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Abstract: Low-level light therapy (LLLT) using red to near-infrared light energy has gained 

attention in recent years as a new scientific approach with therapeutic applications in ophthal-

mology, neurology, and psychiatry. The ongoing therapeutic revolution spearheaded by LLLT 

is largely propelled by progress in the basic science fields of photobiology and bioenergetics. 

This paper describes the mechanisms of action of LLLT at the molecular, cellular, and nervous 

tissue levels. Photoneuromodulation of cytochrome oxidase activity is the most important primary 

mechanism of action of LLLT. Cytochrome oxidase is the primary photoacceptor of light in the 

red to near-infrared region of the electromagnetic spectrum. It is also a key mitochondrial enzyme 

for cellular bioenergetics, especially for nerve cells in the retina and the brain. Evidence shows 

that LLLT can secondarily enhance neural metabolism by regulating mitochondrial function, 

intraneuronal signaling systems, and redox states. Current knowledge about LLLT dosimetry 

relevant for its hormetic effects on nervous tissue, including noninvasive in vivo retinal and 

transcranial effects, is also presented. Recent research is reviewed that supports LLLT potential 

benefits in retinal disease, stroke, neurotrauma, neurodegeneration, and memory and mood 

disorders. Since mitochondrial dysfunction plays a key role in neurodegeneration, LLLT has 

potential significant applications against retinal and brain damage by counteracting the con-

sequences of mitochondrial failure. Upon transcranial delivery in vivo, LLLT induces brain 

metabolic and antioxidant beneficial effects, as measured by increases in cytochrome oxidase 

and superoxide dismutase activities. Increases in cerebral blood flow and cognitive functions 

induced by LLLT have also been observed in humans. Importantly, LLLT given at energy 

densities that exert beneficial effects does not induce adverse effects. This highlights the value 

of LLLT as a novel paradigm to treat visual, neurological, and psychological conditions, and 

supports that neuronal energy metabolism could constitute a major target for neurotherapeutics 

of the eye and brain.

Keywords: photobiomodulation, cytochrome oxidase, neurotherapeutics, retinal disease, 

neurological disease, cognitive and mood disorders

Introduction
Low-level light therapy (LLLT) has gained attention in recent years as a novel tool 

for experimental therapeutic applications in a variety of medical conditions. The cur-

rent paradigm shift in the field of neurotherapeutics has allowed consideration of this 

innovative approach in attempts to modify the function of the nervous system. Patients, 

research laboratories, the media, and industry around the world are devoting attention 

to the potential therapeutic applications of LLLT in neurology and other medical fields 

that have traditionally had a limited therapeutic contribution to patient care. In recent 

years, the use of LLLT has extended beyond the realms of pain and wound healing, 
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and recent research supports its potential benefits in retinal 

disease, stroke, neurodegeneration, neuromuscular disorders, 

and memory and mood disorders. This therapeutic revolution 

is being favored by progress in the field of photobiology, 

aided by a twenty-first century reemergence of interest in 

bioenergetics. Current progress in photochemistry,  genetics, 

informatics, and neuroimaging has allowed quantifying 

and differentiating the effects of light and other forms of 

electromagnetic radiation on biological tissues at different 

levels of analysis.

Throughout its development in the last 40 years, the 

concept of using “light to heal” has had an esoteric and 

suspicious connotation to the western contemporary bio-

medical mind. As illustrated by a reviewer’s comments 

from a reputable biomedical journal to a recent manuscript 

on LLLT, the “curious effects” of light therapy have had 

the misfortune of being classified as a laughable school 

of thought in the tradition of astrology and Mesmer’s ani-

mal magnetism. We are constantly exposed to light with 

apparently innocuous or trivial biological effects. Even 

when biological effects of light can be demonstrated, these 

are highly variable, present nontraditional dose-response 

curves, or lack a mechanistic explanation within traditional 

pharmacodynamic paradigms. A recent review stated that 

“widespread uncertainty and confusion exists about the 

mechanisms of action of LLLT at the molecular, cellular, 

and tissue levels.”1 Thus, it is not surprising that LLLT 

lacks scientific appeal and has been denied entrance into 

mainstream medicine. Even when the benefit of doubt is 

allowed, LLLT could easily be regarded as a science-fiction 

construct or wishful thinking. Yet, compelling data on the 

potential clinical value of LLLT is available. A sound 

theory on the mechanism of action of LLLT implicating 

regulation of mitochondrial function has been advanced, 

and available data support that light-tissue interactions have 

special implications in highly metabolically-active excitable 

tissues, including the retina and the brain. Although there 

is still a lot to learn about mechanistic light-tissue interac-

tions in the nervous system and the retina, evidence shows 

that LLLT can enhance neural metabolism by regulating 

mitochondrial function, intraneuronal signaling systems, 

and redox states. This review will briefly describe the cur-

rent proposed photochemical mechanisms underlying the 

neurobiological effects of LLLT. A summary of current 

knowledge about LLLT dosimetry relevant for its variable 

effects in the nervous system, including noninvasive in 

vivo transcranial effects is also presented. A summary of 

key in vitro, preclinical, and clinical studies supporting the 

protective and enhancing effects of LLLT in a number of 

pathogenic conditions including cytotoxicity, mitochon-

drial dysfunction, and hypoxia/ischemia in the retina and 

the central nervous system is presented. The data on LLLT 

suggest it can exert effective, reproducible, and meaningful 

changes in the normal and dysfunctional nervous tissue. 

This highlights the value of LLLT as a novel and useful 

paradigm to treat visual, neurological, and psychological 

conditions, and supports that neuronal energy metabolism 

could constitute a major target for neurotherapeutics of the 

eye and brain.

What is LLLT?
Light is a type of electromagnetic radiation with both 

wave-like and particle-like properties. Living organisms 

are immersed in a vast ocean of electromagnetic radiation, 

which consists of periodic oscillations in electromagnetic 

fields that travel space and are thus able to transfer energy. 

Hence, light is a form of energy called luminous energy. 

A wave of electromagnetic radiation has a unidirectional 

vector and can be characterized in terms of its wavelength  

(λ = the distance between successive peaks or troughs), 

frequency (the number of oscillations per second), and 

 amplitude (the difference between trough and peak). 

A complex  mixture of waves with different frequencies, 

amplitudes, and  wavelengths are absorbed, scattered, and 

reflected by objects, including biological material. Light of 

only one wavelength is called monochromatic. In modern 

quantum physics, electromagnetic radiation consists of 

photons, which are particles (quanta) of energy that travel 

at a speed of 3 × 108 m/second. The brightness of light is the 

number of photons and the color of the light is the energy 

contained in each photon. LLLT can be defined as the use 

of directional low-power and high-fluence monochromatic 

or quasimonochromatic light from lasers or light-emitting 

diodes (LEDs) in the red to near-infrared wavelengths 

(λ = 600–1100 nm) to modulate a biological function or 

induce a therapeutic effect in a nondestructive and nonther-

mal manner.2,3 The effects of LLLT implicate conversion 

of luminous energy to metabolic energy with a subsequent 

modulation of the biological functioning of cells. Thus, 

LLLT is commonly known as photobiomodulation. It could 

also be called photoneuromodulation when nerve cells are 

the target. LLLT differs from the conventional effects of 

high-energy photon delivery commonly associated with 

lasers, which are mediated by a greater release of energy 

and result in heating and tissue destruction through dissec-

tion, ablation, coagulation, and vaporization. Compared to 
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these commonly known destructive effects of lasers, LLLT 

is catalogued as “low-level” because the energy content 

of electromagnetic radiation is inversely proportional 

to its wavelength. In addition, the target tissue is gener-

ally exposed to low irradiances (ie, low Watts per cm2 of 

 tissue), when compared to the energy delivered for ablative 

applications. Energy doses delivered by LLLT are too low 

to cause concerns about heating and tissue destruction, yet 

they are high enough to modulate cell functions. In fact, the 

typical irradiances used for photobiomodulation applications 

overlap with those used in topical photodynamic therapy 

for skin conditions.4 Early experiments demonstrated that 

photoneuromodulation of electrical activity in neurons can 

be achieved independently of thermal effects.5

Although cells in vitro are responsive to a variety of 

wavelengths in the electromagnetic spectrum, beneficial 

responses in vivo are observed preferentially within a 

more narrow wavelength range. Obviously, visible light 

(400–700 nm) penetrates the eyes and activates retinal cells 

that contain specialized photopigments (rods, cones, and 

some ganglion cells). But it is unknown whether in vivo 

exposure to light below 600 nm (such as blue or green light) 

can have beneficial effects on other nerve cells that are not 

specialized for photoreception. The red to near-infrared 

wavelength range has shown to be the most effective at 

inducing in vivo beneficial effects in cells that do not appear 

to have specialized photopigments. This is attributed in part 

to the capacity of different wavelengths to penetrate tissue: 

lower wavelengths such as violet and ultraviolet appear to 

penetrate less, whereas those in the red and infrared range 

have higher penetration. Also, energy at wavelengths shorter 

than 600 nm is generally scattered in biological tissues 

in vivo and they tend to be absorbed by melanin, whereas 

water significantly absorbs energy at wavelengths higher than 

1150 nm.6 For clinical purposes, this implies the existence 

of an in vivo therapeutic “optical window” that corresponds 

to red and near-infrared wavelengths. As discussed below, 

this window also matches the ability of luminous energy 

to excite susceptible intracellular molecules.6 For this 

reason, LLLT has also been referred to as near-infrared 

light therapy. LLLT is based on the principle that certain 

molecules in living systems are able to absorb photons and 

trigger signaling pathways in response to light.7 This process 

is termed energy conversion, and implies that the molecule 

excited by light reaches an electronically excited state that 

temporarily changes its conformation and function. In turn, 

this induces activation of signaling pathways that affect 

cellular metabolism.

