M.; de Oliveira, H.A.; Antonio, E.L.; de Souza Oliveira, C.; Leal-Junior, E.C.P,;
Tucci, PJ.E; Serra, A.]. Post-resistance exercise photobiomodulation therapy has a more effective antioxidant effect than pre-
application on muscle oxidative stress. Photochem. Photobiol. Sci. 2021, 20, 585-595. [CrossRef]

Chen, H.; Tu, M,; Shi, J.; Wang, Y.; Hou, Z.; Wang, ]. Effect of photobiomodulation on CCC-ESF reactive oxygen species steady-state
in high glucose mediums. Lasers Med. Sci. 2021, 36, 555-562. [CrossRef]

Ayuk, S.M.; Houreld, N.N.; Abrahamse, H. Effect of 660 nm visible red light on cell proliferation and viability in diabetic models
in vitro under stressed conditions. Lasers Med. Sci. 2018, 33, 1085-1093. [CrossRef]


https://doi.org/10.3389/fnins.2023.1090672
https://doi.org/10.3390/jcm12062179
https://doi.org/10.3233/ADR-220022
https://doi.org/10.1089/neu.2022.0140
https://www.ncbi.nlm.nih.gov/pubmed/35698294
https://doi.org/10.3171/2009.9.JNS09626
https://www.ncbi.nlm.nih.gov/pubmed/19852541
https://doi.org/10.25289/ML.2021.10.4.195
https://doi.org/10.1007/s10103-021-03344-8
https://doi.org/10.1111/bjd.12208
https://www.ncbi.nlm.nih.gov/pubmed/23786614
https://doi.org/10.1016/j.mam.2019.10.003
https://www.ncbi.nlm.nih.gov/pubmed/31630771
https://doi.org/10.1111/j.1476-5381.2012.02025.x
https://doi.org/10.1016/S0006-8993(02)02968-2
https://doi.org/10.1038/sj.jcbfm.9600297
https://www.ncbi.nlm.nih.gov/pubmed/16538231
https://doi.org/10.1007/s10863-006-9052-z
https://doi.org/10.1111/php.12864
https://doi.org/10.3171/2009.12.JNS09689
https://doi.org/10.1089/neu.2006.23.1518
https://doi.org/10.1002/jbio.201300125
https://doi.org/10.1155/2018/5943635
https://www.ncbi.nlm.nih.gov/pubmed/29805729
https://doi.org/10.3390/cells8080793
https://www.ncbi.nlm.nih.gov/pubmed/31366062
https://doi.org/10.1089/ars.2007.1993
https://www.ncbi.nlm.nih.gov/pubmed/19014277
https://doi.org/10.2147/JIR.S275595
https://doi.org/10.3390/ijms232113000
https://doi.org/10.1007/s10103-018-2623-5
https://doi.org/10.1007/s43630-021-00042-w
https://doi.org/10.1007/s10103-020-03057-4
https://doi.org/10.1007/s10103-017-2432-2

Cells 2024, 13, 385 16 of 18

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

Silveira, P.C.L.; Ferreira, K.B.; da Rocha, ER.; Pieri, B.L.S.; Pedroso, G.S.; de Souza, C.T; Nesi, R.T; Pinho, R.A. Effect of low-power
laser (LPL) and light-emitting diode (LED) on inflammatory response in burn wound healing. Inflammation 2016, 39, 1395-1404.
[CrossRef]

Amaroli, A ; Pasquale, C.; Zekiy, A.; Utyuzh, A.; Benedicenti, S.; Signore, A.; Ravera, S. Photobiomodulation and Oxidative Stress:
980 nm Diode Laser Light Regulates Mitochondrial Activity and Reactive Oxygen Species Production. Oxid. Med. Cell Longev.
2021, 2021, 6626286. [CrossRef]

De Marchi, T.; Ferlito, ].V.; Ferlito, M.V.; Salvador, M.; Leal-Junior, E.C.P. Can Photobiomodulation Therapy (PBMT) Minimize
Exercise-Induced Oxidative Stress? A Systematic Review and Meta-Analysis. Antioxidants 2022, 11, 1671. [CrossRef]

