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Abstract

Low-intensity light therapy (LILT) appears to be working through newly recognized photoacceptor systems.
The mitochondrial electron transport chain has been shown to be photosensitive to red and near-infrared (NIR)
light. Although the underlying mechanisms have not yet been clearly elucidated, mitochondrial photostimulation has been shown to increase ATP production and cause transient increases in reactive oxygen species
(ROS). In some cells, this process appears to participate in reduction/oxidation (redox) signaling. Redox mechanisms are known to be involved in cellular homeostasis and proliferative control. In plants, photostimulation
of the analogous photosynthetic electron transport chain leads to redox signaling known to be integral to cellular function. In gene therapy research, ultraviolet lasers are being used to photostimulate cells through a process that also appears to involve redox signaling. It seems that visible and near visible low-intensity light can
be used to modulate cellular physiology in some nonphotosynthetic cells, acting through existing redox mechanisms of cellular physiology. In this manner, LILT may act to promote proliferation and/or cellular homeostasis. Understanding the role of redox state and signaling in LILT may be useful in guiding future therapies,
particularly in conditions associated with pro-oxidant conditions.
Introduction

C

ELLULAR REDOX STATE is the delicate balance between the
levels of reactive oxygen species (ROS) produced during metabolism and ROS scavenged by the antioxidant system.1 ROS are largely produced as oxidative metabolism byproducts of the mitochondria. These ROS alter the cellular
redox state. In higher concentrations they can be cytotoxic;
however, in lower concentrations they are now being appreciated as important signaling molecules. In certain cell
types, they have demonstrated their effect on cellular function, in particular as growth regulators.2 In plants, the chloroplast is a major source of ROS, produced by photostimulation of the chloroplast electron transport chain.
Photosynthesis is dependent upon the absorption of photon energies from the visible and near visible spectrum. Plant
life utilizes biomolecular photoacceptors to absorb this energy. Subsequent photoexcitation is tightly linked to biomolecular electron transport, which in essence involves the
oxidation and reduction of biomolecules in the chain. This
electron transport is used to create the proton motive force
and thus generates energy for the cell. This electron transport also influences the reduction and oxidation of biomolecules associated with the electron transport chain (i.e., the

production of associated ROS). In this way, visible and near
visible light provides the energy for the production of highenergy molecules and influences the reduction/oxidation
(redox) state of the cell.
Low-intensity light research has revealed that specific wavelengths of light in the visible and near visible spectrum (at the
correct dose, intensity, and pulse frequency) can induce a variety of cellular effects in some nonphotosynthetic cells.3–13 Our
understanding of such effects will help determine the clinical
utility of low-intensity lasers and light-emitting diodes (LEDs).
Interestingly, these cellular effects appear to share some mechanisms with the specialized processes of photosynthesis.
This review surveys several lines of evidence that implicate a relationship between light, electron transport, and cellular redox signal transduction in photosynthetic and nonphotosynthetic organisms, including human beings. The
intention is not to provide an exhaustive review of each individual area of research, but rather to propose a novel
framework for integrating these fascinating areas of research.
Mitochondrial Photostimulation
There is now substantial evidence demonstrating the
specificity with which low-intensity monochromatic light in-
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teracts with certain nonphotosynthetic cells and tissues.3–23
In these particular cases, it is evident that low-intensity lasers
and LEDs induce wavelength-specific, intensity-specific, energy density–specific, and pulsed frequency–specific effects.
In certain cellular and tissue states, these effects participate
in coordinated processes, such as wound healing and the
modulation of chronic inflammation. Given the complexity
of these processes and the specificity of the effects of low-intensity light therapy (LILT), it appears possible that laser and
LED technologies may be acting on some specific aspect of
endogenous physiology.
In addition, there is now a growing body of evidence that
indicates that low-intensity red and near-infrared light is acting on cells through a primary photoacceptor: cytochrome C
oxidase, the terminal enzyme of the mitochondrial electron
transport chain.6,14,24–39 This evidence implies cytochrome C
oxidase absorption, over other possible elements of the electron transport chain. Eells’s group, for example, has demonstrated that low-intensity red light (670 nm) can modulate
the effects of molecules known to directly inhibit cytochrome
C oxidase activity.30,33 Furthermore, low-intensity laser researchers Karu and Kolyakov have reported similarities between the absorption spectrum of cytochrome C oxidase and
the action spectra for various biological responses of HeLa
cells irradiated with monochromatic light of 580–860 nm.36
These action spectra demonstrate peak positions in the red
range (between 613.5 and 623.5 nm), the far-red range (between 667.5 and 683.7 nm), and two peak positions in the infrared range (750.7–772.3 nm and 812.5–846.0 nm). Karu’s
work implies absorption at the two copper centers in cytochrome C oxidase, the CuA binuclear center and the heme
A3/CuB binuclear center. This research suggests that it is in
fact the oxidized form of cytochrome C oxidase, and perhaps
the oxidized forms of these copper centers, that is particularly sensitive to these wavelengths of low-intensity
light.15,29,35 This suggests that pro-oxidant cellular conditions, which likely promote the oxidized form of cytochrome
C oxidase, may result in increased sensitivity to red and nearinfrared light.