Photobiology of LLLT
Properties of LLLT
The major source of electromagnetic radiation in the 

 environment is sunlight. Solar energy contains a rich combi-

nation of waves within the electromagnetic spectrum, includ-

ing all wavelengths in the visible spectrum. Solar energy is 

multidirectional and noncoherent, which means that energy 

waves are not synchronized in space and time. LLLT differs 

from solar energy in that it is monochromatic and allows for 

potential high specificity and targeted molecular biomodula-

tion (Figure 1). On the other hand, lasers feature monochro-

matic, unidirectional, and coherent electromagnetic radiation, 

which allows delivery of significant levels of concentrated 

energy. Because of this, many biomedical applications of 

lasers are characterized by the destructive effects of energy 

over very discrete areas of tissues. The advantages of lasers 

include high tissue penetration, their efficient fiber optic 

coupling, and high monochromaticity.

LLLT can be produced by LED arrays as well as lasers. 

Both sources have been used for photobiomodulation of 

the eye and brain. Laser sources produce 100% of coherent 

light energy in a single wavelength. They allow high tissue 

Sunlight

Laser

Light-emitting diode
Figure 1 Properties of low-level light. Sunlight is composed of a combination 
of noncoherent waves with wavelengths spanning the entire visible spectrum. in 
contrast, lasers emit waves of a single wavelength (monochromatic) that have 
spatial and temporal synchronization. This high wavelength coherence allows the 
transmission of energy at a high power density. Finally, low-level light consists 
of monochromatic or quasimonochromatic waves taking different paths leading 
to a common target point. while wavelength, radiant exposure, irradiance, and 
fractionation scheme are relevant for low-level light therapy applications, the 
authors introduce the possibility that noncoherence may be advantageous for 
some neurometabolic purposes. Noncoherence allows nervous tissue exposure 
at “therapeutic” wavelengths at relatively low power densities during the time 
necessary to modulate neural metabolism in response to activation or injury, even 
if this time is prolonged.
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 penetration and they produce a constant beam width that 

offers the advantage of energy delivery on circumscribed 

areas. For example, a Food and Drug Administration (FDA)-

cleared laser known as HD Laser™ CG5000 (HD Laser 

Center, Dallas, TX) has a beam size of 45 mm, a power 

density range up to 1.6 W/cm2 and a 1064 nm wavelength 

that maximizes tissue penetration. The beam width of lasers 

can be modified by coupling them into fiber optic, which 

allows delivering energy to larger areas. Yet, areas of tissues 

that can be treated with lasers could be insufficient for some 

transcranial applications, and repeated single beam exposures 

are usually necessary. LEDs produce about 95% of light 

between a narrow range of wavelengths (4–10 nm) and light 

is not coherent. Beam noncoherence of LEDs accounts for 

the significant difference in the amount of energy delivered 

to a single cm2 of target surface compared to lasers. While 

lasers are capable of heat production that can induce tissue 

damage, LEDs generate negligible amounts of heat, thus 

reducing the risk of thermal injury.8 But there is no risk of 

thermal injury at low irradiances if the laser output power is 

chosen correctly. LEDs can be mounted on arrays with ergo-

nomic features that allow efficient energy delivery, which is 

relevant when the target organ has a large surface area, such 

as the brain. LED arrays and diode lasers are compact and 

portable, which is relevant in a clinical setting, and LEDs 

have achieved nonsignificant risk status for human trials by 

the FDA.9

Major dosimetric parameters relevant for LLLT  studies 

are starting to become more standardized. Confusion about 

the effects of LLLT is evident in the literature, and it derives 

from lack of standardization of parameters relevant for 

LLLT. Until more is known about the dosimetry, the con-

vention should be to report all relevant parameters involved 

in a particular LLLT use (Table 1, Figure 2). In contrast to 

traditional pharmacology, in which dose is a major determi-

nant of the effect, LLLT is also dependent on power density, 

energy density, frequency, fractionation, wavelength, contact 

modality, source, and physicochemical properties of the 

target tissue.

Hormetic effects of LLLT
An accurate description of LLLT dosimetry should take 

into account the dose-response phenomenon of  hormesis. 

A  hormetic dose-response (also known as U-shaped, 

Table 1 Major parameters of low-level light therapy (LLLT)

Parameter Unit Explanation

wavelength nm (nanometers) wavelength (λ) is the distance between wave peaks. Light is a form of energy with  
wave behavior. Photoacceptors exhibit different sensitivities to different wavelengths.  
The most effective LLLT wavelength range is 600–1100 nm. Light visible to the human 
eye is 400–700 nm. The higher the wavelength the lower the energy.

Energy J (joules) Energy (E) is the frequency (v) of radiation by Planck’s constant (h) of  
6.626 × 10-34 J sec (E = hv). Energy of a photon depends on the frequency  
of radiation (Ephoton = hv). A photon is a particle of electromagnetic radiation  
with zero mass and a quantum of energy (minimum E gained or lost by atom).  
Energy (J) = Power (w) × Time (seconds).

Power w (watts) Amount of energy (J) transferred or flowing per unit of time (W = J/seconds).
irradiance w/cm2 Power (w) per surface area (cm2). Also called power density or light “intensity”.  

irradiance = Power (w) / Area (cm2).
Radiant exposure J/cm2 Energy (J) per surface area (cm2). Equivalent to power density per unit of time  

(seconds). Also called fluence, energy density, or light “dose.” Thus, “dose” can be  
easily varied by changes in exposure time. However, at the same energy density  
(J/cm2) variations in either irradiance (w/cm2) or time may cause different  
LLLT effects on tissues.

Exposure time Seconds Time during which the target tissue is exposed to light.
wave type Continuous versus pulsed Continuous waves may be advantageous for transcranial applications. Pulse waves  

may decrease thermal effects. Pulse Average Power = Peak Power (w) × Pulse width  
(seconds) × Pulse Frequency (Hz).

Fraction protocol Number of fractions Total dose can be divided in treatment sessions or fractions of specific duration  
and separated by specific intervals of time (eg, minutes, hours, days).

Aperture Area of the light beam Can be parallel, convergent, or divergent. Aperture may influence efficiency and  
tissue penetration.

Delivery mode Distance of the beam source  
to the target tissue

Types: shallow (or noncontact), contact, and deep. Shallow is preferable when larger  
areas need to be exposed, but offers lower tissue penetration for light-emitting  
diodes. Deep delivery implicates pressure of the beam source on the target tissue.
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 biphasic, or bell-shaped dose-response) is characterized by 

 stimulation of a biological process at a low dose and  inhibition 

of that process at a high dose (Figure 3). Hormetic  models 

are superior to linear threshold models in their  capacity 

to accurately predict responses below a pharmacological 

threshold.10 This is very relevant because the stimulatory 

responses to LLLT are usually modest, being only about 

30%–60% greater than control values. This contrasts with 

the several-fold increases in a specific variable expected 

according to traditional dose-response models. The dose-

response phenomenon of hormesis is well documented in 

LLLT applications, since photostimulatory or photoinhibi-

tory effects are obtained with low (0.001–10 J/cm2) and high 

(.10 J/cm2) energy  densities, respectively.6 The achievement 

of positive responses is expected to vary within this dose 

range for a particular desired outcome.11,12,9

Photoreceptors and photoacceptors
Given the abundance of electromagnetic radiation, it is not 

surprising that organic systems have evolved mechanisms to 

use it and sustain biological functions. The uptake of elec-

tromagnetic radiation is, in fact, a critical process that makes 

life on Earth possible. Light energy uptake by living cells is 

based on the existence of biomolecules that can be excited by 

light quanta. Excitation of such molecules by electromagnetic 

radiation with the subsequent conversion of energy is the 

condicio sine qua non for any given photobiological effect. 

It has been shown that biological systems natively contain 

two types of molecules that can absorb light: specialized and 

nonspecialized. Highly efficient molecules with a significant 

degree of specialization for energy conversion are known 

as photoreceptors. These include photopigment molecules 

such as chlorophyll (important in the process of photosyn-

thesis in plants), rod and cone opsins (retinal photoreceptors 

crucial for visual function), and melanopsin (found in some 

Short wavelength Long wavelength

Short pulse (10 sec) Long pulse (100 sec)

