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Abstract  

 
 
Retinal injury and retinal degenerative diseases are a leading causes of visual impairment in the 

developed world. Mitochondrial dysfunction and oxidative stress play key roles in the pathogenesis of retinal 
injury and disease. The development and testing of strategies designed to improve mitochondrial function 
and attenuate oxidative stress are essential for combating retinal disease. One strategy involves the use of 
photobiomodulation. Photobiomodulation, low-energy photon irradiation by light in the far-red to near-
infrared (NIR) range using low energy lasers or light-emitting diode (LED) arrays, has been applied clinically 
in the treatment soft tissue injuries and acceleration of wound healing for more than 30 years. The 
therapeutic effects of photobiomodulation have been hypothesized to be mediated by intracellular signaling 
mechanisms triggered by the interaction of far-red to NIR photons with the mitochondrial photoacceptor 
molecule cytochrome oxidase which culminate in improved mitochondrial energy metabolism, increased 
synthesis of cytoprotective factors and cell survival.  

 
The therapeutic potential of 670 nm LED photobiomodulation administered once per day at a fluence 

of 4 J/cm2  was investigated in established experimental models of retinal injury, retinal toxicity and retinal 
disease. Photobiomodulation stimulated retinal wound healing following high-intensity laser-induced retinal 
injury.  Photobiomodulation not only enhanced the rate of wound healing, it also prevented the loss of retinal 
and cortical visual function induced by laser-induced retinal injury.  In a rodent model of retinal mitochondrial 
toxicity, photobiomodulation preserved retinal function and prevented photoreceptor damage.  Moreover, 
molecular studies revealed that photobiomodulation induced significant upregulation of gene expression 
pathways involved in mitochondrial energy production and cytoprotection in the retina.   Retinitis 
pigmentosa is the leading cause of vision loss due to retinal degeneration. Photobiomodulation 
administered during the critical period of photoreceptor development in a rat model of retinitis pigmentosa 
increased retinal mitochondrial cytochrome oxidase activity, upregulated the production of retinal 
antioxidants, increased the production of retinal neurotrophic factors and prevented photoreceptor cell 
death.  

 
 The molecular, biochemical and functional insights obtained from this research provide crucial 

information needed for a comprehensive FDA approval for the use of photobiomodulation in the treatment of 
retinal diseases.  From a basic science perspective, they substantiate previous in vitro investigations and 
support the hypothesis that photobiomodulation augments mitochondrial function and stimulates 
cytoprotective pathways to prevent retinal damage. From a clinical perspective, they document the 
therapeutic potential of 670 nm photon therapy in experimental models of  retinal injury, retinal toxicity and 
retinitis pigmentosa, thus setting the stage for clinical trials of photobiomodulation in human disease.  
 
 
Key Words:  photobiomodulation, mitochondrial dysfunction, oxidative stress, retinal injury, retinal 
degenerative disease,   
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Introduction  
 

Oxidative stress and mitochondrial dysfunction are central in retinal aging, retinal injury and in the 
pathogenesis of retinal degenerative diseases (2,3,24,25).  Oxidative stress plays a key role in high 
intensity laser burn injury and retinal mitochondrial dysfunction is causative in methanol toxicity (12).   
Retinal injury and retinal degenerative diseases are leading causes of visual impairment in the developed 
world (1,9).  Although age-related macular degeneration is responsible for the vast majority of the cases of 
retinal degeneration, other important retinal dystrophies include, retinitis pigmentosa, cone-rod dystrophies 
and Stargardt disease. The pathogenesis of these diseases is incompletely understood and no efficient 
therapy or prevention exists to date. Therefore, the development of simple long-term strategies designed to 
improve mitochondrial function and attenuate oxidative stress are essential for combating 
neurodegenerative and retinal degenerative disease. One newly developed strategy involves the use of 
photobiomodulation.  