Silva Macedo, R.; Peres Leal, M.; Braga, T.T.; Barioni, E.D.; de Oliveira Duro, S.; Ratto Tempestini Horliana, A.C.; Camara, N.O.;
Marcourakis, T.; Farsky, S.H.; Lino-Dos-Santos-Franco, A. Photobiomodulation Therapy Decreases Oxidative Stress in the Lung
Tissue after Formaldehyde Exposure: Role of Oxidant/ Antioxidant Enzymes. Mediat. Inflamm. 2016, 2016, 9303126. [CrossRef]
Kempuraj, D.; Ahmed, M.E.; Selvakumar, G.P.; Thangavel, R.; Raikwar, S.P.; Zaheer, S.A.; Zaheer, A. Acute traumatic brain
injury-induced neuroinflammatory response and neurovascular disorders in the brain. Neurotox. Res. 2021, 39, 359-368. [CrossRef]
Kalra, S.; Malik, R; Singh, G.; Bhatia, S.; Al-Harrasi, A.; Mohan, S.; Tambuwala, M.M. Pathogenesis and management of traumatic
brain injury (TBI): Role of neuroinflammation and anti-inflammatory drugs. Inflammopharmacology 2022, 30, 1153-1166. [CrossRef]
[PubMed]

Morganti-Kossmann, M.C.; Semple, B.D.; Hellewell, S.C.; Bye, N.; Ziebell, ].M. The complexity of neuroinflammation consequent
to traumatic brain injury: From research evidence to potential treatments. Acta Neuropathol. 2019, 137, 731-755. [CrossRef]
[PubMed]

Shamloo, S.; Defensor, E.; Ciari, P.; Ogawa, G.; Vidano, L.; Lin, J.S.; Fortkort, ].A.; Shamloo, M.; Barron, A.E. The anti-inflammatory
effects of photobiomodulation are mediated by cytokines: Evidence from a mouse model of inflammation. Front. Neurosci. 2023,
17,1150156. [CrossRef] [PubMed]

Cardoso, ED.S.; Salehpour, F.; Coimbra, N.C.; Gonzalez-Lima, F.; Gomes da Silva, S. Photobiomodulation for the treatment of
neuroinflammation: A systematic review of controlled laboratory animal studies. Front. Neurosci. 2022, 16, 1006031. [CrossRef]
[PubMed]

Graham, N.S,; Sharp, D.J. Understanding neurodegeneration after traumatic brain injury: From mechanisms to clinical trials in
dementia. ] Neurol. Neurosurg. Psychiatry 2019, 90, 1221-1233. [CrossRef]

Graham, N.S.N; Jolly, A.; Zimmerman, K.; Bourke, N.J.; Scott, G.; Cole, ].H.; Schott, ].M.; Sharp, D.J. Diffuse axonal injury predicts
neurodegeneration after moderate-severe traumatic brain injury. Brain 2020, 143, 3685-3698. [CrossRef]

Frati, A.; Cerretani, D.; Fiaschi, A.I; Frati, P.; Gatto, V.; La Russa, R.; Pesce, A.; Pinchi, E.; Santurro, A.; Fraschetti, E; et al. Diffuse
Axonal Injury and Oxidative Stress: A Comprehensive Review. Int. |. Mol. Sci. 2017, 18, 2600. [CrossRef]

Sami, A.; Selzer, M.E.; Li, S. Advances in the Signaling Pathways Downstream of Glial-Scar Axon Growth Inhibitors. Front. Cell
Neurosci. 2020, 14, 174. [CrossRef]

Er-Rouassi, H.; Benichou, L.; Lyoussi, B.; Vidal, C. Efficacy of LED Photobiomodulation for Functional and Axonal Regeneration
After Facial Nerve Section-Suture. Front. Neurol. 2022, 13, 827218. [CrossRef] [PubMed]