Interestingly, LILT research has shown that certain cellular and tissue states, known to be associated with pro-oxidant conditions, demonstrate an increased sensitivity to
low-intensity laser and LED biostimulation. Actively proliferating cells and chronically inflamed tissues have shown an
increased sensitivity to red and near-infrared (NIR)
LILT.6,13,15,22,40–43 Among the cell types investigated, HeLa
cells, fibroblasts, and epithelial cells have all demonstrated
sensitivity to LILT. These cells are particularly photosensitive when they are in a proliferative phase.44–46 In each case,
the proliferative phase of these cell types is associated with
a pro-oxidant redox state.2
At the tissue level, diabetic wounds have been shown to
be more sensitive to LILT than normally healing tissue.20,22,23,47 This may in part be due to pro-oxidant conditions associated with diabetic hyperglycemia.48,49 Pro-oxidant conditions may promote the presence of the oxidized,
more photosensitive form of cytochrome C oxidase in the
mitochondria of treated tissue.35 This, in addition to other
factors such as vascular compromise and poor metabolism,
might help to explain the increased LILT response in poorly
healing diabetic wounds as compared to normally healing
tissue.
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A similar argument could be made for the increased sensitivity of chronically inflamed joints, as in the case of temporomandibular disorders. This pathology has been shown
to be associated with pro-oxidant conditions and has been
shown to be particularly sensitive to LILT.42,50
The leading theory attempting to explain the basic mechanism of LILT implicates cytochrome C oxidase as the primary photoacceptor. Once cytochrome C oxidase is stimulated by light, electron transport is accelerated, leading to
increased ATP production.26,27,51 At the same time, this photobiostimulation is linked to the generation of ROS.11,29 This
increased metabolism and transient increase in ROS then
participate to provide energy and intracellular signal transduction. The complete signal transduction pathway has not
yet been clearly elucidated. However, in some cases, LILT
research demonstrates that it may involve downstream modulation of intracellular pH and calcium concentrations.8,19
Thus, photostimulation of cytochrome C oxidase is thought
to lead to increased energy availability and signal transduction. This culminates in biochemical and cellular changes
that lead to macroscopic effects, such as increased human
epithelial cell proliferation or accelerated healing in diabetic
wounds.44,47 As mentioned above, these effects are known
to be dependent upon cell type, cellular growth phase, and
associated redox conditions.
The apparent photosensitivity of the mitochondrial electron transport apparatus is a relatively new addition to biological science. Leading low-intensity laser researcher Tiina
Karu commented that photosensitivity might be a common
property of higher animals and could have physiological significance under certain conditions, under exposure to orange-red light and in high-ADP conditions.35 One suggestion is that exposure to orange-red light at dawn may
somehow help organisms prepare their cells for exposure to
higher levels of UV light in the day.
The mitochondrial electron transport chain no doubt shares
an evolutionary relationship with the photosynthetic electron
transport chain. Electron transport systems are fundamental to
life on earth. There is a clear functional similarity between the
analogous mitochondrial and photosynthetic systems. It appears possible that these biomolecular electron transport systems in certain cell types may share properties that render them
sensitive to some forms of visible and near visible light.
Reactive Oxygen Species and the Electron
Transport Chain
The photosynthetic electron transport chain (PETC) is the
principal place of appearance of ROS in plants under illumination. It is well established that these ROS participate in
cellular signal transduction in plants. “The photosynthetic
electron transport chain (PETC) has the capacities both to
produce and to scavenge ROS. It is accepted now that the
response of plants to any environmental factor deviating
from its optimal value, as well as to wounding, includes an
increased production of the ROS. The control of the ROS level
is necessary both to prevent oxidative stress or, more accurately, oxidative damage of cell components, and to provide
some developmental processes and the response in incompatible plant-pathogen interactions.52”
Similarly to the PETC, animal mitochondrial production
and maintenance of intracellular ROS play a significant role
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in biology. The development of our distant animal relative,
the ancient sea urchin Strongylocentrotus purpuratus, provides
an interesting example. In the sea urchin embryo, asymmetrical clusters of mitochondria in the cell lead to localized generation of intracellular ROS. Investigators have determined
that it is this localized, intracellular ROS generation that determines the sea urchin’s initial blueprint. This localized ROS
generation determines the oral/aboral axis of the developing organism.53 In reference to the organization of the mitochondria, a related phenomenon also seems to participate in
LILT. Likely due to redox changes, low-intensity heliumneon lasers have been shown to alter the organization of the
mitochondrial apparatus in several cell types.25–27
Concerning mammalian cells, R. Burdon has written a
comprehensive review of redox regulation of cell proliferation in which he remarked that there is a growing body of
evidence to suggest that ROS (superoxide and hydrogen peroxide) may play a crucial role in the mechanisms underlying proliferative responses.2 In the review, the author reports
prior studies in which low concentrations of ROS were
shown to be effective in stimulating in vitro growth of hamster and rat fibroblasts. These effects are believed to be mediated through effects on redox-sensitive regulatory proteins, including redox-sensitive transcription factors.
