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Abstract

Photobiomodulation (PBM) involves the use of red or near-infrared light at low power densities to
produce a beneficial effect on cells or tissues. PBM therapy is used to reduce pain, inflammation,
edema, and to regenerate damaged tissues such as wounds, bones and tendons. The primary site of
light absorption in mammalian cells has been identified as the mitochondria, and more specifically,
cytochrome c oxidase (CCO). It is hypothesized that inhibitory nitric oxide can be dissociated
from CCO thus restoring electron transport and increasing mitochondrial membrane potential.
Another mechanism involves activation of light or heat-gated ion channels. This review will cover
the redox signaling that occurs in PBM and examine the difference between healthy and stressed
cells, where PBM can have apparently opposite effects. PBM has a marked effect on stem cells,
and this is proposed to operate via mitochondrial redox signaling. PBM can act as a pre-
conditioning regimen, and can interact with exercise on muscles.

Graphical abstract

Photobiomodulation uses red or NIR light to stimulate healing and regeneration in tissue. The
primary chromophores are cytochrome c oxidase in mitochondria and light/heat gated ion
channels. Both mechanisms lead to generation of reactive oxygen species that can activate
transcription factors and may act as an exercise mimetic.
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INTRODUCTION

Photobiomodulation (PBM) also known as low-level laser (light) therapy (LLLT) is
approaching its 501" anniversary (1). LLLT was originally discovered by Endre Mester
working in Hungary, who was trying to repeat an experiment described by Paul McGuff in
Boston. McGuff had used the newly discovered ruby laser to cure experimental tumors
implanted in Syrian hamsters (2, 3). However, Mester’s laser only had a small fraction of the
power possessed by McGuff’s laser and was insufficient to cure any tumors. Nevertheless,
Mester observed that the skin wounds that had been made during implantation of the tumors
healed better in laser treated animals (4, 5). Since those early days, LLLT has become
gradually more accepted in scientific, medical and popular circles, especially as the number
of peer-reviewed papers has grown.

For much of this time, lasers were thought to have special biological properties due to their
coherence and monochromaticity (6), and the field was sometimes called “laser
biostimulation” (7). However in recent years it has become clear that non-coherent light-
emitting diodes (LEDs) perform equally to medical lasers, with the added advantage of
being much less expensive and having fewer safety concerns (8). The first lasers to be used
generally emitted red light. The ruby (694 nm) and HeNe (633 nm) lasers were popular, but
after the introduction of diode lasers, many more wavelengths became available including
several in the near-infrared region (780-940 nm).

In 2016 there was an international consensus to change the terminology away from LLLT
and the old term “low-level”, and instead use the new term “photobiomodulation” (9). The
reasons for this decision were several-fold: (1) nobody had any idea exactly what “low-
level” actually meant; (2) the term laser was inappropriate as LEDs are rapidly taking over;
(3) due to the biphasic dose response, PBM can have inhibitory or stimulatory effects even at
the same wavelength with just the use of a much higher energy density.

One feature of PBM that is becoming appreciated is the biphasic dose response (10, 11)
(also known as the Arndt-Schulz law) (12). This principle states that a very low dose of light
has no effect, a somewhat bigger dose has a positive effect until a plateau is reached. If the
light dose is increased beyond that point the benefit progressively decreases, until the
baseline (no effect) is reached, and further increases will actually start to have damaging
effects on the tissue. This curve is well known in the field of toxicology, where the
phenomenon is called “hormesis” (13). Part of the explanation of this “U” or “J” shaped
curve is that small doses of a potentially toxic drug or harmful intervention can induce
expression inside the cells of a range of protective factors such as anti-oxidant enzymes and
anti-apoptotic proteins that will enhance normal function and protect against subsequent
lethal challenges (14).

There have been over 1,000 papers published on experimental laboratory studies in PBM
covering a vast range of different systems, including many different types of cultured cells
looking at many different molecular markers, a large number of animal studies, and of
course another large range (1000+) of clinical studies (both randomized controlled trials and
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case series). A recently published textbook serves as a starting point to further explore the
literature of this field (1).

MITOCHONDRIAL CHROMOPHORES FOR RED AND NIR LIGHT

The first law of photobiology states that photons of light must be absorbed by some
molecule (called a chromophore) located within the tissue to have any biological effect.
Tiina Karu working in Russia and Salvatore Passarella in Italy were the first to suggest that
one of the principal chromophores responsible for the beneficial effects of PBM was located
inside mitochondria (15). Previously Britton Chance had observed that the mitochondrial
fraction accounted for 50% of the optical absorption of blood-free rat liver (16) at 780 nm.
Although hemoglobin and myoglobin have high absorption coefficients in the visible
spectral regions (blue, green and red), their absorption in the NIR region, (where PBM is
highly effective) is not very high. The purified enzyme, cytochrome ¢ oxidase (CCO) was
shown to be activated in vitro by red laser (633 nm) (17). CCO is unit IV of the
mitochondrial respiratory chain and is a complex molecule with 13 separate protein
subunits. CCO contains two different copper centers Cup and Cug and two heme centers,
heme-aand heme-a3. All these centers can be in a reduced or an oxidized state giving a total
of sixteen possibilities. CCO transfers four protons to molecular oxygen to form two water
molecules using the electrons from reduced cytochrome c. The proton gradient so formed
drives the activity of ATP synthase. Several investigators have reported that the action
spectra (relative efficiency of different wavelengths for mediating aspects of the PBM
process) correspond to the absorption spectrum of CCO (18, 19). The leading hypothesis to
explain how exactly light increases CCO enzyme activity is that nitric oxide (a molecule that
is known to inhibit CCO by non-covalently binding between heme-a3and Cug (20), can be
photodissociated by absorption of a photon of red or NIR light (21). One theory to explain
why PBM appears to have greater effects in diseased or damaged cells and tissues, and to
not dramatically affect healthy cells, is that unhealthy or hypoxic cells are more likely to
have inhibitory concentrations of NO. This proposed mechanism is illustrated in Figure 1.