Low energy photon irradiation by light in the far-red to near-infrared (NIR)  range (630-1000 nm) using 
low energy lasers or light-emitting diode (LED) arrays (collectively termed photobiomodulation) has been 
shown to accelerate wound healing, improve recovery from ischemic injury in the heart and attenuate 
degeneration in the injured retina and optic nerve (5,12).   Moreover, red to near-infrared light therapy has 
been applied clinically in the treatment soft tissue injuries and to accelerate wound healing for more than 30 
years (5,12). The therapeutic effects of red to near infrared light have been hypothesized to be mediated by 
intracellular signaling mechanisms triggered by the interaction of far-red to near-infrared light with the 
mitochondrial photoacceptor molecule cytochrome oxidase which culminate in improved cellular 
mitochondrial energy metabolism and antioxidant production (Figure 1).  In support of this hypothesis, we 
have demonstrated in primary neuronal cells that far-red to near-infrared LED photo-irradiation (4 J/cm2) 
increases the production of cytochrome oxidase in cultured primary neurons, reverses the reduction of 
cytochrome oxidase activity produced by metabolic inhibitors and attenuates cyanide-induced apoptosis 
(20,21). We have also shown that the action spectrum of NIR light for stimulation of cytochrome oxidase 
activity parallels the near-infrared absorption spectrum of the oxidized form of cytochome oxidase (Figure 2) 
(21). 

 
Figure 1: Hypothesized Signal Transduction Pathway for Photobiomodulation 
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Figure 2:  Recovery of Neuronal Cytochrome Oxidase Activity and Cellular ATP Content 
 Correlates with Cytochrome Oxidase Action Spectrum) 

 
 
 
 
 
 
 
 
 
 
 
 

 
670 nm LED Treatment Promotes Retinal Wound Healing: Stimulation of wound healing by 
photobiomodulation is an attractive technology for instances where the lesion is located in tissue that might 
be compromised by more invasive approaches. Lesions in tissues such as the retina or brain thus might 
benefit from photobiomodulation as a primary or an adjunctive therapeutic approach. One such wound is a 
lesion in the retina that results from exposure to a laser beam. Lasers are increasingly used by the military 
and in industrial applications. At present, these types of retinal injuries are increasing, a trend that is expected 
to continue. (30). 

We have initiated studies of laser retinal injury in a nonhuman primate model. In each experiment one 
monkey was lased without LED treatment and one lased with LED treatment (670 nm, 4 J/cm2).  A laser grid 
(128 spots delivered to the macula and perimacula) was created in the central retina of right eye of each 
animal.  This grid consisted of  grade I and II burns, photocoagulating the photoreceptors and outer nuclear 
layer of the retina.  Multifocal ERG was performed to assess the functional state of the retina. In the first 
experiment, the LED-treated monkey was treated at 1, 24 ,72 and 96 h post injury.  ERG amplitude in both 
LED treated and untreated monkeys was temporarily increased shortly after laser injury and this increase 
was greater in the LED-treated monkey (30).  Assessment of the severity of the laser burn in LED treated and 
untreated animal demonstrated a greater that 50% improvement in the degree of retinal healing at 1 month 
post-laser in the LED-treated monkey (Figure 3).   In addition, the thickness of the retina measured at the 
fovea by optical coherence tomography did not differ from the pre-laser thickness in the LED-treated animal 
whereas it was 50% thinner in the untreated animal (Figure 3).  Importantly, LED treatment prevented the 
loss of cytochrome oxidase staining in the lateral geniculate nucleus  (30) clearly showing that the brain was 
responding to visual input from the “healed” retina in the LED-treated animal much more effectively than in 
the untreated animal.  