White matter Gray matter

A

B

C

Surface

100 J/cm2

10 J/cm2

1 J/cm2

0.1 J/cm2

5 mm

Figure 2 Principles of light-tissue interactions. (A) Light at short wavelengths has 
low tissue penetration. Light at high wavelengths displays high tissue penetration 
and delivers therapeutic levels of energy to deeper structures. whereas surface 
structures exposed to high wavelengths may be exposed to inhibitory energy densities 
(eg, 100 J/cm2), light with a certain power density targeting a surface redistributes in 
a proportionally higher tissue volume due to diffraction (bending of waves). Multiple 
scattering of light allows for spreading out of waves and increases the treatment 
volume, so a lower applied energy can be used to achieve an effective energy density 
at higher depth. (B) Because radiant exposure (J/cm2) is the product of irradiance 
(w/cm2) and time, the energy delivered to tissues as a result of a constant irradiance 
can be increased by increasing exposure time. Thus, tissue penetration can also be 
affected by exposure time. when sources of low-level light therapy are used with 
high exposure times, deep structures can be treated with biomodulatory amounts of 
energy, while avoiding ablative effects. (C) Finally, tissues vary in their photoacceptor 
content, transmittance, and relaxation time. This accounts for interspecies and 
interregional variations in light penetration (eg, gray matter versus white matter in 
the brain). in addition, metabolically active tissues such as nervous tissue may exhibit 
variations in relaxation times, due to changes in the redox states of photoacceptors. 
This not only potentially affects tissue penetration, but also the susceptibility of 
nervous tissues to low-level light therapy depending on their activational state.
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Figure 3 Hormetic effects of low-level light therapy (LLLT). LLLT does not induce 
classical linear dose-response pharmacological effects. LLLT effects are characterized 
by inverted U-shaped dose-response curves, in which linear responses may be seen 
only at very low doses. whereas linear effects may be negligible, maximal stimulatory 
effects are typically observed at intermediate doses. However, the linear relationship 
does not hold at high doses, since inhibitory effects are observed instead. in fact, the 
inhibitory effects of very high LLLT doses might be worse than control conditions 
(eg, tissue destruction). A key observation concerning the modulatory effects of 
light in tissues is that maximal responses at intermediate doses tend to represent 
less than twofold increases in biological variables relative to baseline conditions. 
Yet these effects have been shown to have major relevance, especially when energy 
metabolism is involved in nervous tissue. Thus, hormesis is an essential concept for 
the development of neurotherapeutic applications of LLLT.
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retinal ganglion cells that are important in the regulation of 

biological clocks).

On the other hand, nonspecialized molecules that can 

absorb light but are not integral to light receptor organs 

are called photoacceptors. Although photoacceptors can 

potentially absorb light, they usually are part of meta-

bolic pathways not directly related with light processing. 

 Photoacceptors are more ubiquitous and abundant than photo-

receptors. In fact, photoacceptors can be artificially introduced 

into living systems, an early concept that led Niels Finsen to 

the development of phototherapy for which he was awarded 

a Nobel prize in Physiology or Medicine in 1903.13 Finsen’s 

work has been the basis of photodynamic therapy and photo-

chemotherapy (eg, photodynamic therapy and psoralen ultra-

violet treatment), which are widely used in modern medicine 

mainly for the treatment of skin conditions. A  central concept 

in the theory of LLLT photobiology is that its mechanism 

of action is mediated primarily by modulation of photoac-

ceptor function. The identification and characterization of 

the properties of photoacceptors is a work in progress in the 

field of photobiology, but recent studies in photobiology 

support that effective stimulation of photoacceptors can 

induce effects of physiological and clinical relevance. This 

notion stems from the fact that photoacceptor molecules that 

are able to absorb light and exert changes in the function or 

structure of the cell are found in practically all living cells 

and not only in those of specialized sensory organs such as 

the eye (Figure 4).

Another important concept in the photobiology of LLLT 

is that of a chromophore. A chromophore is a particular 

moiety within a photoreceptor or photoacceptor molecule 

that is responsible for the absorption of light. Chromophores 

are usually organic cofactors or metal ions within a protein 

structure and contain electrons that can be excited from 

ground state to excited state, according to Boltzmann law.14 

Excitation induces a molecular conformational change that 

is linked to changes in molecular function and intracellular 

metabolism. In cells, chromophores can consist of resonating 

systems or metal complexes. In resonating systems, electron 

excitation by light occurs within a structure that alternates 

single and double bonds, such as retinal, the chromophore 

linked to rhodopsin. Alternatively, in metal complexes, 

electron excitation occurs in open or closed pyrrole rings 

that allow binding of transition metals. The association of 

chromophores with respiratory enzymes has major implica-

tions for functional neural regulation. The unusual redox 

reactivity of chromophores is structurally coupled to protein 

distortion. In the case of chromophore-containing enzymes, 

this allows a very efficient coupling of electromagnetic 

free energy flow to the chemical energy flow of substrate 

conversion.14,15 As discussed below, it is a remarkable find-

ing that in mammalian tissues, the photosensitivity of certain 

chromophores conserves physiologic significance, in spite 

of their adaptation to naturally function without external 

photons.16 A distinctive property of chromophores is that 

they absorb particular wavelengths and reflect others, thus 

conferring specific colors to molecules. For example the 

porphyrin ring in chlorophyll a has peaks of absorption at 

430 nm and 662 nm. Similarly, the cones in the human retina 

contain one of three opsins with different spectral sensitivities 

and linked to the chromophore 11-cis-retinal or 11-cis-3,4-

dihydroretinal, which are derivatives of vitamin A. Thus, 

there are cones that are maximally sensitive to wavelengths of 

430 nm (blue), 530 nm (green), and 560 nm (red). According 

to the Young–Helmholtz trichromatic theory, the color that 

we perceive is largely determined by the relative contribu-

tions of “blue, green, and red” signals sent from the cones 

in the retina to the brain.

Pigmented
epithelium

Photoreceptor outer
segment

Bipolar cell

Retinal ganglion cell

Near-infrared light

Photoacceptor effect:
PhotoBIOMODULATION

Photoreceptor effect:
PhotoTRANSDUCTION

Figure 4 Differential effects of light on photoreceptors and photoacceptors in the 
retina. Light reaches the retina and travels through the different retinal layers to reach 
the outermost photoreceptor layer. it then excites the photoreceptor rhodopsin 
in rods and cones, triggering the process of phototransduction. Phototransduction 
causes photoreceptor cell hyperpolarization, changes in neurotransmission, and 
action potentials (yellow arrows) in bipolar cells and ganglion cells. These effects 
represent the onset of visual information processing. Light can also directly excite 
photoacceptors in neurons including retinal ganglion cells. The main photoacceptor 
in the red to near-infrared spectrum is the mitochondrial respiratory enzyme 
cytochrome oxidase. The effects of light on neuronal cytochrome oxidase induce 
modulation of cell bioenergetic mechanisms that are independent from visual 
processing. Yet photobiomodulation has major implications in neuronal physiology 
and homeostasis.
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It is also well known that photoreception of light has 

important effects on biological systems independently of 

the engagement of visual function. Photoreception within 

the mammalian retina, including humans, is not restricted 

to the activity of rod and cone cells but extends to a small 

number of intrinsically photosensitive retinal ganglion cells. 

These ganglion cells in the inner layer of the retina serve as 

photoreceptors that provide information regarding environ-

mental irradiance for a variety of nonimage-forming light 

responses including circadian entrainment and the pupillary 

reflex.17 These cells use another specialized photoreceptor 

molecule, melanopsin. Melanopsins absorb light through a 

retinaldehyde chromophore and drive changes in membrane 

potential via G protein signaling cascades.18 Interestingly, the 

pineal gland contains pinopsin, a photoreceptor similar to 

rhodopsin and melanopsin. It consists of an opsin molecule 

sensitive to blue light (470 nm) and a retinal chromophore.19 

Pinopsin is exclusively expressed in the pineal gland and 

it is not expressed in the retina or other parts of the brain. 

It is believed that through pinopsin, environmental light 

resets the endogenous circadian pacemaker that controls 

the rhythmic production of melatonin independently of the 

visual pathway.

Molecular biological targets of LLLT
Early studies showed that LLLT has remarkable effects on 

living cells in cell cultures (in vitro effects). For example, 

LLLT-treated fibroblasts show accelerated metabolism, 

DNA synthesis, and growth rate.20 These notable positive 

effects on connective tissue in vitro led to the application of 

LLLT in the treatment of inflammation and improvement of 

wound healing in vivo. Since the notable effects of LLLT 

were first described, a question that has attracted a great 

deal of attention is what molecule or molecules in cells 

have the features to make them responsible for the effects 

of LLLT. As mentioned above, wavelengths in the red to 

near-infrared range have been found to produce the most 

significant responses in vivo and are consequently the best 

characterized in terms of their photobiological response. One 

of the better characterized photoacceptors in mammalian 

tissues is hemoglobin. Hemoglobin shows differential light 

absorption based on its redox state. This property allows its 

quantification and is the principle of pulse oxymetry and 

other methods of oxygenation monitoring in clinical practice. 

However, LLLT has shown beneficial effects in fibroblasts, 

epithelial cells, HeLa cells, and neurons in culture. Since 

hemoglobin is exclusively expressed in red blood cells, this 

suggests that alternate intracellular molecules different from 

hemoglobin should be the primary photoacceptors mediating 

LLLT effects. Besides hemoglobin, the most common pho-

toacceptors in the red to near-infrared range are also heme-

containing metalloproteins: myoglobin and cytochrome 

oxidase. Nevertheless, other molecules such as superoxide 

dismutase, cytochrome c, cytochrome b, nitric oxide syn-

thase, catalase, guanylate cyclase, and the cryptochromes 

have also been shown to have photoacceptor capacities.8 

Elucidation of the mechanism of action of LLLT seems 

puzzling in view of the existence of different molecules 

with photoacceptor capabilities. This is complicated by the 

fact that the correspondence of a single molecular target to 

a particular effective wavelength is not straightforward. For 

example, flavoproteins such as the reduced nicotinamide 

adenine dinucleotide (NADH)-dehydrogenase have been 

identified as photoacceptors in both the violet-to-blue and 

red to near-infrared spectral region.21 At the same time, 

terminal oxidases and the endogenous antioxidant enzyme 

superoxide dismutase also show absorption peaks at high 

wavelengths (670–680 nm) which represents a clear overlap 

in the absorption spectrum of different photoacceptors.21,22 

This signifies that even when a particular molecule is found 

to mediate a biological effect for the most part, other possible 

photoacceptors can also contribute at least in some degree 

to elicit a particular response.