Since the principle chromophores for PBM are located inside the mitochondria, it follows
that cells with a large number of mitochondria and a high metabolic activity are particularly
responsive to light. This consideration applies to muscle cells (both skeletal and cardiac),
neurons (especially CNS neurons), but also cells of the liver, kidney and other internal
organs. It should be noted that these cells are not commonly exposed to light during normal
living activity, while the skin, which has evolved to be constantly exposed to light does not
have large numbers of mitochondria.

LIGHT/HEAT GATED ION CHANNELS AND BLUE-LIGHT CHROMOPHORES

An important discovery was made by Hardie & Minke working with the fruitfly Drosophila
melanogasterin 1992 (22). A spontaneous mutation (later found to be in the #p gene) led to
a blind mutant, even though the flies were exposed to intense light. A combination of
electrophysiological, biochemical, calcium measurements, combined with genetic studies in
these flies, and eventually in other invertebrates finally showed that TRP was a novel
phosphoinositide-regulated calcium permeable ion channel (23). The underlying mechanism
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of vision is quite different in insects (relying on TRP channels) and mammalian organisms
(relying on rhodopsin photoreceptors) (24).

Transient receptor potential (TRP) channels are now known to be pleiotropic cellular sensors
mediating the response to a wide range of external stimuli (heat, cold, pressure, taste, smell),
and involved in many different cellular processes (25). Activation of TRP causes non-
selective permeabilization (mainly of the plasma membrane) to calcium, sodium and
magnesium (26). Interestingly it was recently reported that TRP channels were involved in
sensing the “redox status” (27).

It is now known that TRP channel proteins are conserved throughout evolution and are
found in most organisms, tissues, and cell-types. The TRP channel superfamily is now
classified into seven related subfamilies: TRPC, TRPM, TRPV, TRPA, TRPP, TRPML, and
TRPN (28). Light-sensitive ion channels are based on an opsin chromophore (isomerization
of a cis-retinal molecule to the trans configuration) as illustrated in Drosophila
photoreceptors (29).

It is possible that blue light interacts with mitochondrial chromophores in the same way as
red/NIR light since heme centers that are widespread in cytochromes have a significant
absorption peak that coincides with the Soret band of porphyrins. However, there are several
other plausible chromophores for blue light (and to a lesser extent green light). It should be
noted that the term “blue light” can refer to a relatively wide range of wavelengths from
violet (390-425 nm), indigo (425-450 nm), royal blue (450-475 nm), blue green (475-500
nm). Because of the width of a typical absorption band (30 nm full width half maximum), it
is theoretically possible that blue light could be absorbed by several distinct chromophores.
For blue light these potential chromophores are in order of increasing wavelength: (A)
tryptophan that can be photo-oxidized to form 6-formylindolo[3,2-b]carbazole (FICZ) that
acts as an endogenous ligand of the aryl-hydrocarbon receptor (AhR) (30, 31). The shortest
wavelength blue light (380-400nm) would be optimal here, as in general UV wavelengths
are thought to be responsible for trytptophan photodegradation. (B) Next is the Soret band of
heme groups (400 nm) where presumably similar processes are initiated as have been
proposed for red/NIR light. Cytochromes b and a/a(3) were found to be responsible for the
inhibitory effects of blue light on yeast (32). (C) Wavelengths in the 440 nm range have been
found to be optimal for activation of cryptochromes (33). Cryptochromes are blue-light
sensitive flavoproteins that have wide applications in plants and lower life-forms, mediating
such functions as photomorphogenesis (34). Cryptochromes are thought to play a role in
entraining circadian rhythms (35) and may even be involved in sensing of magnetic fields in
fruitflies (36). Cryptochromes have recently been found to be expressed in some mammalian
cells and tissues (37) and also to have activity in regulating circadian rhythms (38). (D) The
family of opsins are light-sensitive G-protein coupled receptors that rely on isomerization of
cis-retinal. The wavelength maximum can range from UVA all the way to the green and red,
but melanopsin (OPN4) has a Amax 0f 479 nm (39). The signaling pathways differ between
different opsins. Opsins signal via two main pathways depending on the type of G-protein
they are coupled with (40, 41). Those opsins (OPN1, OPN2, OPN3, OPN5) that are coupled
with Go, G;, Gy, G; proteins, signal via a pathway involving cyclic nucleotides (CAMP and
cGMP). On the other hand OPN4 (melanopsin) is coupled to Gg and signals via the
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phospholipase C pathway leading to production of inositol triphosphate and di-acylglycerol.
These signaling pathways are shown in Figure 2. It is known that activation of retinal opsins
by blue light can generate ROS, which is partly responsible for ocular phototoxicity caused
by violet and blue light (42). Osborne et al. discussed the phototoxicity caused to retinal
ganglion cells (RGCs) and photoreceptors by short wavelength light (SWL) (43). The threat
of damage to photoreceptor mitochondria may be less than to RGCs, since macular
carotenoid, located chiefly in Henle’s layer of the photoreceptor inner segment absorbs
SWL. They proposed that SWL contributes to RGC death when these neurons are not in an
optimum homoeostatic state as is likely to occur in conditions such as glaucoma and aging.

REDOX EFFECTS INDUCED BY PBM

One of the most frequently observed changes when PBM experiments are conducted in
vitro, has been modulation of levels of reactive oxygen species (ROS) (44). ROS have
particularly been reported to be produced by large doses of light, and even more particularly
by blue light. The production of modest amounts of ROS by red/NIR light being absorbed in
the mitochondria is reasonably well established (45). It is known that mitochondria are one
of the most important sources of ROS in mammalian cells (46). Leakage of electrons leads
to production of superoxide anion that is then removed by manganese-dependent superoxide
dismutase (MnSQOD) (47).