 
Figure 3:  Laser grid appearance and foveal thickness in control (left)  and NIR-LED (right) treated monkey 
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670 nm LED Treatment Attenuates Mitochondrial Injury Induced by Methanol Intoxication: Methanol 
intoxication produces toxic injury to the retina and optic nerve resulting in blindness.  The toxic metabolite in 
methanol intoxication is formic acid, a mitochondrial toxin known to inhibit the essential mitochondrial 
enzyme, cytochrome oxidase.  Studies were undertaken to test the hypothesis that exposure to 
monochromatic red radiation from 670 nm light-emitting diode (LED) arrays would protect the retina against 
the toxic actions of methanol-derived formic acid in a rodent model of methanol toxicity.  Using the 
electroretinogram as a sensitive indicator of retinal function, we demonstrated that 3 brief (2 min. 24 sec.) 670 
nm LED treatments (4 J/cm2), delivered at 5, 25 and 50 hours of methanol intoxication, significantly 
attenuated the retinotoxic effects of methanol-derived formate during intoxication (Figure 2) and profoundly 
improved the recovery of retinal function following intoxication (Figure 4). We further show that LED treatment 
protected the retina from the histopathologic changes induced by methanol-derived formate (Figure 4). These 
findings provide a link between the actions of monochromatic red to near infrared light on mitochondrial 
oxidative metabolism in vitro and retinoprotection in vivo.  They provide the basis for examinng the efficacy of 
670 nm LED treatment in retinal degenerative diseases. 
  
 

Figure 4: 670 nm LED Treatment Protects Against Methanol-Induced Retinal Dysfunction and Improves 
Recovery 

 
 
 

Histological Evidence of NIR-LED protection of the retina. 
 
 
                       
 
 
 
 
 
 
 
 
 

 
The prolonged effect of 3 brief LED treatments in mediating the retinoprotective actions in methanol 

intoxication suggests that 670 nm LED photostimulation induces a cascade of signaling events initiated by 
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the initial absorption of light by cytochrome oxidase. We have compared gene expression profiles in the 
neural retina of untreated rats with those from the neural retina of methanol-intoxicated rats and LED-
treated methanol-intoxicated rats (ref).  Results from these studies indicate that methanol intoxication and 
LED treatment altered the retinal expression of nearly 80 genes.  At least 26 of these genes that were up-
regulated in the retinas of methanol intoxicated rats were correspondingly down-regulated in the retinas of 
LED treated methanol intoxicated rats and the converse (Figure 5). Several functional subcategories of 
genes regulated by 670 nm-LED treatment were identified in retinal samples including those encoding DNA 
repair proteins, antioxidant defense enzymes, molecular chaperones, protein biosynthesis enzymes, and 
trafficking and degradation proteins.  It is important to note that a number of genes associated with 
protection against macular degeneration, including glutathione S-transferase (GST), are upregulated by 670 
nm LED treatment and genes associated with  retinal damage, including TIMP3, are down regulated. (31) 
 

Figure 5:  Differential Regulation of Retinal Genes by Mitochondrial Inhibition and 670 nm LED Treatment 
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670 nm LED therapy for the treatment of Retinitis Pigmentosa: Retinitis pigmentosa (RP) is the leading 
cause of vision loss due to retinal degeneration. RP is a heterogenous group of retinal dystrophies 
characterized by photoreceptor death (8). Autosomal dominant forms of RP, which cause a majority of RP 
cases, result from mutations in the rhodopsin gene. Rhodopsin is the visual pigment located within the outer 
segment of rod photoreceptor cells and is involved in phototransduction. The exact mechanism of 
photoreceptor degeneration is unclear but it is thought that the rhodopsin mutation alters the tertiary 
structure of the protein thus altering its function. Altered rhodopsin structure leads to misfolded opsin 
protein. Opsin is present in the photoreceptor inner segment where mitochondria are located. Opsin binds 
cis-retinal chromophore forming active rhodopsin which is subsequently translocated to the photoreceptor 
outer segment away from the mitochondria. It is thought that misfolded opsin does not sufficiently sequester 
cis-retinal chromophore which can initiate free radical reactions, increase oxidative stress, and leave the 
photoreceptor cells vulnerable to apoptosis (1).  
  The P23H-3 rat is a well-established rodent model of human disease. The transgene in the P23H-3 
rat mimics a rhodopsin mutation found in humans in North America, and photoreceptor death is excessive, 
most markedly during development (P15-30). (3,17,19).  Our studies describe the effect of 670 nm LED 
treatment administered during the critical period of photoreceptor cell loss in this animal model of RP. 