Zheng, Q.; Zhang, J.; Zuo, X.; Sun, J.; Liang, Z.; Hu, X.; Wang, Z.; Li, K,; Song, ].; Ding, T.; et al. Photobiomodulation Promotes
Neuronal Axon Regeneration After Oxidative Stress and Induces a Change in Polarization from M1 to M2 in Macrophages via
Stimulation of CCL2 in Neurons: Relevance to Spinal Cord Injury. ] Mol. Neurosci. 2021, 71, 1290-1300. [CrossRef]

Akamatsu, Y.; Hanafy, K.A. Cell Death and Recovery in Traumatic Brain Injury. Neurotherapeutics 2020, 17, 446-456. [CrossRef]
[PubMed]

Itoh, T.; Imano, M.; Nishida, S.; Tsubaki, M.; Mizuguchi, N.; Hashimoto, S.; Ito, A.; Satou, T. Increased apoptotic neuronal cell
death and cognitive impairment at early phase after traumatic brain injury in aged rats. Brain Struct. Funct. 2013, 218, 209-220.
[CrossRef]

Yang, L.; Tucker, D.; Dong, Y.; Wu, C.; Lu, Y,; Li, Y,; Zhang, J.; Liu, T.C.; Zhang, Q. Photobiomodulation therapy promotes
neurogenesis by improving post-stroke local microenvironment and stimulating neuroprogenitor cells. Exp. Neurol. 2018, 299 Pt
A, 86-96. [CrossRef]

Thau-Zuchman, O.; Shohami, E.; Alexandrovich, A.G.; Leker, R.R. Vascular endothelial growth factor increases neurogenesis after
traumatic brain injury. J. Cereb. Blood Flow Metab. 2010, 30, 1008-1016. [CrossRef] [PubMed]

Hatakeyama, M.; Ninomiya, I.; Kanazawa, M. Angiogenesis and neuronal remodeling after ischemic stroke. Neural Regen. Res.
2020, 15, 16-19. [CrossRef] [PubMed]

Colombo, E.; Signore, A.; Aicardi, S.; Zekiy, A.; Utyuzh, A.; Benedicenti, S.; Amaroli, A. Experimental and Clinical Applications
of Red and Near-Infrared Photobiomodulation on Endothelial Dysfunction: A Review. Biomedicines 2021, 9, 274. [CrossRef]
Kaulffler, D.P. Photobiomodulation in promoting wound healing: A review. Regen. Med. 2016, 11, 107-122. [CrossRef]

Chao, L.L.; Barlow, C.; Karimpoor, M.; Lim, L. Changes in Brain Function and Structure After Self-Administered Home
Photobiomodulation Treatment in a Concussion Case. Front. Neurol. 2020, 11, 952. [CrossRef]

Davies, D.J.; Hadis, M.; Di Pietro, V.; Lazzarino, G.; Forcione, M.; Harris, G.; Stevens, A.R.; Soon, W.C.; Goldberg Oppenheimer, P;
Milward, M.; et al. Photobiomodulation reduces hippocampal apoptotic cell death and produces a Ra-man spectroscopic
“signature”. PLoS ONE 2020, 17, e0264533.