The mitochondrial membrane potential (MMP) is increased by PBM, leading to increased
electron transport. Classically it is believed that increased MMP will produce increased ROS
(48). However, it is also well known that dysfunctional mitochondria also produce ROS.
This process is characterized by a self-amplifying feedback loop called “ROS-induced ROS
release” (RIRR) (49). Under conditions such as exposure to excessive or prolonged oxidative
stress, the increase in ROS may reach a threshold level that triggers the opening of a
mitochondrial channel such as the mitochondrial permeability transition (MPT) pore, or the
mitochondrial inner membrane anion channel (IMAC). Activation of these channels in turn
leads to the simultaneous collapse of MMP and increased ROS generation by the electron
transport chain (50). Production of a large enough burst of ROS to flood the cytosol could
potentially function as a “second messenger” to activate RIRR in neighboring mitochondria,
which could then act as another damaging feedback loop to increase cellular damage (51).

We first showed that PBM with 810 nm laser (3 J/cm?) could activate NF-kB in embryonic
fibroblasts isolated from NF-kB luciferase reporter mice (44). We showed that ROS were
generated inside the cells, and ATP production was increased. Although we did not
conclusively show that these ROS originated from the mitochondria in this particular study,
in subsequent studies using cortical neurons the light-induced ROS were shown to come
from mitochondria. Interestingly, addition of the anti-oxidant N-acetylcysteine abrogated the
activation of NF-kB by quenching the ROS, but had no effect on the increase in ATP (Figure
3). The explanation for these observations is that PBM raised MMP leading to more ATP
production, and at the same time produced a burst of ROS that activated NF-kB, probably by
activation of protein kinase D (52).
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We next went on to show that PBM (810 nm laser) had biphasic dose response effects in
primary cultured cortical neurons from embryonic mouse brains (53). Using a wide range of
energy densities (0.03 to 30 J/cm?) we found a maximum effect at 3 J/cm? on MMP, and
intracellular calcium. Higher doses of light (10 or 30 J/cm?2) had lower effects and 30 J/cm?
actually lowered the MMP below baseline. When we looked at intracellular ROS production
we found a double peak. The first peak was at 3 J/cm? while there was a second peak at 30
Jlem? (Figure 4). We interpret these data to mean that ROS were produced from
mitochondria by raising MMP above baseline at 3 J/cm?2, and also by lowering the MMP
below baseline at 30 J/cm2.

Next we asked what would happen when PBM was delivered to cells that had already been
subjected to oxidative stress (54). Using the same cultured cortical neurons, we applied three
different chemical treatments that were all designed to cause oxidative stress as shown by
increases in intracellular ROS. These were cobalt chloride (activation of hypoxia-inducible
factor 1), rotenone (complex 1 inhibitor), or hydrogen peroxide. All these chemicals led to
reductions in MMP and ATP production, as well as increased intracellular ROS. PBM (810
nm laser, 3 J/cm?) led to increased MMP and ATP and reduced ROS, while by contrast
control cells (no oxidative stress) had a small increase in ROS accompanied by increases in
MMP and ATP above baseline levels (Figure 5). We interpret these results to mean that PBM
tends to increase MMP back towards baseline thereby reducing ROS production.

In contrast to NIR light, the mechanisms for production of ROS by blue light are less well
established. Using adipose-derived stem cells, we showed that blue light (415 nm) produced
a linear dose-dependent increase in ROS accompanied by reductions in ATP and MMP and
inhibition of proliferation (submitted for publication). However, 810 nm (and 660 nm) gave
a biphasic dose-dependent increase in proliferation and ATP accompanied by a rise in MMP
and a rise in ROS that was less than that found with blue light. Interestingly many of the
effects of blue light (including ROS generation) could be at least partly blocked by the
TRPV ion channel inhibitor capsazepine (Figure 6).

One intriguing question is how PBM generated ROS can apparently be both beneficial and
detrimental. If superoxide is produced inside mitochondria and is then dismutated to
hydrogen peroxide by MnSOD then the uncharged H,0, is free to diffuse outside the
mitochondria where it can take part in many signaling pathways (55). This manageable level
of H,0, has recently been termed “oxidative eustress” (56). However if the levels of
superoxide within the mitochondria exceed the capacity of MnSOD to detoxify it then the
charged O,™* may accumulate within the mitochondrial matrix and cause damage (57). The
ability of MnSOD to detoxify superoxide may depend on the rate at which O, is produced,
which in turn may depend on the rate at which light is delivered i.e. the power density. This
consideration may explain some observations that have been made where the biological
effects of PBM depended on the power density of the light (mW/cm?2), and not on the total
dose (J/cm?2) (58-60).

It should be noted that there is evidence that another mechanism has been detected that relies
on light generated ROS (61). This involves the ROS activation of latent transforming growth
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factor beta (TGF-B). The ROS generated by PBM can activate TGF- in an extracellular
manner by destroying the disulfide bond linking the latency associated peptide to the TGF-f.

LIGHT-INDUCED ACTIVATION OF TRANSCRIPTION FACTORS AND
SIGNALING PATHWAYS

Many of the secondary mediators of PBM (ROS, NO, cAMP) are able to activate
transcription factors and signaling pathways. This activation of transcription factors is
proposed to explain why a relatively brief exposure to light can have long-lasting results. See
Figure 6 for a graphical depiction of some of these transcription factors.