P23H-3 rat pups were treated daily for 5 days during the critical period of photoreceptor 
development from postnatal day 16-20 with 670 nm LED array (GaAlAs LED arrays, 670 + 20 nm at 50% 
power; Quantum Devices, Inc., Barneveld, WI). Rats pups were hand-held by the investigator and the 10 
cm2 670 nm LED array was positioned directly over the animal’s head at a distance of 2 cm exposing both 
eyes. Treatment consisted of irradiation at 670 nm for 3 minutes resulting in a power intensity of 50mW/ cm2 
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and an energy density of 4 joules/cm2. These stimulation parameters have been previously demonstrated to 
stimulate cell survival and cytochrome oxidase activity in cultured neurons (20-21) to promote wound 
healing clinically and in experimental animal models (4,6) and to promote the survival and functional 
recovery of the retina and optic nerve in vivo after acute injury by a mitochondrial toxin (2). Sham treatment 
involved holding the animals for 3 minutes with the LED array positioned over the eyes, but not illuminated. 
On postnatal day 21, animals were euthanized. One eye from each animal was prepared for 
immunohistochemical evaluation and the retina was dissected from the other eye and flash-frozen in liquid 
nitrogen for biochemical analysis.  

670 nm LED-induced increases in Cytochrome Oxidase Concentrations in the P23H retina:  670 nm 
LED treatment significantly increased the concentration of cytochome oxidase (CO), in the retina of the 
P23H-3 rat ( N = 6,  p < 0.001).  Marked increases in CO concentrations were most apparent in inner 
segments of the photoreceptor cells consistent with the large numbers of mitochondria present in this region 
of the retina.  These findings are consistent with our in vitro observations and support our hypothesis that 
upregulation of cytochrome oxidase activity is a critical component in the neuroprotective actions of photon 
therapy (5,12).  Moreover, recent studies have shown that cytochrome oxidase is the rate-limiting step in 
mitochondrial respiration (28,29) and that increased cytochrome oxidase activity improves respiratory 
efficiency under conditions of oxidative stress, thus attenuating the production of reactive oxygen species 
(29). 

 
Figure 6:  670 nm LED Treatment Increases Cytochrome Oxidase Activity in the P23H-3 Retina 
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Photobiomodulation-induced increases in Cytoprotective Enzymes and Cofactors in the P23H retina: In 
addition to the increase in cytochrome oxidase activity and oxidative capacity, 670 nm LED treatment also 
significantly increased the concentrations of two important neuroprotective factors in the retina, the 
mitochondrial Mn-dependent form of superoxide dismutase, MnSOD, and ciliary neurotrophic factor (CNTF).  
 

 As shown in figure 7, 670 nm LED treatment significantly increased retinal concentrations of 
MnSOD (N = 6, p<0.001). MnSOD is the mitochondrial form of superoxide dismutase, an essential 
antioxidant enzyme responsible for the conversion of the highly reactive superoxide anion to the less 
reactive hydrogen peroxide. Mitochondria are the major source of superoxide production and are subjected 
to direct attack of reactive oxygen species (ROS).   Mitochondria generate superoxide through a series of 
electron carriers arranged spatially according to their redox potentials. Mitochondrial dysfunction itself can 
lead to increased production of ROS, which can increase oxidative stress if the defense mechanisms of the 
cell are overwhelmed.  ROS generated by mitochondria are considered to be integral factors in the retinal 
degenerative disease. 
 