https://doi.org/10.1007/s10753-016-0371-x
https://doi.org/10.1155/2021/6626286
https://doi.org/10.3390/antiox11091671
https://doi.org/10.1155/2016/9303126
https://doi.org/10.1007/s12640-020-00288-9
https://doi.org/10.1007/s10787-022-01017-8
https://www.ncbi.nlm.nih.gov/pubmed/35802283
https://doi.org/10.1007/s00401-018-1944-6
https://www.ncbi.nlm.nih.gov/pubmed/30535946
https://doi.org/10.3389/fnins.2023.1150156
https://www.ncbi.nlm.nih.gov/pubmed/37090796
https://doi.org/10.3389/fnins.2022.1006031
https://www.ncbi.nlm.nih.gov/pubmed/36203812
https://doi.org/10.1136/jnnp-2017-317557
https://doi.org/10.1093/brain/awaa316
https://doi.org/10.3390/ijms18122600
https://doi.org/10.3389/fncel.2020.00174
https://doi.org/10.3389/fneur.2022.827218
https://www.ncbi.nlm.nih.gov/pubmed/35280271
https://doi.org/10.1007/s12031-020-01756-9
https://doi.org/10.1007/s13311-020-00840-7
https://www.ncbi.nlm.nih.gov/pubmed/32056100
https://doi.org/10.1007/s00429-012-0394-5
https://doi.org/10.1016/j.expneurol.2017.10.013
https://doi.org/10.1038/jcbfm.2009.271
https://www.ncbi.nlm.nih.gov/pubmed/20068579
https://doi.org/10.4103/1673-5374.264442
https://www.ncbi.nlm.nih.gov/pubmed/31535636
https://doi.org/10.3390/biomedicines9030274
https://doi.org/10.2217/rme.15.82
https://doi.org/10.3389/fneur.2020.00952

Cells 2024, 13, 385 17 of 18

56.

57.
58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Bathini, M.; Raghushaker, C.R.; Mahato, K.K. The Molecular Mechanisms of Action of Photobiomodulation Against Neuro-
degenerative Diseases: A Systematic Review. Cell Mol. Neurobiol. 2022, 42, 955-971. [CrossRef] [PubMed]

Hamblin, M.R. Photobiomodulation for traumatic brain injury and stroke. J. Neurosci. Res. 2018, 96, 731-743. [CrossRef] [PubMed]
Kumar, S.; Sanchez-Alvarez, M.; Lolo, F.-N.; Trionfetti, F.; Strippoli, R.; Cordani, M. Autophagy and the Lysosomal System in
Cancer. Cells 2021, 10, 2752. [CrossRef] [PubMed]

Li, Y.Y;; Qin, Z.H.; Sheng, R. The Multiple Roles of Autophagy in Neural Function and Diseases. Neurosci. Bull. 2023. [CrossRef]
[PubMed]

W, J.; Lipinski, M.M. Autophagy in Neurotrauma: Good, Bad, or Dysregulated. Cells 2019, 8, 693. [CrossRef]

Luan, Y;; Jiang, L.; Luan, Y,; Xie, Y,; Yang, Y.; Ren, K.D. Mitophagy and Traumatic Brain Injury: Regulatory Mechanisms and
Therapeutic Potentials. Oxid. Med. Cell Longev. 2023, 2023, 1649842. [CrossRef]

Baldassarro, V.A.; Alastra, G.; Lorenzini, L.; Giardino, L.; Calza, L. Photobiomodulation at Defined Wavelengths Regulates
Mitochondrial Membrane Potential and Redox Balance in Skin Fibroblasts. Oxid. Med. Cell Longev. 2023, 7638223.

Li, A.; Gao, M.; Liu, B,; Qin, Y,; Chen, L.; Liu, H.; Wu, H.; Gong, G. Mitochondrial autophagy: Molecular mechanisms and
im-plications for cardiovascular disease. Cell Death Dis. 2022, 13, 444. [CrossRef] [PubMed]

Fallahi, F.; Mostafavinia, A.; Sharifi, Z.; Mohaghegh Shalmani, L.; Amini, A.; Ahmadi, H.; Omidi, H.; Hajihosseintehrani, M.;
Bayat, S.; Hamblin, M.R,; et al. Effects of photobiomodulation on mitochondrial function in diabetic adipose-derived stem cells
in vitro. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2023, 285, 121835. [CrossRef] [PubMed]

Tosifescu, D.V.; Collins, K.A.; Hurtado-Puerto, A.; Irvin, M.K,; Clancy, ].A.; Sparpana, A.M.; Sullivan, E.F; Parincu, Z.; Ratai, E.-M;
Funes, CJ.; et al. Grant Report on the Transcranial near Infrared Radiation and Cerebral Blood Flow in Depression (TRIADE)
Study. Photonics 2023, 10, 90. [CrossRef]