As mentioned above, the redox-sensitive NF-kB was activated in embryonic fibroblasts (45).
Many transcription factors related to osteogenesis have been reported to be activated by
light. Receptor activator of nuclear factor kappa-B ligand (RANKL) is a transmembrane
protein member of the TNF superfamily, involved in bone regeneration and remodeling
(acting on osteoclast differentiation and activation). It is also a ligand for osteoprotegerin
(OPG). The RANKL/OPG ratio determines whether bone is removed or formed during the
remodeling process (62). Parenti et al. investigated the RANKL/OPG ratio in osteoblast-like
cells that were irradiated with GaAlAs laser (915 nm) using doses ranging from 1to 50 J cm
=2, |t seems that this ratio after PBM depends on the tissue and on the parameters used, since
there was an increase in RANKL/OPG ratio in human alveolar bone-derived cells irradiated
with 780 nm light, while in rat calvarial cells irradiated with 650 nm light the results were
the opposite (63). Runt-related transcription factor 2 (RUNX-2) is related to osteoblastic
differentiation and skeletal morphogenesis. Its cross-talk between the wnt (wingless-tail)/p-
catenin signaling pathway regulates the expression of genes related to extracellular matrix
components during bone cell proliferation (64). PBM can increase the expression of
RUNX-2, contributing to a better tissue organization, even in diabetic animals as seen by
Patrocinio-Silva (65). Osterix is another transcription factor related to osteogenesis (66).
Wang et al. found that PBM with blue and green light increased expression of osterix and
RUNX-2 in adipose derived stem cells cultured in differentiation medium (67) (Figure 7).
Interestingly the TRP inhibitors capsazepine and SKF96365 (Figure 8) abrogated the
upregulation of the differentiation markers in the case of blue and red light but not in the
case of red and NIR light.

Hypoxia-inducible factor (HIF-1a.) acts as a transcription factor to govern tissue responses
to hypoxia. HIF-1a is stabilized at low oxygen tensions, but in the presence of higher
oxygen concentrations it is rapidly degraded by prolyl hydroxylase enzymes, which are
oxygen-dependent (68). HIF-1a activates genes that are important to the cellular response to
hypoxic conditions, such as vascular endothelial growth factor (VEGF), VEGF-receptor,
glucose carrier (GLUT-1) and phosphoglycerate kinase (PGK) genes. Since the tissue
oxygen concentration does not undergo a sharp drop during PBM, HIF-1a activation may be
mediated by activation of the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (P13K)/Akt signaling pathways (69). Another possible
explanation is that the sudden boost in cellular respiration caused by light depletes the low
amount of oxygen that is present in hypoxic tissues but which is not being rapidly consumed
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because of inhibited respiration. The sudden oxygen depletion seen after the inhibition of
respiration is lifted, rapidly activates HIF-1a.

Cury et al. showed that PBM could have a pro-angiogenic effect using 660 nm and 780 nm
light in skin flaps in rats. They observed that angiogenesis was induced by an increase in
HIF-1a and VEGF expression, as well as by a decrease in matrix metalloproteinase 2
(MMP-2) activity (69). Cury observed that only 660 nm light was able to increase HIF-1a
expression, and although VEGF induction occurred in all light doses used, only 40 J/cm?
was able to induce angiogenesis, as well as increase MMP-2 activity.

PBM may exert a pro-survival effect on cells via the activation of AKT/GSK3p/p-catenin
pathway. Basically, protein kinase B (also known as AKT) can be activated by PBM, and
then interact with glycogen synthase kinase 3p (GSK3p), inhibiting its activity. GSK3p is a
serine-threonine kinase involved in cell death and in oncogenesis. There is evidence that
GSK3p is involved in the pathogenesis of Alzheimer’s disease, since it promotes
hyperphosphorylation of tau protein and causes the formation of neurofibrillary tangles
(NTFs) (70).

PBM-activates Akt, which phosphorylates the Ser9 residue in GSK3, rendering the enzyme
inactive. B-catenin is an important component of Wnt signaling pathway but GSK3p-
mediated phosphorylation of B-catenin or the tau protein seems to enhance neuronal cell
death, and conversely phosphorylated GSK3p leads to neuronal survival (71).

Zhang et al. (72) proposed that PBM activation of Akt could inhibit the activation of
GSK3p, thus inhibiting Bax translocation. Using inhibitor compounds such as wortmannin
and lithium chloride combined, there was a significant inhibition of the anti-apoptotic effect
observed after PBM, suggesting that PI3K/Akt pathway (inhibited by wortmannin) and
GSK3p translocation (inhibited by lithium chloride) play a key role in the protection against
apoptosis caused by PBM. LiCl, however, was not able to reduce Bax translocation and
apoptosis, so there must be other upstream regulators of Bax translocation during apoptosis.

Another pathway that can be activated by PBM-mediated activation of Akt is Akt/mTOR/
cyclinD1. Sperandio et al. showed that oral dysplastic cells, considered pre-malignant, had
their viability increased after PBM (660 or 780 nm, 2 to 6 J/cm?) (73). There was higher
expression of proteins related to cancer progression and invasion, i.e. Akt, HSP90,
PS6serp40/244, and Cyclin D1. The data suggested that Akt/mTOR/Cyclin D1 pathway was
important for this phenotype differentiation, since the tested oral cancer cells showed higher
levels of the signaling mediators that are part of this pathway (73). It is not yet clear
precisely how PBM activates Akt, but it is well-known that Akt and ROS generation are
closely intertwined (74).

Forkhead box protein M1 (FOXM1) is a transcription factor involved in the regulation of the
transition from G1 to S phase of the cell cycle leading to mitotic division (75). FOXM1 is
activated by epidermal growth factor via extracellular signal-regulated kinase (ERK) and
allows implantation of the trophoblast (76). Ling et al. investigated the protective effect of
PBM (632.8 nm) against senescence caused by UV light, and reported an activation of the
ERK/FOXM1 pathway that caused a reduction in the expression of p21 protein and G1
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phase arrest. Senescence was attenuated by over-expression of FOXM1c with or without
PBM, and if FOXM1 was inhibited by shRNA, the effect of PBM in reducing cell
senescence was abrogated. PBM promoted the nuclear translocation of, increasing FOXM1
accumulation in the nucleus and the transactivation of c-Myc and p21 expression.