 
 
 



. Eells et al    
   

8 

 
 
 

Figure 7: 670 nm LED Treatment Increases MnSOD Activity in the P23H-3 Retina 
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Figure 8 shows that 670 nm LED treatment significantly increases the concentration of CNTF in the 
developing P23H retina (N = 6, p<0.001).   We interpret these findings to indicate that 670 nm LED 
treatment upregulates the production of this neuroprotective factor by a mitochondrial mediated signaling 
mechanism. CNTF was first identified as a survival factor in studies involving ciliary ganglion neurons in the 
chick eye (9). CNTF is a member of the IL-6 family of cytokines and acts through a heterotrimeric receptor 
complex composed of CNTF receptor plus two signal-transducing transmembrane subunits.  CNTF receptor 
is located on Müller glial membranes (9) and on rod and cone photoreceptors (9). In animal studies, CNTF 
has been shown to be effective at retarding retinal degeneration in at least 13 RP models, including 
transgenic rats expressing the P23H mutation (9). More recently, clinical studies have documented the 
potential of  CNTF as therapeutic agent for RP (9)  
 

Figure 8: 670 nm LED Treatment Increases the Protective Factor CNTF in the P23H-3 Retina 

            
     Control                           Treated 

 
Photobiomoduation attenuates the loss of photoreceptors in the P23H rat during the critical period: 

Our working hypothesis is that dysfunction of P23H-3 photoreceptors leads to a rise in oxygen tension in 
outer retina, which is toxic to photoreceptors [8], particularly during early development. We postulate that 
photobiomodulation acts to improve mitochondrial function and to increase antioxidant protection.  
Photobiomodulation-induced improvement of   mitochondrial function would increase oxygen consumption 
in the P23H retina, reduce oxygen tension and thus reduce oxygen toxicity (8).  Secondly the 
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photobiomodulation-induced increased production of cytoprotective factors and antioxidants would act in 
concert to protect the retina.    

Figure 9 shows sections of P23H-3 retinas labeled for normal DNA (blue) and for the DNA 
fragmentation characteristic of apoptosis (red). The frequency of TUNEL+ (dying) cells is an order of 
magnitude higher in the P23H-3 than in control (SD) animals (ref).  670 nm LED treatment reduced 
apoptotic photoreceptor cell death by more than 70% in the P23H-3 rat.  These findings link the 
upregulation of antioxidants and cytoprotective factors to the prevention of photoreceptor apoptosis in the 
developing P23H-3 retina.  

Figure 9: 670 nm LED Treatment Attenuates Photoreceptor Apoptosis in the P23H-3 Retina 

                  
       Control                       Treated  

 
In summary, we have demonstrated that 670 nm LED treatment administered once per day for 5 

days during the critical period of photoreceptor development in the P23H-3 rat increases retinal 
mitochondrial cytochrome oxidase activity, upregulates the production of antioxidant protective enzymes 
and cofactors in the retina, increases the production of retinal neuroprotective neurotrophic factors and 
prevents apoptotic photoreceptor cell death.  These findings have profound implications for the use of 
photobiomodulation in the treatment of retinal degenerative diseases.  They document the therapeutic 
potential of 670 nm photon therapy in a well-established rodent model of retinitis pigmentosa, thus setting 
the stage for clinical trials of photobiomodulation in human disease. The molecular, biochemical and 
functional insights obtained from this research will provide crucial information needed for a comprehensive 
FDA approval for the use of far-red to near-infrared LED devices in the treatment of retinal degenerative 
diseases.   From a basic science perspective, they substantiate our previous findings in vitro and in vivo and 
strongly support our hypothesis that photobiomodulation augments mitochondrial function and stimulates 
antioxidant protective pathways in the neural retina to protect against retinal degeneration Finally, we 
believe that photobiomodulation has the potential to revolutionize the delivery of health care. In contrast to 
traditional medical approaches that rely on surgical or pharmacological intervention, photobiomodulation 
harnesses the cells’ own potential for repair and provides an innovative and non-invasive therapeutic 
approach for the prevention and treatment of retinal dystrophies and degenerative disease. 
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