Thunshelle, C.; Hamblin, M.R. Transcranial Low-Level Laser (Light) Therapy for Brain Injury. Photomed. Laser Surg. 2016, 34,
587-598. [CrossRef] [PubMed]

Buendia, D.; Guncay, T.; Oyanedel, M.; Lemus, M.; Weinstein, A.; Ardiles, A.O.; Marcos, J.; Fernandes, A.; Zangaro, R.; Mufioz, P.
The Transcranial Light Therapy Improves Synaptic Plasticity in the Alzheimer’s Disease Mouse Model. Brain Sci. 2022, 12, 1272.
[CrossRef] [PubMed]

Hong, N.; Kim, H.J.; Kang, K.; Park, ].O.; Mun, S.; Kim, H.G.; Kang, B.H.; Chung, P.S.; Lee, M.Y.; Ahn, J.C. Photobiomodulation
improves the synapses and cognitive function and ameliorates epileptic seizure by inhibiting downregulation of Nlgn3. Cell
Biosci. 2023, 13, 8. [CrossRef] [PubMed]

Yu, Y,; Yan, Y;; Niu, F; Wang, Y.; Chen, X; Su, G.; Liu, Y.; Zhao, X.; Qian, L.; Liu, P; et al. Ferroptosis: A cell death connecting
oxidative stress, inflammation and cardiovascular diseases. Cell Death Discov. 2021, 7, 193. [CrossRef]

de Oliveira, H.A.; Antonio, E.L.; Arsa, G.; Santana, E.T.; Silva, F.A.; Junior, D.A.; Dos Santos, S.; de Carvalho, P.T.C.; Leal-
Junior, E.C.P; Araujo, A.; et al. Photobiomodulation Leads to Reduced Oxidative Stress in Rats Submitted to High-Intensity
Resistive Exercise. Oxidative Med. Cell. Longev. 2018, 2018, 5763256. [CrossRef]

de Freitas, L.F.; Hamblin, M.R. Proposed Mechanisms of Photobiomodulation or Low-Level Light Therapy. IEEE ]. Sel. Top.
Quantum Electron. 2016, 22, 7000417. [CrossRef]

Xie, B.S.; Wang, Y.Q.; Lin, Y.; Mao, Q.; Feng, J.F.; Gao, G.Y,; Jiang, J.Y. Inhibition of ferroptosis attenuates tissue damage and
improves long-term outcomes after traumatic brain injury in mice. CNS Neurosci. Ther. 2019, 25, 465-475. [CrossRef]
University of Washington. Brain Facts and Figures. Available online: https://faculty.washington.edu/chudler/facts.html
(accessed on 10 December 2023).

Figueiro Longo, M.G.; Tan, C.O.; Chan, S.T.; Welt, J.; Avesta, A.; Ratai, E.; Mercaldo, N.D.; Yendiki, A.; Namati, ].; Chico-Calero, L;
et al. Effect of Transcranial Low-Level Light Therapy vs Sham Therapy Among Patients with Moderate Traumatic Brain Injury: A
Randomized Clinical. JAMA Netw. Open 2020, 3, €2017337. [CrossRef]

Naeser, M.A.; Saltmarche, A.; Krengel, M.H.; Hamblin, M.R.; Knight, J.A. Improved cognitive function after transcranial,
light-emitting diode treatments in chronic, traumatic brain injury: Two case reports. Photomed. Laser Surg. 2011, 29, 351-358.
[CrossRef]

Naeser, M.A.; Zafonte, R.; Krengel, M.H.; Martin, PI; Frazier, J.; Hamblin, M.R.; Knight, J.A.; Meehan, W.P,, 3rd; Baker, E.H.
Significant improvements in cognitive performance post-transcranial, red /near-infrared light-emitting diode treatments in
chronic, mild traumatic brain injury: Open-protocol study. J. Neurotrauma 2014, 31, 1008-1017. [CrossRef]

Hesse, S.; Werner, C.; Byhahn, M. Transcranial Low-Level Laser Therapy May Improve Alertness and Awareness in Traumatic
Brain Injured Subjects with Severe Disorders of Consciousness: A Case Series. Int. Arch. Med. 2015, 8.