Inhibition of the mitogen-activated kinase (MEK)/ERK pathway with an MEK inhibitor
PD98059 prevented the nuclear translocation of FOXM1 after PBM, suggesting that
Raf/MEK/MAPK/ERK signaling is crucial for the anti-cell senescence effect of PBM
mediated by FOXML1 [89].

Peroxisome proliferator-activated receptors (PPAR) are nuclear receptors that govern lipid
and glucose metabolism and are involved in a variety of diseases, from metabolic disorders
to cancer (77). PPARs play a role in the regulation of mitochondrial metabolism (78). They
are present in airway epithelial cells, but also in smooth muscle cells, myofibroblasts,
endothelial cells of the pulmonary vasculature and in inflammatory cells such as alveolar
macrophages, neutrophils, eosinophils, lymphocytes and mast cells (79). They are nuclear
receptors that regulate gene expression. PPAR-y is involved in the generation of heat shock
protein 70 (HSP-70), which is anti-inflammatory (80). Lima and co-authors reported a study
in which rats were irradiated with 660 nm light (5.4 J) on the skin over the bronchus (chest).
They observed a marked rise in the expression of PPAR mRNA after PBM, as well as
increased PPAR-y activity in bronchoalveolar lavage (BALF) cells from animals subjected to
laser treatment. In conclusion, Lima proposed that PBM can work as a homeostatic
facilitator, increasing the expression of a transcription factor that is signaling the synthesis of
HSP70 and other anti-inflammatory proteins (81).

One mechanism has been recently shown to be involved in the toxicity that follows an
excessive exposure to PBM (82). This involves Activation Transcription Factor-4 (ATF-4)
that can cause endoplasmic reticulum stress and autophagy. If the heat or ROS produced by
excessive PBM were neutralized (cooling or antioxidants) or if ATF-4 was overexpressed the
cells were rescued from phototoxicity.

PROTECTIVE MECHANISMS INDUCED BY PBM

Preconditioning describes the application of various interventions to animals or tissues,
which has no major effects immediately, but can prevent or mitigate subsequent damage
after a stressful event or hypoxic insult. Ischemic preconditioning (IPC) was the classical
example of this approach, where repeated tissue ischemia produced by for instance by
application of a tourniquet to a limb, led to protection against cardiac damage caused by a
heart attack (83) or brain damage caused by a stroke (84). This concept was originally
discovered using a rabbit heart attack model, when an initial episode of mild ischemia
followed by reperfusion made the heart more resistant to a subsequent lethal ischemic insult
(85). Locally released agonists such as adenosine, bradykinin, catecholamines and opioids
activate the protective response through various G-protein coupled receptors which, when
stimulated, increase activity of phospholipases C and D (86). Kinases such as protein kinase
C tyrosine kinase (p38MAP kinase) contribute in the signaling pathway. Ytrehus et al.
demonstrated inhibition of the protection obtained after IPC by administration of PKC
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inhibitors in the rabbit heart model (87). Agrawal et al. attempted to draw parallels between
IPC and PBM (14). It is clear from the literature that PBM can carry out preconditioning
both in vitro and in vivo.

In vitro application of light has been shown to protect cells (often neuronal cells) against a
subsequent challenge with toxic substances. For instance, the voltage-dependent sodium
channel-blocker (tetrodotoxin, TTX) functions by impeding neuronal impulse activity,
decreasing ATP demand, and down-regulating cytochrome c oxidase activity. Treatment
with PBM using 670 nm LEDs restored cytochrome c oxidase activity back to control levels
or even higher (88). PBM treatments improved the retinal function in rats that had been
administered toxic doses of methanol (methanol is metabolized to formic acid that inhibits
cytochrome ¢ oxidase (89)). Based on these findings, Wong-Riley et al. showed that PBM
could reduce the toxic effect of the cytochrome ¢ oxidase inhibitor, potassium cyanide
(KCN) on primary cultured neurons (19). Pre-conditioning of the primary neuronal cells
enhanced the protective action of PBM during KCN exposure (10-100 uM).

Liang et al. investigated the effect of NIR-LED preconditioning on primary neuronal
cultures to test if it could inhibit apoptotic cell death induced by KCN (90). The primary
neuronal cells were cultured from postnatal rat visual cortex and were pre-treated with LED
for 10 min at a total energy density of 30 J/cm2 and were then exposed to potassium cyanide
(100-300 uM) for 28 h. PBM pre-conditioning significantly reduced apoptosis, expression
of caspase-3, reversed the increased expression of Bax and decreased expression of Bcl-2 to
control levels.

Hearing damage caused by excessive noise exposure is due to levels of oxidative stress in
auditory cells going beyond the intracellular threshold levels that can be repaired by natural
defenses. PBM using 810 nm LEDs was applied to cultured HEI-OC1 cochlear hair cells
that were subsequently challenged with gentamicin or lipopolysaccharide (91). These
challenges produce oxidative stress in a similar manner to excessive noise. 1 or 3 J/cm?
altered mitochondrial metabolism and oxidative stress response for up to 24 hours post
treatment and decreased inflammatory cytokines, ROS and NO caused by gentamicin or
lipopolysaccharide. Other workers have used PBM to treat or prevent hearing loss in various
experimental models (92-94).

Application of light in vivo before the actual insult or injury occurs has been shown to be
protective against muscle damage occurring after exercise in both animals (95, 96) and in
humans (97, 98), cardiac damage occurring after heart attack (99), brain damage occurring
after transient cerebral ischemia with bilateral common carotid artery occlusion (100).
improved wound healing and protects against scarring after surgery (101), sunburn occurring
after UV exposure (102).