Notably, experiments on the nervous system were the first 

to provide a clue on the identity of the major photoacceptor 

mediating the effects of LLLT. Kato et al23 suggested that 

mitochondria in the bird brain could work as photoreceptors 

for a photobiological process relating to gonadal growth. Sub-

sequent experiments demonstrated that isolated mitochondria 

are sensitive to irradiation with monochromatic light in the 

red and near-infrared spectrum. For example, illumination of 

isolated rat liver mitochondria increased adenosine triphos-

phate (ATP) synthesis and oxygen consumption.24 Light also 

increased the mitochondrial membrane potential (∆Ψ) and 

proton gradient (∆pH). Light alters mitochondrial optical 

properties, increases adenosine diphosphate/ATP exchange, 

ribonucleic acid (RNA) and protein synthesis in mitochon-

dria, and increases oxygen consumption.25 These effects of 

LLLT on mitochondria are observed in a wavelength-specific 

manner. These data suggested not only that the primary 

photoacceptor mediating the effects of LLLT is localized to 

mitochondria, but that molecules that absorb LLLT in cells 

are probably components of the respiratory chain.25

Further identification of mitochondrial photoacceptors 

was done by means of action spectra analysis. An action 

spectrum is the description of a biological response to LLLT 
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as a function of wavelength. For example, the rate of RNA 

synthesis in HeLa cells in culture can be increased at certain 

wavelengths, whereas other wavelengths exert no effect. 

Usually, a range of wavelengths (ie, band) is effective at 

inducing the response, and the wavelength that induces a 

maximal effect can be found within this range. The bands 

in the action spectra can then be compared with those of 

the metal-ligand system absorption spectra of visible to 

near-infrared spectral range. This method of action spectra 

analysis is based on analogy and does not distinguish between 

photoacceptors with very similar absorption spectra. How-

ever, its use provided major hints for identifying the main 

photoacceptor mediating the effects of LLLT. The action 

spectra of RNA synthesis in HeLa cells shows several peaks 

ranging from 400–820 nm. The range 580–860 nm shows two 

doublet bands in the ranges 620–680 nm and 760–830 nm 

with well-defined maxima at 620 nm, 680 nm, 770 nm, and 

820 nm. Comparative analysis of spectral data for transition 

metals and their complexes with biomolecules participating 

in regulation of cellular metabolism revealed that regions 

400–450 nm and 620–680 nm of the spectra match those 

of complexes with charge transfer in a metal ligand system. 

The data suggested two possible scenarios: either multiple 

photoacceptors are responsible for this spectral pattern, or a 

single photoacceptor molecule presents multiple metal-ligand 

chromophores with absorption peaks at 420–450 nm and 

760–830 nm. Consistent with the second option, all bands 

in the action spectrum match the absorption spectrum of the 

mitochondrial enzyme cytochrome oxidase.21

It is currently accepted that cytochrome oxidase is the pri-

mary photoacceptor of light in the red to near-infrared region 

of the electromagnetic spectrum.26,27 Cytochrome oxidase is a 

key enzyme for cell bioenergetics, especially for nerve cells 

in the retina and brain.28 It is the terminal complex of the 

mitochondrial electron transport chain and catalyzes electron 

transfer from cytochrome c to molecular oxygen, accomplish-

ing reduction of more than 95% of the oxygen taken up by 

eukaryotic cells. Cytochrome oxidase constitutes an efficient 

energy-transducing device, acting as both a redox-linked 

proton pump that creates a transmembrane electrochemical 

gradient, and a rate-limiting step for the synthesis of the 

energy-storing molecule ATP.29 Cytochrome oxidase is a large 

multicomponent membrane protein of considerable structural 

complexity (molecular size 200 kDa). It is a bigenomically-

regulated enzyme and its expression is tightly coupled to 

neuronal energy demands, free radical metabolism, cell death 

pathways, and glutamatergic activation.30,31 Its activity has been 

extensively used to reliably quantify neuronal function and it 

represents the best known intraneuronal marker of  metabolic 

activity.31 The photochemistry of cytochrome oxidase as the 

primary photoacceptor of LLLT has been extensively char-

acterized. Cytochrome oxidase contains four redox metal 

centers: Cu
A
, Cu

B
, Hem a, and Hem a

3
. In the catalytic cycle 

of cytochrome oxidase, electrons are transferred sequentially 

from water-soluble cytochrome c to Cu
A
, then to Hem a and to 

the binuclear center a
3
-Cu

B
 where oxygen is reduced to water. 

These metal centers determine different light absorption peaks 

for the enzyme: 620 nm (range 613.5–623.5 nm), 825 nm 

(range 812.5–846 nm), 760 nm (range 750.7–772.3 nm), 

and 680 nm (range 667.5–683.7 nm), which correspond to 

Cu
A
 reduced, Cu

A
 oxidized, Cu

B
 reduced, and Cu

B
 oxidized, 

respectively.24 The redox state of the enzyme can vary from 

fully reduced to fully oxidized, with intermediate states that 

include oxidation of one, two, or three metal centers (mixed 

valence enzyme). Electronic excitation of these centers in a 

particular sequence has a differential influence on the electron 

flow within cytochrome oxidase. This has a direct photo-

biological correlate as demonstrated by changes in the rate 

of DNA synthesis. Results of experiments using sequential 

irradiation have shown that cytochrome oxidase cannot be a 

primary photoacceptor when it is fully reduced or fully oxi-

dized, but only when it is in one of its intermediate forms.32,33 

Whereas the fully oxidized or reduced forms are insensitive 

to LLLT, the partially reduced enzyme showed an increase 

in absorbance and its proton pump activity upon LLLT.26 In 

addition, simultaneous dichromatic irradiation changes the 

ratio of the reduced and oxidized forms of the enzyme. Thus, 

it is suboptimal at inducing a biological response, compared 

to the use of single wavelengths in the red to near-infrared 

range. The absorption spectra of cytochrome oxidase in dif-

ferent oxidation states have been found to parallel the action 

spectra (photoresponse as a function of wavelength) of bio-

logical responses to LLLT.32 In neural tissue, cytochrome 

oxidase is the most abundant metalloprotein and wavelength 

peaks in its absorption spectrum (670 nm and 830 nm) highly 

correlate with its peaks in catalytic activity and with ATP 

content in vitro.8

Mechanism of action of LLLT
It is easy to reconcile the fact that cytochrome oxidase is 

the primary photoacceptor of LLLT with beneficial eye and 

brain effects since this enzyme is a key molecule involved in 

oxidative energy metabolism, and neurons depend on cyto-

chrome oxidase to produce their metabolic energy. Modula-

tion of this major component of the cell  respiration system 

can be anticipated to exert profound effects in  whole-cell 
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physiology. Consistent with this idea, a number of intra-

cellular effects have been described during and after light 

excitation. Based on these data, a mechanistic hypothesis 

on the mechanism of action of LLLT has been advanced. 

For study purposes, the mechanistic effects of LLLT can be 

divided into primary (during light exposure) and secondary 

(after light exposure).

Primary effects
Primary effects refer to the direct photochemical change 

occurring in the photoacceptor upon excitation by light. 

Primary effects are light-dependent and they occur only 

while the target tissue is being exposed to light. Current evi-

dence is available to support at least three different primary 

effects. The first and most important primary effect is a redox 

change of the components of the respiratory chain. LLLT can 

induce reduction or oxidation of cytochrome oxidase. These 

changes in redox status correlate with the bell-shaped dose-

response recorded for cellular responses.3 Changes in the 

redox status of cytochrome oxidase implicate alterations in 

electron flow. LLLT increases cytochrome c oxidation in the 

presence of cytochrome oxidase, causes increases in oxygen 

consumption and mitochondrial membrane potential, and 

activates the mitochondrial permeability transition pore.21,20 

All of these events have been associated with accelerated 

electron flow in the mitochondrial electron transport chain. 

The second possible primary effect is the generation of free 

radicals, including singlet oxygen via direct photodynamic 

action and superoxide ion via one electron auto-oxidation. 

The significance of this effect is that reactive oxygen species 

are not only damaging by-products of respiration but they 

have an important role in cellular signaling. The third primary 

effect of LLLT is localized transient “heating” of the absorb-

ing chromophore based on electric or light oscillations.21 This 

effect has been less characterized and it is believed to comple-

ment the other two proposed primary effects. The effect of 

such oscillations appears to be more generalized and affect 

all molecules in the target tissue, including water. LLLT is 

able to strengthen hydrogen bonds and induce large-size 

hydrogen bonds networks that allow quick energy transfers 

due to resonant intermolecular energy transference. Thus, 

LLLT can cause nonequilibrium electrical fluctuations that 

bias Brownian motion and induce mechanisms that support 

electron pumping without heat transfer.14

Secondary effects
The secondary effects of LLLT occur as a consequence 

of primary effects and include a cascade of biochemical 

reactions that change cellular homeostasis.34,35 Secondary 

effects feature activation of second messengers with subse-

quent modulation of enzyme function and gene expression. 