Hipskind, S.G.; Grover, EL., Jr.; Fort, T.R.; Helffenstein, D.; Burke, T.J.; Quint, S.A.; Bussiere, G.; Stone, M.; Hurtado, T. Pulsed
Transcranial Red/Near-Infrared Light Therapy Using Light-Emitting Diodes Improves Cerebral Blood Flow and Cognitive
Function in Veterans with Chronic Traumatic Brain Injury: A Case Series. Photobiomodul. Photomed. Laser Surg. 2018, 37, 77-84.
[CrossRef] [PubMed]

Rindner, E.S.; Haroon, ].M.; Jordan, K.G.; Mahdavi, K.D.; Surya, ].R.; Zielinski, M.A.; Habelhah, B.; Venkatraman, V.; Becerra, S.A;
Chan, L.; et al. Transcranial Infrared Laser Stimulation for the Treatment of Traumatic Brain Inju-ry: A Case Series. J. Lasers Med.
Sci. 2022, 13, 65. [CrossRef] [PubMed]

Chan, S.T.; Mercaldo, N.; Longo, M.G.F,; Welt, J.; Avesta, A.; Namati, J.; Gupta, R. Low-Level Light Therapy Effect on Resting-State
Connectivity in Patients Following Moderate Traumatic Brain Injury. Res. Sq. 2022. [CrossRef]


https://doi.org/10.1007/s10571-020-01016-9
https://www.ncbi.nlm.nih.gov/pubmed/33301129
https://doi.org/10.1002/jnr.24190
https://www.ncbi.nlm.nih.gov/pubmed/29131369
https://doi.org/10.3390/cells10102752
https://www.ncbi.nlm.nih.gov/pubmed/34685734
https://doi.org/10.1007/s12264-023-01120-y
https://www.ncbi.nlm.nih.gov/pubmed/37856037
https://doi.org/10.3390/cells8070693
https://doi.org/10.1155/2023/1649842
https://doi.org/10.1038/s41419-022-04906-6
https://www.ncbi.nlm.nih.gov/pubmed/35534453
https://doi.org/10.1016/j.saa.2022.121835
https://www.ncbi.nlm.nih.gov/pubmed/36116412
https://doi.org/10.3390/photonics10010090
https://doi.org/10.1089/pho.2015.4051
https://www.ncbi.nlm.nih.gov/pubmed/28001759
https://doi.org/10.3390/brainsci12101272
https://www.ncbi.nlm.nih.gov/pubmed/36291206
https://doi.org/10.1186/s13578-022-00949-6
https://www.ncbi.nlm.nih.gov/pubmed/36635704
https://doi.org/10.1038/s41420-021-00579-w
https://doi.org/10.1155/2018/5763256
https://doi.org/10.1109/JSTQE.2016.2561201
https://doi.org/10.1111/cns.13069
https://faculty.washington.edu/chudler/facts.html
https://doi.org/10.1001/jamanetworkopen.2020.17337
https://doi.org/10.1089/pho.2010.2814
https://doi.org/10.1089/neu.2013.3244
https://doi.org/10.1089/pho.2018.4489
https://www.ncbi.nlm.nih.gov/pubmed/30418082
https://doi.org/10.34172/jlms.2022.65
https://www.ncbi.nlm.nih.gov/pubmed/37041790
https://doi.org/10.21203/rs.3.rs-2223939/v1

Cells 2024, 13, 385 18 of 18

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Liebel, S.W.; Johnson, PK.; Lindsey, H.M.; Russell, H.A.; Hovenden, E.S.; Velez, C.; Tate, D.F. A-25 Transcranial Photobiomodula-
tion Treatment Effects in Former Athletes with Repetitive Head Hits. Arch. Clin. Neuropsychol. 2022, 37, 1066. [CrossRef]