STEM CELLS AND PBM

Stem cells are undifferentiated cells that can differentiate into more specialized cells (called
progenitor cells) and can divide (through mitosis) to produce a continuous supply of stem
cells. The stem-cell niche is a specific anatomic location that regulates how stem cells
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behave. The niche protects stem cells from dying, while also protecting the host by
regulating excessive stem-cell proliferation (103). The niche has both anatomical and
functional attributes and integrates the signals that ensure that stem cells can be made
available on demand to repair damaged tissue or replenish short-lived somatic cells. This
control-mechanism is carried out by a complicated range of factors including adhesion
molecules, extracellular matrix components, ATP, growth factors, cytokines, and physical
factors such as oxygen tension, pH and Ca2* concentration of the environment.

Due to the intense interest in possible therapeutic applications of stem cells, many
investigators have asked how PBM and various light therapy interventions affect stem cell
proliferation and differentiation (104, 105). Although the exact mechanisms by which PBM
can activate stem cells is not known, there are some theories. The first theory is that
stimulation of the mitochondria leads to a switch from anaerobic glycolysis to oxidative
phosphorylation. This switch acutely increases the demand for oxygen by the newly
activated mitochondria. However in the hypoxic niche (that is characteristic of stem cells)
the oxygen supply is strictly limited (106). When the cells suddenly require more oxygen
they must leave their niche and go in search of a higher pO5 level (107). Whether they then
proliferate or differentiate is governed by the specific cues they encounter in their new
environment (108). Another somewhat related consideration concerns induction of ROS by
PBM. It is thought that the reason that the stem cell niche is hypoxic is that very long-lived
stem cells need to avoid any oxidative damage that may cause undesirable mutations in their
DNA (109). When they encounter ROS their differentiation program is activated (110).
Perhaps whether proliferation or differentiation is the primary outcome of PBM of stem cells
may depend on the level of oxidative stress that the PBM parameters cause. In agreement
with this theory we found that blue and green light that produced higher levels of ROS also
produced more osteogenic differentiation of ADSCs cultured in osteogenic medium (67).

PBM has been widely studied in connection with stem cells (111). A large number of in
vitro studies have been carried out using adipose-derived stem cells (112, 113), dental pulp
stem cells (61, 104) or mesenchymal stem cells derived from bone marrow (114). While
many different applications have been investigated, two of the most often studied appear to
have been the use of PBM stimulated stem cells for formation of osteoblasts for bone repair
(115), and for vascularization for wound healing (116). It has been shown that shining light
on the legs (for instance) in order to irradiate the bone marrow can have remarkable effects.
Damage sustained after a heart attack (117), or ischemic kidney injury (118), and defects in
memory and spatial learning in Alzheimer’s disease (119) all in experimental animal
models, can be ameliorated by PBM delivered to the bone marrow. PBM delivered to the
bone marrow can improve thrombocytopenia caused by gamma-irradiation (120) or by
immune-mediated platelet destruction (121) in mouse models.

IN VIVO APPLICATIONS AND BIOMARKERS FOR PBM

Many of the experimental assays in tissues that have been taken from laboratory animals
treated with PBM have looked at markers of oxidative stress and nitrosative stress. One of
the most often studied markers is known as TBARS (thiobarbituric acid reacting substances)
that is largely equivalent to malondialdehyde (produced by oxidation of unsaturated lipids)
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(122). TBARS have been shown to be lower in tissue removed from PBM treated wounded
diabetic mice after five daily irradiations with a superpulsed 904 nm laser, 40 mW, 60 s
(123). In addition to TBARS, reduced glutathione (GSH), superoxide dismutase (SOD), and
catalase (CAT) activities were significantly higher in muscle tissue from rats that underwent
daily swimming training for 6 weeks with or without additional PBM mediated by an 808
nm laser at 4 J (124). Another paper showed that administration of PBM (660 nm and 780
nm, 10 J/cm?2, 40 mW, 3.2 J) both prior to a tibialis anterior muscle injury in rats by a
cryoprobe, and after the muscle injury, had more pronounced benefits than PBM either
before or after the injury alone. At day 7, TBARS were lower and CAT and SOD activity as
well as glutathione peroxidase were higher in the double treated group (125).

De Marchi et al. showed that this remarkable reduction in markers of oxidative stress also
applied in humans (126). A group of untrained male volunteers in a clinical trial received
PBM (810 nm, 200 mW, 30 J at each site, 30 sec) using a multi-diode cluster at 12 sites on
each lower limb (quadriceps, hamstrings, and gastrocnemius muscles) 5 min before a
standardized progressive-intensity running protocol on a motor-driven treadmill until
exhaustion. Levels of oxidative damage to lipids and proteins, SOD and CAT activities
measured in blood samples, were significantly improved by PBM.

One of the more commonly reported actions of PBM is the induction of angiogenesis as
observed during wound healing studies (127). One possible explanation for why PBM is
effective at inducing angiogenesis is the following. If cells have moderate levels of hypoxia
as judged by the actual oxygen availability to the tissue, but the mitochondrial CCO enzyme
is inhibited by bound NO, then the actual depletion of oxygen by respiration will be less
pronounced that it otherwise would have been if CCO had not been inhibited. However, if
PBM displaces the NO allowing respiration to resume, then the levels of oxygen will
suddenly drop to very low levels causing the transcription factor HIF1a to be stabilized and
VEGF and other pro-angiogenic mediators to be produced (128).

FUTURE DIRECTIONS

One of the intriguing questions that has never been satisfactorily answered is the following.
If the initial increase in ROS produced in normal cells as a result of PBM, is indeed
important in the physiological response, then what would be the effect of concomitant
administration of anti-oxidants? Many individuals (especially those who are likely to be
interested in alternative and complementary medicine) take large amounts of health
supplements including a range of anti-oxidants. Would this consumption of anti-oxidants be
counter-productive for the effects of PBM?