Secondary effects are distinctive because they can occur 

hours and even days after light exposure and they implicate 

the activation of signaling pathways that result in amplified 

macroeffects. Because they occur as part of cascade reactions, 

secondary effects tend to be pleiotropic. LLLT activates the 

retrograde signaling pathway from the mitochondria to the 

nucleus. This signaling pathway induces adaptive responses 

to stress by sending information from mitochondria, which 

contain the photoacceptors, to the nucleus, which can then 

respond by altering levels of gene expression. The initial 

phase of this pathway has been proposed to be an increase 

in the NAD/NADH ratio and mitochondrial intermembrane 

potential, dissociation of nitric oxide from its binding site in 

cytochrome oxidase, and modification of the ATP pool. Even 

small changes in ATP alter cellular metabolism. ATP acti-

vates P2 receptors (P2X and P2Y) to induce inward calcium 

currents and release of calcium from intracellular stores.35 

Changes in ATP also alter cyclic adenosine monophosphate 

levels, with subsequent activation of kinases. Downstream 

consequences of these secondary effects involve changes in 

gene expression, which impact mitogenic signaling, surface 

molecule expression, and expression of proteins regulating 

inflammatory, redox states, and apoptosis (Figure 5).

Effects of LLLT on nervous tissue
A growing body of evidence supports an enhancing or pro-

tective role of LLLT in nervous tissue. Neurons are highly 

specialized cells with a major dependence on sustained aero-

bic energy production. Mitochondrial aerobic metabolism in 

neurons is the basis for electrophysiological, neuroplastic, 

and neuroprotective functions including repolarization of 

cell membranes in neurotransmission, synapse formation, 

and cell survival. At a large scale, energy metabolism is 

also crucial for adequate function of neuronal networks, 

data integration in space and time, and sensory processing 

including vision, activation of motor function, and expression 

of higher-order cognitive functions such as memory. It has 

been demonstrated that impaired mitochondrial oxidative 

metabolism is associated with neuronal dysfunction, neu-

rological impairment, and neurodegeneration.36 Therefore, 

interventions aimed at improving mitochondrial metabolism 

are hypothesized to benefit the function of both the diseased 

and normal brain.

Recent studies have confirmed that the effects of LLLT 

on nervous tissue are also mediated at least in part by 
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enhancement of cytochrome oxidase activity. Rat neuronal 

cultures exposed to LLLT showed increases in cytochrome 

oxidase activity.9 These increases of cytochrome oxidase 

induced by LLLT parallel those observed in other tissues 

with high metabolic demands such as muscle.37 A similar 

enhancing effect of LLLT was also observed when deliv-

ered after  exposure of neurons in culture to tetradotoxin, 

which blocks electrical neural activity and indirectly inhibits 

cytochrome oxidase activity.38 In addition, LLLT partially 

restored enzyme activity blocked by potassium cyanide, 

a cytochrome oxidase inhibitor, and significantly reduced 

neuronal cell death.9 This illustrates that the enhancing 

effects of LLLT on neuronal metabolism are not limited to 

enhancement of cytochrome oxidase activity, but have the 

potential to exert extended effects such as enhancement of 

ATP production,36 neurotransmission,8 gene expression,38,39 

and prevention of cell death in vitro.40,41

Protective effects were observed when striatal and  cortical 

rat neuronal cultures were exposed to rotenone and 1-methyl-

4-phenylpyridinium (MPP+) toxins that inhibit mitochondrial 

complex I. LLLT significantly increased cellular ATP con-

tent, decreased the number of neurons undergoing cell death, 

and reduced the expressions of reactive oxygen species and 

reactive nitrogen species in rotenone- or MPP+-exposed 

neurons as compared with untreated ones.41 Furthermore 

prophylactic LLLT in vitro has proved very effective at 

protecting neurons from neurodegeneration induced by 

mitochondrial toxins.9,36,38,40 Notably, LLLT pretreatment 

suppresses rotenone- or MPP+-induced apoptosis in both 

striatal and cortical neurons.38 LLLT has been also suc-

cessfully employed for nerve repair and reduction of neural 

injury in animal models,42 and it is clinically used to relieve 

pain in humans.43

A number of secondary effects of LLLT on nervous tissue 

have also been described, including: (1) increased expression 

of the anti-apoptotic protein Bcl-2 and reduced expression 

of the proapoptotic protein Bax,38 (2) decreased numbers of 

apoptotic cells after exposure to the amyloid beta protein,44 

(3) improved function of cortical neurons inactivated by 

toxins,9,38 (4) increased survival and ATP content of striatal 

neurons after rotenone- and MPP+-induced toxicity and 

decreased oxidative stress and nitric oxide production,40 

(5) increased neurite outgrowth,45 (6) regulation of genes 

encoding for DNA repair proteins, antioxidant enzymes, and 

molecular chaperones,8 and (7) increased proliferation of 

olfactory ensheating stem cells,39 Schwann cells,46 astrocytes, 

and oligodendrocytes.47 In vivo, LLLT induces peripheral 

and central nerve regeneration after trauma,42,47,48 reduces 

neuroinflammation,42 prevents methanol-induced photore-

ceptor degeneration,12 and prevents retinal neurodegeneration 

induced by complex I inhibition.49

Beneficial in vivo effects of LLLT  
in the eye
Light tissue penetration depends on both the type of target tis-

sue, wavelength, and the source of LLLT (Figure 2). Besides 

being safe, at near-infrared wavelengths, light penetration to 

the eye is maximal, where absorption by the cornea and lens 

is negligible (,10%) and high refractive indices favor low 

light scattering and a high degree of focusing on the retina.50 

The retina contains neurons with extremely high energy 

demands that rely mostly on mitochondrial-derived ATP to 

meet these requirements.51–53 Mitochondria play a central 

role in neuronal physiology. These organelles  integrate cell 

respiration, energy metabolism, and ionic  balance into a 

NAD-NADH ratio
Mitochondrial

membrane potential

ATP Free radicals

Gene
expression

Calcium release
cAMP

Mitogenic signals
Surface molecule

expression
Inflammation

Apoptosis
Energy metabolism

Preservation of neuronal structure and function

Improved visual function
Improved motor function

Improved cognitive function

Cytochrome oxidase redox changeLLLT

Figure 5 The intracellular mechanisms of action of low-level light therapy (LLLT). 
Photobiomodulation results in a cascade of intracellular pleiotropic effects. Light 
is absorbed by chromophores in cytochrome oxidase and induces changes in its 
redox state. Redox reaction of enzymes in the inner mitochondrial membrane 
induces accelerated electron flow, reduced nicotine adenine dinucleotide (NADH) 
consumption and increase in the mitochondrial membrane potential. These changes 
facilitate the synthesis of adenosine triphosphate (ATP) and increase the generation 
of free radicals. increased ATP availability allows the activation of kinases that 
induce the release of calcium and the formation of cyclic adenosine monophosphate 
(cAMP). Calcium, cAMP, and free radicals act as second messengers and are able 
to activate different metabolic pathways at the nuclear level. Depending on the cell 
environment, these cellular changes can be adaptive and promote enhancement of 
neuronal physiology that translates in clinical improvement.
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homeostatically coherent adaptation for energy maintenance 

and cell survival. Thus, similar to other neuronal populations, 

retinal neurons are highly vulnerable to events that lead to 

oxidative stress and energy depletion, including oxygen or 

glucose deprivation and dysfunction of the mitochondrial 

machinery that uses both of them to generate ATP.54,55 

Evidence accumulated in the last 30 years suggests that 

mitochondrial dysfunction, induced by both genetic and 

environmental factors, plays a key role in the pathogenesis 

of retinal neurodegeneration, the main morphological fea-

ture of optic neuropathy.56 Optic neuropathy is featured in 

conditions with high morbidity and mortality for which no 

effective treatments are available.57–60

Common eye disorders such as glaucoma and age-related 

macular degeneration, and even neurodegenerative disorders 

such as Alzheimer’s disease, have been increasingly recog-

nized to feature optic neuropathy induced by mitochondrial 

dysfunction. Patients with Alzheimer’s disease show a 

reduction in the number of retinal ganglion cells and axons, 

compared to healthy individuals.60–62 In addition, the most 

common primary mitochondrial disorder, Leber’s optic 

neuropathy, is responsible for approximately 2% of all cases 

of blindness.63 All these conditions feature retinal ganglion 

cell degeneration, optic nerve atrophy, and blindness that 

severely decrease the quality of life of affected individuals, 

and represent a major public health problem. A number of 

genetic and acquired conditions featuring blindness second-

ary to degeneration of the retina and optic nerve have also 

been linked to mitochondrial dysfunction. Besides Leber’s 

hereditary optic neuropathy, genetic conditions featuring 

optic neuropathy and mitochondrial failure include Leigh 

syndrome,64,65 Friedreich’s ataxia,59,66 myoclonic epilepsy 

ragged-red-fibers,67 mitochondrial encephalomyopathy-

lactic acidosis and stroke-like syndrome,68 hereditary spastic 

paraplegia,69 and the deafness-dystonia-optic atrophy syn-

drome.70 Similarly, acquired diseases featuring optic neu-

ropathy with an association with mitochondrial dysfunction 

include the tobacco-alcohol amblyopia, and intoxication with 

chloramphenicol, ethambutol, carbon monoxide, clioquinol, 

cyanide, hexachlorophene, isoniazid, lead, methanol, plas-

mocid, or triethyl tin.66 Thus, LLLT has potential significant 

applications as therapy against retinal damage by counteract-

ing the immediate consequences of mitochondrial failure.