Dole, M.; Auboiroux, V.; Langar, L.; Mitrofanis, J. A systematic review of the effects of transcranial photobiomodulation on brain
activity in humans. Rev. Neurosci. 2023, 34, 671-693. [CrossRef] [PubMed]

Zomorrodi, R.; Loheswaran, G.; Pushparaj, A.; Lim, L. Pulsed near infrared transcranial and intranasal photobiomodulation
significantly modulates neural oscillations: A pilot exploratory study. Sci. Rep. 2019, 9, 6309. [CrossRef] [PubMed]

Ianof, ].N.; Anghinah, R. Traumatic brain injury: An EEG point of view. Dement. Neuropsychol. 2017, 11, 3-5. [CrossRef] [PubMed]
Niebur, E. Electrical properties of cell membranes. Scholarpedia 2008, 3, 7166. [CrossRef]

Staelens, M.; Di Gregorio, E.; Kalra, A.P; Le, H.T.; Hosseinkhah, N.; Karimpoor, M.; Lim, L.; Tuszynski, ].A. Near-Infrared
Pho-tobiomodulation of Living Cells, Tubulin, and Microtubules In Vitro. Front. Med. Technol. 2022, 4, 871196. [CrossRef]
[PubMed]

Cooper, G.M. Microtubules. In The Cell: A Molecular Approach, 2nd ed.; Sinauer Associates: Sunderland, MA, USA, 2000.

Di Gregorio, E.; Staelens, M.; Hosseinkhah, N.; Karimpoor, M.; Liburd, J.; Lim, L.; Tuszynski, ].A. Raman Spectroscopy Reveals
Photobiomodulation-Induced «-Helix to 3-Sheet Transition in Tubulins: Potential Implications for Alzheimer’s and Other
Neurodegenerative Diseases. arXiv 2023, arXiv:2311.04165.

Tang, L.; Jiang, H.; Sun, M,; Liu, M. Pulsed transcranial photobiomodulation generates distinct beneficial neurocognitive effects
compared with continuous wave transcranial light. Lasers Med. Sci. 2023, 38, 203. [CrossRef] [PubMed]

Wang, Y.; Huang, Y.Y.; Wang, Y,; Lyu, P.; Hamblin, M.R. Photobiomodulation of human adipose-derived stem cells using 810nm
and 980nm lasers operates via different mechanisms of action. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 441-449. [CrossRef]
Ravera, S.; Ferrando, S.; Agas, D.; De Angelis, N.; Raffetto, M.; Sabbieti, M.G.; Signore, A.; Benedicenti, S.; Amaroli, A. 1064 nm
Nd:YAG laser light affects transmembrane mitochondria respiratory chain complexes. |. Biophotonics 2019, 12, €201900101. [CrossRef]
Pruitt, T.; Carter, C.; Wang, X.; Wu, A.; Liu, H. Photobiomodulation at Different Wavelengths Boosts Mitochondrial Redox
Metabolism and Hemoglobin Oxygenation: Lasers vs. Light-Emitting Diodes In Vivo. Metabolites 2022, 12, 103. [CrossRef]
Huang, Y.Y.; Chen, A.C.; Carroll, ].D.; Hamblin, M.R. Biphasic dose response in low level light therapy. Dose Response 2009, 7,
358-383. [CrossRef]

Dompe, C.; Moncrieff, L.; Matys, J.; Grzech-Lesniak, K.; Kocherova, I.; Bryja, A.; Bruska, M.; Dominiak, M.; Mozdziak, P;
Skiba, T.H.L; et al. Photobiomodulation-Underlying Mecha-nism and Clinical Applications. J. Clin. Med. 2020, 9, 1724. [CrossRef]
Felician, M.C.P,; Belotto, R.; Tardivo, ].P; Baptista, M.S.; Martins, W.K. Photobiomodulation: Cellular, molecular, and clinical
aspects. J. Photochem. Photobiol. 2023, 17, 100197. [CrossRef]