There are several similarities between the systemic effects of PBM and those of physical
exercise. Both appear to cause a brief increase in ROS, but in the long-term can increase
anti-oxidant defenses. A study (129) reported that administration of vitamins C and E
abrogated the health-promoting effects of exercise training in healthy young men, as
measured by insulin sensitivity and antioxidant defenses. On the other hand, PBM appears to
combine well with exercise. One report showed that TBARS were reduced, while
glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) were increased in
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muscle tissue from rats that underwent daily swimming training for 6 weeks combined with
PBM, compared to either exercise or PBM alone (124).

Mitochondria are generated by the expression of genes on both nuclear and mitochondrial
genomes. Mitochondrial biogenesis is highly responsive to cellular demands for energy and
environmental stimuli (130). The mechanistic target of rapamycin (mTOR) pathway
regulates mitochondrial biogenesis to co-ordinate energy homeostasis with cell growth
(132). It is well known that exercise induces the proliferation of mitochondria within the
cells, particularly mitochondrial biogenesis within muscle cells (132). A recent paper (133)
reviewed the new subject of “exercise mimetics” in other words, pharmacological substances
(aminoimidazole carboxamide ribonucleotide (AICAR), endurobol, irisin, resveratrol,
(-)epicatechin) that can duplicate many of the physiological effects of exercise without
actually doing any. PGC-1a (peroxisome proliferator activated receptor y coactivator 1a) is
a master transcriptional coactivator regulating oxidative metabolism in skeletal muscle (134,
135). Many of these “exercise mimetics” can activate PGC-1a.. Moreover research is
progressing into dietary modifications that can stimulate PGC-1a. (136). One paper showed
that PGC-1a. mRNA was increased in rat gastrocnemius muscle using PBM (3.75 J/cm? of
810 nm). It is highly likely that in some circumstances, PBM can be considered to act like an
“exercise mimetic”, but further work is needed to fully corroborate this hypothesis.

AICAR can activate adenosine monophosphate (AMP)-activated kinase (AMPK) and was
shown to improve exercise performance (running endurance of untrained mice) by 45%
(137). AMPK acts as an ‘energy sensor’ and constitutes an important regulator of cellular
metabolism. It is activated in states of ATP depletion such as excessive training, hypoxia/
ischemia, heat stress and starvation (138). Activation of AMPK leads to processes that
inhibit ATP consumption, such as gluconeogenesis in the liver and fatty acid release in liver
and adipose cells. A recent study (139) found that AMPK activation can promote
mitochondrial biogenesis by phosphorylating the epigenetic factors DNMT1, RBBP7, and
HAT1 leading to increased expression of PGC-1a., transcription factor A (Tfam), and
uncoupling proteins 2 and 3 (UCP2 and UCP3). Zhang et al. showed that PBM (810 nm, 3
Jlem?2) could promote mitochondrial biogenesis in megakaryocytes (MKs) (120). Four hours
after PBM there was upregulation of PGC-1a followed by increases in Tfam, dynamin-
related protein (Drpl), mitochondrial fission 1 protein (Fis1), and mitochondrial fission
factor (Mff). The role of PGC-1a was confirmed by the finding that PBM on MKSs sorted
from PGC-1a +/- heterozygous transgenic mice produced only a 10% rise in mitochondrial
mass, while wild-type MKs showed an 87% increase in mitochondrial mass.

Interestingly, another compound that has been shown to act (at least partly) by activation of
AMPK and PGC-1a is the TRPV1 ion channel agonist, capsaicin (CAP) (140). CAP has
been shown to increase mitochondrial biogenesis (141), and, in addition, dietary
supplementation reduces physical fatigue and improves exercise performance in mice (142).
We have previously shown that PBM can activate TRPV1 channels in a similar manner to
capsaicin (67, 143). See Figure 9 for a summary of the similarities between PBM and
exercise.
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Certainly animal experiments have shown that exercise and PBM combine very well
together. Aquino and colleagues reported that PBM combined with swimming exercise
improved the lipid profiles in rats fed a high-fat high-cholesterol diet better than either PBM
or exercise alone (144).

PBM can clearly function as a performance-enhancing intervention in athletic activity and to
enhance response to sports training regimens (145, 146). This has been shown in individual
athletes (for instance an elite runner (97)) and in sports teams such as a volleyball team in a
National Championship in Brazil (98). However, since at present there is no conceivable
biochemical assay for having exposed oneself to light, it cannot be outlawed by the World
Anti-Doping Agency (WADA).

Another important question that remains to be settled is the degree to which PBMT is a
localized therapy, and to what extent it has systemic effects? In other words, does the
principal therapeutic response happen in the tissue that receives the light? However, multiple
publications report substantial systemic effects of PBMT, both in experimental animals and
in humans. One example is from the Mitrofanis laboratory where they studied transcranial
PBM for Parkinson’s disease in mouse models (147). Having established the effectiveness of
shining light on the head, they proceeded to cover up the head with aluminum foil and shine
light on the rest of the mouse body (148). There was still a significant benefit on the brain
(although not as pronounced as transcranial light delivery). They called this phenomenon an
“abscopal neuroprotective effect”. Another example is from a human clinical trial of wound
healing (149). These workers carried out a randomized, triple-blind, placebo-controlled trial
with 22 healthy subjects who received a partial thickness abrasion on each forearm. They
received either real or sham PBM to one of the two wounds. At days 6, 8, and 10 the real
PBM group had smaller wounds than the sham group for both the treated and the untreated
wounds (P < 0.05). A third example is the growing popularity of intravenous laser therapy
(135, 150, 151). Conditions treated include type 2 diabetes, fibromyalgia/chronic pain, and
shoulder pain.