The beneficial effects of LLLT in the eye were tested in 

early studies using low energy helium-neon laser irradia-

tion in models of traumatic optic nerve injury in the rabbit 

and rat.71,72 The function of the injured optic nerve, as mea-

sured by compound action potentials, showed a significant 

improvement after two weeks of daily radiation. Optic nerve 

function showed more significant improvements when LLLT 

was started immediately after injury, and efficacy was pro-

gressively lost if onset of treatment was delayed to 2 hours, 

5 hours, and 24 hours. More significantly, LLLT started 

immediately before injury was also effective at delaying 

posttraumatic nerve damage. These studies were also signifi-

cant because they demonstrated that LLLT was effective on 

moderately injured nerves, whereas its beneficial effects were 

not observed in severely-injured nerves. This suggests that a 

physiologically viable neural substrate capable of respond-

ing to light is needed. It is less likely that LLLT worked by 

inducing neuronal repair; rather, light may have worked by 

enhancing the function of spared nerve fibers.72

The first evidence that LLLT may offer retinal protection 

in situations of injury in which disruption of mitochondrial 

energy metabolism is a major mediator was demonstrated 

using a model of retinal injury induced by methanol.12 

By being metabolized into formic acid, an inhibitor of 

cytochrome oxidase, methanol induced 72% decrease in 

retinal sensitivity to light and attenuation of the maximal 

electroretinogram response amplitude. These changes are 

consistent with photoreceptor toxicity. LLLT prevented 

the functional deficits induced by methanol, as shown by a 

decrease of only 28% in the electroretinogram responses. 

LLLT also protected the methanol-induced disruption of the 

retinal architecture. Methanol induced retinal edema, swell-

ing of photoreceptor inner segments, including mitochondria, 

and morphologic changes in photoreceptor nuclei. In contrast, 

LLLT-cotreated rats showed retinal histology indistinguish-

able from control rats. These effects were induced by using 

LEDs at 670 nm and an energy density of 12 J/cm2 divided 

into three fractions given 5 minutes, 25 minutes, and 50 hours 

after systemic methanol administration. These parameters are 

also known to be effective at inducing cell proliferation of 

visual neurons in culture and wound healing.12

A recent study showed evidence that LLLT could be 

effective at preventing the effects of phototoxicity, which has 

clinical relevance in the prevention of age-related macular 

degeneration. The photoreceptor protective effects of LLLT 

are also evident when damage is induced by phototoxicity. 

White light at 1800 lx for 3 hours causes significant damage 

to the outer nuclear layer of the retina in pigmented rats. This 

structural damage is accompanied by an attenuation of the b 

wave in the electroretinogram. LLLT reduced the extension 

of damage in the outer nuclear layer and maintained the 

electroretinogram b wave amplitude.73 LLLT has also been 

shown to prevent inflammation and photoreceptor damage 
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induced by phototoxicity. LLLT at 670 nm, 9 J/cm2, and 

60 mW/cm2 was given for 5 days before and 5 days after 

phototoxicity with bright light in albino rats. Retinal pho-

totoxic damage features a 25%–75% thinning of the outer 

nuclear layer, degeneration of photoreceptors, loss of the 

retinal pigment epithelium, and microglial invasion. In this 

series of experiments, LLLT given before the phototoxic 

damage was highly effective at preventing the morphological 

alterations observed in the nontreated group. This study also 

showed evidence that the retinoprotective effects of LLLT 

against phototoxicity include reduction of microglial inva-

sion, decrease of stress-related molecules, and increase in 

neuroprotective molecules. The protective effects of LLLT 

were also observed at the functional level as determined with 

flash-evoked electroretinography. Remarkably, the protec-

tive effects of LLLT were long-lasting and photoreceptor 

function was preserved as late as 1 month after damage. 

Also, LLLT alone did not have a significant effect on pho-

toreceptor function and it did not affect the expression of 

stress-related factors.74 However, LLLT has been shown to 

be associated with an increase expression of RNA involved 

in neuroprotective roles. LLLT prevention of photoreceptor 

cell death induced by phototoxicity have been associated with 

a decrease in the expression of 126 of 175 genes upregulated 

by light damage.75

LLLT has also shown protective effects in a rat model of 

retinitis pigmentosa featuring a rhodopsin mutation induc-

ing photoreceptor degeneration during development.  Rat 

pups were treated with LLLT at 670 nm, 50 mW/cm2, and 

4 J/cm2 for 5 days during the critical period of photorecep-

tor development. LLLT increased the concentrations of 

retinal cytochrome oxidase and the neuroprotective factors 

superoxide dismutase and ciliary neurotrophic factor. In this 

model, LLLT also decreased the rate of photoreceptor cell 

death by 70%.76

Recent evidence also supports that LLLT protects against 

retinal ganglion cell degeneration and that this effect is 

behaviorally meaningful. This has been demonstrated in an in 

vivo model of retinal degeneration induced by the mitochon-

drial complex I inhibitor rotenone.49 Intravitreal administra-

tion of rotenone induces impairment of visual function that 

can be measured as a decrease in the illuminance sensitivity 

threshold. Rotenone also impairs the escape latency and the 

rate of successful trials in a two-choice visual task in rats. 

These behavioral impairments correlate with ganglion cell 

and retinal nerve fiber layer degeneration. These changes 

induce a functional deafferentiation that is evident as a 

decrease in the metabolic capacity of the retina and central 

visual pathway. All these functional and structural changes 

were prevented by LLLT 630 nm in a dose-dependent 

 manner. A total high dose of 21.6 J/cm2 given in six fractions 

(3.6 J/cm2 per fraction, one fraction per day) after rotenone 

injection was effective at preventing visual dysfunction and 

retinal neurodegeneration. LLLT also prevented the meta-

bolic deafferentiation caused by the neurotoxin, which was 

observed as preservation of the metabolic capacity in the 

superior colliculus, lateral geniculate nucleus, primary visual 

cortex, and secondary visual cortex. In contrast, a total low 

LLLT dose of 10.8 J/cm2 given in three fractions (3.6 J/cm2 

per fraction) after rotenone injection was not as effective at 

preventing retinal degeneration. However, when retinas were 

treated prophylactically with LLLT 2 days prior to rotenone 

administration, the low LLLT dose was effective at prevent-

ing retinal neurodegeneration and visual dysfunction.

Primate studies have shown that LLLT is effective at 

decreasing the functional and morphological retinal injury 

induced by photocoagulation, when given 1 hour, 24 hours, 

72 hours, and 96 hours after injury.76 In addition, an interven-

tional case report describes a patient with bilateral atrophic 

age-related macular degeneration that showed improvement 

in visual acuity and appearance of previously undetected 

oscillatory potentials in electroretinogram recordings after 

LLLT. LLLT also induced a mobilization of drusen (yellow 

deposits in age-related macular degeneration) and a decrease 

in intraocular pressure, and these beneficial effects were evi-

dent several months after treatment.77 This evidence suggests 

that LLLT may induce beneficial effects in retinal and optic 

nerve pathology in humans (Table 2).

Beneficial in vivo effects of LLLT  
in the brain
Transcranial effects
The ability of light to penetrate the brain and exert bio-

logical effects was first inferred after finding photoreceptor 

molecules present in central nervous system structures. For 

example, the pineal gland contains the photoreceptor pinop-

sin and it is believed to be sensitive to ambient light changes 

and be relevant for the regulation of circadian rhythms.19 

It has been demonstrated that light is able to penetrate the 

cranium and reach the brain.78 This effect is being used for 

the development of optical imaging techniques using near-

infrared light in humans.79 Although light attenuation occurs 

when light travels through bone, this attenuation is not of a 

strong magnitude. The cranium shows minimal absorption 

and scattering of light, with a wavelength- but not thickness-

dependent attenuation of 15%–20% in the red to near-infrared 
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spectrum.78 Photons at wavelengths between 630 nm and 

800 nm have been shown to travel up to 28 mm even in lay-

ers of tissues with relatively low transparencies such as skin, 

connective tissue, muscle, bone, and spinal cord, with about 

6% of the total energy density being detectable at the ventral 

surface of a living rat.42,80 In gray matter, red and near-infrared 

light penetration is governed by Beer –Lambert law, with the 

optical power decaying up to 80% at 1 mm from the surface.81 

However, at this depth in solid organs, the actual power 

density of near-infrared light has been estimated to be up to 

three times higher than the power at the incident surface due 

to backscattering and constructive interference.82 As the light 

travels into the tissue, its intensity decreases due to absorption 

and scattering. Penetration of light into tissues depends not 

only on the wavelength but also on the optical properties of 

the target tissue. The maximal penetration of light in the gray 

and white matter of the brain occurs at wavelengths in the 

near-infrared spectrum.81 It has been shown that within the 

visible and near-infrared spectral range, white matter in both 

the central and peripheral nervous systems reflects most of 

the incident power and shows a low level of absorption and 

a short penetration depth.83 In contrast, the transmittance of 

the gray matter is approximately twice as high as that of the 

white matter (Figure 2). Finally, the penetration of light is not 

only contingent on the wavelength or the specific tissue, but 

significant interspecies differences in penetration have also 

been detected. For example, at 850 nm, the penetration of 

energy in humans is almost three times higher than that in the 

mouse cortex.81 While the cause of this significant difference 

of light-tissue interaction can be explained by differences 

in water and protein content, this observation has obvious 

translational implications that should be considered when 

LLLT data generated in animal models is applied to humans. 