Keshri, G.K.; Gupta, A.; Yadav, A.; Sharma, S.K; Singh, S.B. Photobiomodulation with Pulsed and Continuous Wave Near-
Infrared Laser (810 nm, Al-Ga-As) Augments Dermal Wound Healing in Immunosuppressed Rats. PLoS ONE 2016, 11, €0166705.
[CrossRef] [PubMed]

Kim, J.H. Three principles for radiation safety: Time, distance, and shielding. Korean |. Pain 2018, 31, 145-146. [CrossRef] [PubMed]
Mitrofanis, J.; Henderson, L.A. How and why does photobiomodulation change brain activity? Neural Regen. Res. 2020, 15,
2243-2244. [CrossRef] [PubMed]

Nawashiro, H.; Sato, S.; Kawauchi, S.; Takeuchi, S.; Nagatani, K.; Yoshihara, N.; Shinmoto, H. Blood-oxygen-level-dependent
(BOLD) functional magnetic resonance imaging (fMRI) during transcranial near-infrared laser irradiation. Brain Stimul. 2017, 10,
1136-1138. [CrossRef] [PubMed]

Dmochowski, G.M.; Shereen, A.D.; Berisha, D.; Dmochowski, ].P. Near-Infrared Light Increases Functional Connectivity with a
Non-thermal Mechanism. Cereb. Cortex Commun. 2020, 1, tgaa004. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/arclin/acac32.25
https://doi.org/10.1515/revneuro-2023-0003
https://www.ncbi.nlm.nih.gov/pubmed/36927734
https://doi.org/10.1038/s41598-019-42693-x
https://www.ncbi.nlm.nih.gov/pubmed/31004126
https://doi.org/10.1590/1980-57642016dn11-010002
https://www.ncbi.nlm.nih.gov/pubmed/29213487
https://doi.org/10.4249/scholarpedia.7166
https://doi.org/10.3389/fmedt.2022.871196
https://www.ncbi.nlm.nih.gov/pubmed/35600165
https://doi.org/10.1007/s10103-023-03865-4
https://www.ncbi.nlm.nih.gov/pubmed/37668791
https://doi.org/10.1016/j.bbagen.2016.10.008
https://doi.org/10.1002/jbio.201900101
https://doi.org/10.3390/metabo12020103
https://doi.org/10.2203/dose-response.09-027.Hamblin
https://doi.org/10.3390/jcm9061724
https://doi.org/10.1016/j.jpap.2023.100197
https://doi.org/10.1371/journal.pone.0166705
https://www.ncbi.nlm.nih.gov/pubmed/27861614
https://doi.org/10.3344/kjp.2018.31.3.145
https://www.ncbi.nlm.nih.gov/pubmed/30013728
https://doi.org/10.4103/1673-5374.284989
https://www.ncbi.nlm.nih.gov/pubmed/32594038
https://doi.org/10.1016/j.brs.2017.08.010
https://www.ncbi.nlm.nih.gov/pubmed/28870511
https://doi.org/10.1093/texcom/tgaa004
https://www.ncbi.nlm.nih.gov/pubmed/34296085

	Introduction 
	Pathophysiological Aspects of TBI and Related PBM Research 
	Axonal Injury 
	Mitochondrial Dysfunction 
	Excitotoxicity 
	Reactive Oxygen Species, Reactive Nitrogen Species, and Oxidative Stress 
	Neuroinflammation 
	Axonal Degeneration and Growth Inhibitors 
	Apoptotic Cell Death 
	Autophagy and Lysosomal Pathways Dysfunction 

	Additional Relevant Systemic and Secondary PBM Mechanisms 
	Increased Cellular Energy Production 
	Enhanced Blood Flow and Oxygenation 
	Modulation of Synaptic Plasticity 
	Effect on Ferroptosis 

	Clinical Data on PBM Effects on Human TBI 
	New Discoveries in Cellular Mechanisms Inform Future PBM Treatments 
	Increase in Cellular Current Flow and Resistance 
	Polymerization of Tubulins 
	The Significance of Pulse Frequency 

	Perspective on Effective Parameters and Further Research 
	Limitations of the Study 
	Conclusions 
	References