In conclusion, it has emerged that many of the mechanistic pathways for mediating the
biological effects of PBM do in fact involve ROS. This came as somewhat of a surprise
originally, as many people believed that ROS and oxidative stress were entirely harmful.
However, the prevailing view on the merits of limited levels of ROS and brief bouts of
oxidative stress has changed away from a black and white dogma (152, 153). Now it is
accepted that ROS can have both good and bad sides depending on the magnitude and
duration (56).
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Figure 1. Proposed photodissociation of NO from cytochrome c oxidase (CCO)
CCO is a multi-subunit enzyme containing two heme co-factors and two copper centers that

oxidizes four reduced cytochrome ¢ molecules, while at the same time reducing oxygen to
water and producing four protons that go on to form ATP via ATP synthase. Nitric oxide can
inhibit this process by binding to Cug and it is proposed that red or NIR light can dissociate
this non-covalently bound NO increasing the rate of respiration and ATP production.
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Figure 2. Proposed activation of TRP (transient receptor potential) ion channels by blue/green

light or 980 nm NIR

It is proposed that blue light (in the region of 420 nm) or green light in the region of 540 nm

can activate opsins such as melanopsin (OPN5) by a cis-trans retinal isomerization.

Activation of OPN5 can in turn, open TRPV calcium ion channels via Gaq, phospholipase

C and phosphoinositide signaling. Alternatively, NIR light in the region of 980 nm may
directly perturb the conformational structure of TRPV channels via absorption by
nanostructured water.
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Figure 3. Activation of NF-kB (nuclear factor kappaB) in mouse embryonic fibroblasts
Cells were isolated from NF-kB luciferase reporter mice. (A) Biphasic dose response of NF-

kB activation (0.003 to 30 J/cm? of 810 nm laser) measured by bioluminescence signal
production at 1, 6, 10 and 24 hours post-PBM. (B) Western blot showing phosphorylation of

NF-kB with different doses and times. Adapted from data contained in (45).
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Figure 4. Doseresponse of PBM in primary cultured cortical neurons
Primary cultured mouse cortical neurons were treated with a wide range of doses of 810 nm

laser from 0.03 to 30 J/cm?2. (A) Mitochondrial membrane potential measured by red/green
ratio of fluorescence from JC1 probe. (B) Intracellular calcium measured by fluorescence
from fluo-4 calcium probe. (C) Intracellular ROS mesured by fluorescence from mitosox red
probe. Adapted from data contained in (53).

Photochem Photobiol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamblin

Page 27

1200 . T T T
“

T T
A H CellRox Control B 1400 H TMRM Control 7]
[ CellRox 3J [J TMRM3J
1000 1200
@
8 800 g 10%0p
< @
] °
2 & so00
2 S
§ 600 E
= - 600
k-] @
4 e
-4 400 400
200 200
o
° Control CoCI2 H202 Rotenone Control CoCI2 H202 Rotenone

Figure5. Effects of PBM on cellsunder oxidative stress
Primary cortical neurons were treated with one of three different agents (cobalt chloride,

hydrogen peroxide, rotenone) each of which produced oxidative stress. They were treated
either with no PBM or with 3 J/cm? of 810 nm laser. (A) Intracellular ROS (measured by
CellRox red fluorescent probe) were modestly increased in control cells, but significantly
reduced in all three types of oxidative stress. (B) In every case the mitochondrial membrane
potential (measured by tetramethyl-rhodamine methyl ester fluorescent probe, TMRM) was
significantly increased. Adapted from data contained in (54).
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Figure 6. Activation of transcription factors and signaling pathways after PBM

Akt, protein kinase B; AMPK, 5" adenosine monophosphate-activated protein kinase; AP1,

activator protein 1; ATP, adenosine triphosphate; camp, cyclic adenosine monophosphate;
CBP, CREB-binding protein; cyclin D1, cyclin-rependent kinase co-regulator; EPO,
erythropoietin; ERK, extracellular regulated kinase; FoxM1, forkhead box protein M1;
GSK3p, glycogen synthase kinase 3 beta; HIF1a, hypoxia-inducible factor lalpha; mTOR,

mechanistic target of rapamycin; osterix, osteoblast-specific transcription factor; p300, CBP

co-activator; PPARYy, peroxisome proliferator-activated receptor gamma; ROS, reactive
oxygen species; RUNX2, runt-related transcription factor 2; VEGF, vascular endothelial
growth factor.
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Figure 7. Effect of PBM with four different wavelengths on human adipose-derived stem cells
(hADSC)

hADSCs in prolioferation medium (PM) were exposed to 3 J/cm? of 415, 540, 660, or 810
nm light. (A) ATP measured 3 h post PBM for luciferase assay. (B) MMP measured by
TMRM 1 h post PBM. (C) intracellular ROS measured by CM-H2DCFDA fluorescence
probe 30 min post-PBM. (D) Expression of RUNX2 and (E) expression of osterix (OSX),
both measured by RT-PCR after cells were cultured in osteogenic differentiation medium
and received PBM as above every 2 days for 3 weeks. Both 415 nm and 540 nm gave
significant increases in osteogenic markers that could be blocked by TRP ion channel
inhibitors capsazepine, CPZ and SKF96365. 660 nm and 810 nm were less effective at
osteogenic differentiation and ion channel blockers had no effect (data not shown). Partly
adapted from data contained in (67).
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Figure 8. Chemical structuresof TRP ion channel inhibitors
Capsazepine (CPZ) and broad-spectrum ion channel blocker, SKF96365.
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Figure 9. Futuredirections. Similarities between PBM and exer cise and synergistic combinations

AICAR, aminoimidazole carboxamide ribonucleotide; PCG-1a, peroxisome proliferator
activated receptor y coactivator 1a; AMPK, adenosine monophosphate (AMP)-activated
kinase; DNMT1, DNA methyltransferase 1; RBBP7, RB binding protein 7; HAT1, histone
deacetylase 1; TRPV1, transient receptor potential vanilloid 1; Tfam, mitochondrial

transcription factor A; Drpl, dynamin-related protein; Fis1, mitochondrial fission 1 protein;

Mff, mitochondrial fission factor.
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