Finally, the delivery modality of LLLT is also relevant to 

transcranial in vivo applications (Table 1). For example, 

noncontact delivery modalities with LEDs allow exposure of 

extensive surfaces, including whole-body treatments. LEDs 

montages can potentially be built with ergonomic consider-

ations for whole-head and whole-body LLLT in humans. In 

contrast, contact modalities combined with laser sources may 

be ideal when localized energy delivery is needed. This may 

be advantageous for boosting cell functions in specific nodes 

within dysfunctional neural networks in which connectivity 

could be otherwise impaired with broad irradiation. Similarly, 

localized transcranial LLLT may be of use for neuroprotec-

tion of healthy tissue adjacent to tumor sites after resection, 

without risk of inducing photobiomodulation of residual 

tumor. The eyes always need to be appropriately protected 

from laser light in transcranial applications.

Rojas et al49 were the first to demonstrate that upon 

transcranial delivery in vivo, LLLT induces whole-brain 

metabolic and antioxidant beneficial effects, as measured 

by increases in cytochrome oxidase and superoxide dis-

mutase activities. Increases in cerebral blood flow induced 

by LLLT have also been observed in humans when applied 

transcranially.84 It is possible that these effects are related 

to a number of neuroprotective and function-enhancing 

effects that have been observed with the use of LLLT 

Table 2 Beneficial in vivo effects of low-level light therapy on the eye

Light source Wavelength Dose Effect Relevance Reference

He-Ne laser 632.8 nm 10.5 mw, 1.1 mm beam  
diameter × 2 minutes,  
daily for 2 weeks

Preserved structure and function  
after optic nerve crushed injury  
(rat, rabbit)

Optic nerve  
trauma

Schwartz et al,71 
Assia et al,72

GaAlAs LED 670 nm 28 mw/cm2, 12 J/cm2  
in three fractions

Preserved structure and function  
after systemic methanol  
photoreceptor toxicity (rat)

Methanol  
intoxication

Eells et al,12

GaAlAs LED 633 nm 2 mw/cm2, 21.6 J/cm2  
in six fractions

Preserved structure and function  
after intravitreal rotenone  
injection (rat)

Leber’s  
hereditary optic  
neuropathy

Rojas et al,49

GaAlAs LED 670 nm 16 J/cm2 in four fractions Preserved structure and function  
after laser retinal photocoagulation  
(monkey)

Laser-induced  
retinal injury

Eells et al,76

GaAlAs LED 670 nm 50 mw/cm2, 20 J/cm2  
in five fractions

Preserved structure in the  
P23H-3 rat (rat)

Retinitis  
pigmentosa

Eells et al,76

GaAlAs LED 670 nm 50 mw/cm2, 360 J/cm2  
in four fractions

Preserved structure and function  
after phototoxicity (rat)

Light-induced  
retinal damage

Qu et al,73

iLPD 904 nm 4500 mw/cm2, 45,000  
J/m2, pulsed at 3 MHz

improved function in an 86-year- 
old man with macular  
degeneration (human)

Age-related  
macular  
degeneration

Rodriguez-Santana  
et al,77

Abbreviations: GaAlAs LED, Gallium-Aluminum-Arsenide light-emitting diode; He-Ne, Helium-Neon; iPLD, intense pulsed light device.
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in vivo. The data  presented below shows proof-of-principle 

that LLLT may be used in the treatment of neurovascular, 

neurodegenerative, and psychiatric disorders featuring 

impairments in energy metabolism. Of note, LLLT given 

transcranially at energy densities shown to exert beneficial 

effects have been also shown to induce no histological or 

behavioral adverse effects. Preclinical data on the use of 

LLLT to stimulate the brain in vivo support that this tech-

nology is safe. Adverse behavioral effects can be induced 

with massive energy densities 100 times higher than those 

observed to induce beneficial effects, but even the adverse 

effects of high doses can be attenuated if the total energy is 

delivered using intermittent energy pulses.85

Stroke and neurotrauma
Compelling evidence of the in vivo neuroprotective effects 

of LLLT against transient ischemia has been provided by 

recent studies conducted by Uozumi et al;86 LLLT delivered 

transcranially was able to increase cerebral blood flow. LLLT 

was given at 808 nm and 0.8 W/cm2, 1.6 W/cm2, and 3.2 W/

cm2 for 45 minutes over an exposure field of 3 mm in one 

hemisphere. Compared to sham subjects, the cerebral blood 

flow increased 30% with 1.6 W/cm2, whereas the lowest and 

highest power densities were less efficient. The increases 

in cerebral blood flow were accompanied by a significant 

increase in nitric oxide production. Treating subjects with the 

nitric oxide synthase inhibitor NG-nitro-L-arginine methyl 

ester hydrochloride inhibited the increases in cerebral blood 

flow induced by LLLT. Similarly, the late increase in cerebral 

blood flow elicited by LLLT was attenuated by inhibition of 

glutamatergic transmission with the N-Methyl-D-aspartic 

acid competitive antagonist MK-801. These observations 

support that the increases in blood flow are secondary to an 

increased production of nitric oxide and related to neuronal 

activation. The neuroprotective effects of LLLT against 

decreased cerebrovascular perfusion in vivo were also dem-

onstrated using a model of bilateral common carotid artery 

occlusion in mice. They showed that near-infrared  treatment 

for 15–45 minutes increased local cerebral blood flow by 

30% in this mouse model of stroke. Remarkably, the cerebral 

blood flow in conditions of normal and decreased perfusion 

was increased in both the treated and nontreated hemispheres. 

Also, subjects pretreated with LLLT showed improved 

residual cerebral blood flow during the period of occlusion, 

with stable body temperature, heart rate, and respiratory 

rates. Finally, the transient cerebral ischemia induced by 

carotid occlusion produced cell death in 84% of cells in 

the CA1 field of the hippocampus and in 27% of cortical 

neurons 96 hours after the insult. In contrast, LLLT had a 

significant neuroprotective effect by decreasing the number 

of apoptotic cells to only 44% and 8% in the hippocampus 

and cortex, respectively, after transient ischemia. Of note, 

these experiments showed that LLLT and neuroprotection 

against transient ischemia were not associated with increased 

expression of nitric oxide synthase. This suggests that the 

observed increases in nitric oxide concentrations were the 

product of nitric oxide synthase-independent mechanisms. 

Mechanisms of nitric oxide synthase-independent nitric oxide 

formation include reduction of nitrite by xanthine oxidase 

or cytochromes. As mentioned before, LLLT increases brain 

cytochrome oxidase expression in vivo49 and the activation of 

intracellular signals induced by LLLT seem to be contingent 

upon concentrations of nitric oxide.87

DeTaboada et al88 tested the neuroprotective effects of 

LLLT given 24 hours after stroke in a rat model of unilat-

eral carotid artery occlusion that induces measurable motor 

neurological deficits. LLLT was given at 808 nm with an 

energy density of 0.9 J/cm2 and power density of 7.5 mW/

cm2 to the hemisphere ipsilateral to the lesion, contralateral 

to the lesion, or both. At 28 days, LLLT enhanced the neu-

rological recovery by an average of 38%,88 and these effects 

were associated with increased neuronal proliferation and 

migration in the subventricular zone.89

LLLT has also been effective at improving the behav-

ioral deficits in a rabbit model of embolic strokes induced 

by microclot injection directly into the common carotid 

artery.90 LLLT was initiated 1 hour, 3 hours, 6 hours, or 

24 hours after embolization. Treatment was given at 808 nm 

with a 2-cm probe and a power density of 7.5 mW/cm2 

for 10 minutes. LLLT significantly improved the deficits 

compared with controls when measured 24 hours after 

treatment. This effect was durable and observed 3 weeks 

after  embolization. No  beneficial effect was observed when 

LLLT was started 24 hours after embolization. Beneficial 

effects were observed after a window of 6 hours when 

LLLT was given not as a continuous wave, but as a pulse 

with frequencies of 300 microseconds at 1 kHz or 2 micro-

seconds at 100 Hz.91 Furthermore, whereas thrombolytic 

therapy increased the incidence of hemorrhage compared 

to controls, LLLT decreased the incidence of hemorrhage 

induced by thrombolytic therapy by 30% and had no effect 

on hemorrhage rate when given alone.92 In this model of 

embolic stroke, there was 45% decreased ATP content in 

the ischemic cortex compared to naive rabbits 3 hours after 

embolization. LLLT given as a continuous pulse resulted 

in a 41% increase in cortical ATP content compared to the 
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sham embolized group and in an absolute increase in ATP 

content of 22.5% compared to naive rabbits. This effect was 

maximized when a higher LLLT energy was delivered as a 

pulse. When five and 35 times more energy was delivered, the 

amount of cortical ATP increased 157% and 221% compared 

to the sham embolized group, respectively.93

Encouraging results from a recent clinical study suggest 

that LLLT is safe and might be effective in the treatment of 

ischemic stroke in humans.94 The NeuroThera Effectiveness 

and Safety Trial-1 tested the safety and effectiveness of LLLT 

at 808 nm to improve the 90-day outcomes in ischemic stroke 

given within 24 hours from stroke onset. This study included 

120 patients with National Institutes of Health Stroke Scale 

(NIHSS) scores of 7–22. Patients receiving thrombolytic 

therapy were excluded. The primary outcome measure was 

a complete recovery at day 90 (NIHSS 0–1) or a decrease in 

NIHSS score of at least nine points. Median time to treatment 

was 18 hours. Among the 79 treated patients, 38% achieved 

both a final NIHSS score of 0–1 and improved by more than 

nine points, 20% had only a more than nine-point improve-

ment, 11% obtained a final score of 0–1 without improving by 

more than nine, and 30% achieved neither end point. Among 

the 41 control patients the corresponding proportions were 

29%, 7%, 15%, and 49%. The mortality rates and adverse 

effects were similar in the treated and control groups.94 

However, a larger follow-up multicenter double-blind study 

that randomized 660 patients to LLLT or sham showed 

no significant difference in favorable outcomes, although 

favorable trends were observed in the LLLT group for less 

disability at 90 days. In this second study, LLLT seemed to 

benefit patients with lower NIHSS scores at baseline.95

Together, these experiments provide in vivo evidence 

that the effects of LLLT on cytochrome oxidase and nitric 

oxide play a major role in the neuroprotective action of LLLT 

against ischemia and possibly other metabolic insults, such as 

the LLLT benefits found after traumatic brain injury in ani-

mals96 and humans.97 Current clinical trials are investigating 

the beneficial effects of transcranial LLLT in the rehabilita-

tion of hemiplegic patients after ischemic stroke.98 Further 

clinical research is expected to improve the understanding of 

LLLT effects in stroke and neurotrauma patients.

Parkinson’s disease
The protective effects of LLLT have also been demonstrated 

in paradigms of neurodegeneration. Shaw et al99 showed 

that LLLT has a potential application in the treatment of 

 Parkinson’s disease. This group tested the neuroprotective 

effects if LLLT in a mouse in vivo model of  dopaminergic 

degeneration induced by the neurotoxin 1-methyl-4- 

phenyl-1,2,3,6-tetrahydropyridine (MPTP). LLLT was given 

15 minutes after MPTP intraperitoneal injection at 670 nm 

and 40 mW/cm2. A total dose of 2 J/cm2 was delivered in 

four fractions of 9 seconds evenly spaced over 30 hours. 

Approximately 10% of the power density reaching the skull 

reached the brain. Two days after MPTP injection, there was 

a 45% reduction in the number of dopaminergic cells in the 

substantia nigra compared to saline-treated controls. LLLT 

completely prevented the loss of dopaminergic cells in the 

substantia nigra. When the dose of MPTP was doubled, there 

was an even more profound decrease in dopaminergic cells of 

60%. However, LLLT limited the neurodegeneration induced 

by this higher MPTP dose to only 30% compared to control. 

This study not only offered evidence that LLLT induces 

neuroprotective effects against dopaminergic toxins in vivo, 

but that its effects reach structures deep in the brain.

Cognition and emotional states
Among the most fascinating experimental applications of 

LLLT are those related to enhancement of normal brain func-

tion and the treatment of memory loss and mood disorders. 

Cognitive impairment and neurodegeneration associated with 

dementia have been shown to have regional brain metabolic 

deficits in early stages of the neurodegenerative process. For 

example, early decreases in brain metabolic activity can be 

detected in patients at risk of developing Alzheimer’s disease, 

especially reductions in cytochrome oxidase activity.100,101 

Similarly, the phenotypic expression of mood disorders 

such as major depression and post-traumatic stress disorder 

have been shown to be associated with decreased meta-

bolic capacity in prefrontal brain regions,102 and electrical 

stimulation of prefrontal cortex has antidepressant effects.103 

LLLT is expected to enhance the metabolic capacity in 

those regions showing functional deficits, thus increasing 

the functional connectivity of the networks involved in the 

expression of a particular phenotype. This is in addition to 

the potential neuroprotective effects that LLLT may have in 

tissue susceptible to neurodegeneration. Michalikova et al104 

demonstrated improvement in working memory using LLLT 

in middle-aged mice tested in an appetitive spatial navigation 

task. Such memory improvements occurred in the absence 

of nonspecific effects on exploratory activity or anxiety 

responses. This study used LLLT at 1072 nm that was given 

in 10 fractions, one fraction per day. However, no other LLLT 

dose parameters such as power density or energy density were 

reported. Mice treated with LLLT showed higher latencies to 

make a choice, but with improved correct choice rates. Indeed 
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Table 3 Beneficial in vivo transcranial effects of low-level light therapy on the brain

Source Wavelength Dose Effect Relevance Reference

Laser 808 nm 1.6 w/cm2, 4320 J/cm2 Increased cerebral blood flow and decreased  
hippocampal and cortical neuronal death  
after unilateral BCCAO (mouse)

Anoxic brain injury Uozumi et al,86

Laser 808 nm 7.5 mw/cm2, 0.9 J/cm2,  
2 minutes per point

improved neurological recovery, increased  
subventricular neural proliferation after  
MCAO (rat)

Atherothrombotic 
stroke

DeTaboada et al,88  
Oron et al,89

Laser 808 nm 25 mw/cm2, 15,000 J/cm2,  
continuous

improved motor function and reduction  
in effective clot dose for stroke 3 hours  
after clot injection (rabbit)

Embolic stroke Lapchak et al,90

Laser 808 nm 25 mw/cm2, 15,000 J/cm2,  
pulsed at 1 KHz

increased cortical ATP, decreased effective  
clot dose for stroke 6 hours after  
clot injection (rabbit)

Embolic stroke Lapchak et al91–93

Laser 808 nm 1 J/cm2 per point improved clinical outcome at 90 days  
after ischemic stroke (human)

ischemic stroke Lampl et al,94

Laser 808 nm 10 or 20 mw/cm2,  
1.2–2.4 J/cm2, single point  
for 2 minutes

improved motor behavior 5 days after  
closed-head injury, and decreased brain  
lesion size from 12.1% to 1.4% at  
28 days after injury (mouse)

Traumatic brain  
injury (acute)

Oron et al,96

LED 633 and 870 nm  
LED cluster

22.2 mw/cm2, 13.3 J/cm2,  
10 minutes per placement

improved cognition of two patients  
with chronic mild traumatic brain injury  
after 2–4 months of treatment (human)

Traumatic brain  
injury (chronic)

Naeser et al,97

Laser 670 nm 40 mw/cm2, 2 J/cm2 in  
four fractions

Reduction in substantia nigra dopaminergic  
cell loss after MPTP toxicity (mouse)

Parkinson’s disease Shaw et al,99

Laser 1072 nm 6 minutes × 10 days improved acquisition of working memory  
for spatial navigation in middle-aged  
mice (mouse)

Mild cognitive  
impairment,  
Alzheimer’s disease

Michalikova  
et al,104

LED 810 nm 250 mw/cm2, 60 J/cm2 Decreased depression scores, increased  
prefrontal blood flow (human)

Depression,  
prefrontal functions

Schiffer et al,84

Abbreviations: ATP, adenosine triphosphate; BCCAO, bilateral common carotid artery occlusion; LED, light-emitting device; MCAO, middle cerebral artery occlusion; 
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

the memory performance of LLLT-treated middle-aged mice 

became comparable to that of young mice. These data sup-

port that LLLT could be particularly useful at facilitating 

acquisition of a working memory task in conditions in which 

information processing speed is impaired, such as aging.

Experimental data in humans also support that LLLT 

may be effective in the treatment of cognitive and emotional 

disorders in humans. A pilot study showed that LLLT applied 

transcranially to the forehead was able to increase frontal 

cortex blood flow and induce a 63% reduction in depression 

scores in a group of patients with major depression. Beneficial 

antidepressant effects were seen 2 weeks and 4 weeks after a 

single treatment. LLLT was given in one fraction at 810 nm, 

power density of 250 mW/cm2.84 Additionally, LLLT to 

the forehead and scalp with an LED cluster at 633 nm and 

870 nm has been reported to improve and maintain atten-

tion, executive function, and memory in two patients with 

chronic traumatic brain injury.97 LLLT with a power density 

of 22.2 mW/cm2 was applied for 10 minutes per placement 

weekly for 2 months or daily for 4 months prior to testing 

of the cognitive effects, and these patients have continued 

daily treatment at home for up to 5.5 years. Remarkably, no 

side effects have been reported so far with the use of LLLT 

in humans (Table 3).

Research on the application of LLLT for the improvement 

of brain function is expected to increase in the following 

years. The use of this technology will benefit from further 

studies looking for optimal LLLT parameters and treatment 

protocols. Current preclinical data support the feasibility of 

formal randomized placebo-controlled trials, and these will 

likely be developed in the near future.

Conclusion
LLLT or photobiomodulation refers to the use of low-power 

and high-fluence light from lasers or LEDs in the red to 

near-infrared wavelengths to modulate a biological function. 

Cytochrome oxidase is the primary photoacceptor of LLLT 

with beneficial eye and brain effects since this mitochon-

drial enzyme is crucial for oxidative energy metabolism, 

and neurons depend on cytochrome oxidase to produce 

their metabolic energy. Photon-induced redox mechanisms 

in cytochrome oxidase cause other primary and secondary 
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hormetic responses in neurons that may be beneficial for 

neurotherapeutic purposes. Beneficial in vivo effects of LLLT 

on the eye have been found in optic nerve trauma, methanol 

intoxication, optic neuropathy, retinal injury, retinitis pigmen-

tosa, phototoxicity, and age-related macular degeneration. 

Beneficial in vivo transcranial effects of LLLT on the brain 

have been observed in anoxic brain injury, atherothrombotic 

stroke, embolic stroke, ischemic stroke, acute traumatic brain 

injury, chronic traumatic brain injury, neurodegeneration, 

age-related memory loss, and cognitive and mood disorders. 

No adverse side effects have been reported in these beneficial 

applications of LLLT in animals and humans. The authors 

conclude that LLLT is a safe and beneficial approach, based 

on scientifically sound mechanisms of action of red to near-

infrared light on cytochrome oxidase, with neurotherapeutic 

promise for a wide range of ophthalmological, neurological, 

and psychological conditions.
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