More recently, G. Pal et al. have conducted very elegant
research investigating the effect of the low-intensity heliumneon laser on normal human skin fibroblasts.54 Using fiberoptic nano-probes, single cells and cell populations were irradiated. Intracellular effects were then monitored with
fluorescence life-time imaging. Laser-induced cellular proliferation was observed in the irradiated human fibroblasts.
The study demonstrated that this induced proliferation was
associated with real-time transient increases in ROS production.
In some cases, the production of ROS by the electron transport chain leads to proliferative mechanisms. In other cases,
as in plants, ROS production can trigger the induction of antioxidative scavenging mechanisms. In this way, the ROS
level is controlled and homeostasis is maintained. As mentioned above, low-intensity laser/LED research shows that
like the PETC, the mitochondrial electron transport chain
produces ROS when illuminated with certain wavelengths
(e.g., 632.8, 812, and 820 nm) of monochromatic light.11,29,54
The generation of such ROS, in addition to increased ATP
production, may be involved in stimulating restorative
mechanisms. Such a process might participate in the treatment of delayed wound healing or chronic inflammation in
the following manner.
Pro-oxidant conditions in cells, as those found in chronic
inflammation or diabetes, may promote the oxidation of cytochrome C oxidase, resulting in increased mitochondrial
photosensitivity to low-intensity monochromatic light. As
mentioned above, once stimulated, the “oxidized” mitochondrial electron transport chain generates ATP and ROS.
Amidst increased metabolism, these particular ROS alter cellular function. In some cases they may promote proliferation, and in others they may act to induce antioxidative
mechanisms that promote redox homeostasis and improve
cellular functioning. In some cases, such ROS signaling could
act to alter gene expression by influencing redox-sensitive
transcription factors.55–58 In fact, LILT has been shown to alter the expression of a variety of genes. In their research,
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Zhang et al. used cDNA microarray analysis to investigate
this phenomenon and found that red light irradiation regulated the expression of 111 genes in 10 functional categories.46 Most of these affected genes are known to directly
or indirectly play roles in the enhancement of cell proliferation and the suppression of apoptosis. Several genes related
to anti-oxidation and mitochondria energy metabolism were
also found to express differentially upon irradiation.
Low-Intensity Ultraviolet A Photostimulation
Let us look at one more established phenomenon of photobiology. Ultraviolet (UV) light induction of DNA repair is
one of the most well studied interactions of near visible light
with cells. This has been of particular interest to those working with gene therapy. In the developing field of gene therapy, one approach involves using a retroviral vector to introduce a gene to a cell. To ensure the expression of the
introduced gene, scientists are searching for ways to safely
induce DNA polymerases involved in facilitating the expression of the viral gene. In one particular gene therapy
case, researchers have been exploring methods for activating gene transduction to treat articular cartilage defects.59 It
was previously known that ultraviolet C light (less than 280
nm) facilitates retroviral transduction by inducing DNA repair enzymes that mediate second-strand synthesis. However, UVC light causes serious side effects, including DNA
damage and significant cytotoxicity. Consequently, its utility in gene therapy is limited. However, UV light closer to
the visible spectrum has shown more promise. Researchers
have experimented with ultraviolet A light (320–400 nm) at
lower intensities (35-mW and 100-mW lasers). Ultraviolet A
is not absorbed by DNA and does not directly induce DNA
mutations. At lower intensities/doses, it is not significantly
cytotoxic. In their study, UVA low-intensity laser light was
shown to be an effective method to induce gene transduction by activating DNA polymerases. Although the basic
mechanisms of signal transduction are not clear, UVA-activated gene transduction is associated with the transient increase in intracellular reactive oxygen species. This low-intensity UV stimulation of DNA polymerases, possibly
through the generation of ROS, bears an interesting similarity to red and near infrared low-intensity laser stimulation.
The potential photoacceptor for UVA light has not been
clearly identified, although similar mechanisms may be involved.
In addition to the more widely discussed red and infrared
photostimulation, Karu reports that the action spectrum of
irradiated HeLa cells also demonstrates UVA-induced activation of nucleic acid synthesis. Karu also reports on experiments that have shown that a specific wavelength of UVA
light (365 nm), like red and infrared light, can lead to activation of mitochondrial oxygen consumption.29 Cytochrome
C oxidase does demonstrate some UV absorption; however,
more work needs to be done to explore its potential role as
a UV photoacceptor in this case.60 As in red and infrared
photostimulation, other photoacceptors may be involved.
Nonetheless, this UVA-induced biostimulation provides another interesting example in which near visible light appears
to be generating ROS through some biomolecular photoacceptor. Subsequently, cellular functioning (i.e., DNA polymerase activity) is altered.
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Conclusion
In conclusion, low-intensity monochromatic light has been
shown to cause a variety of effects on irradiated cells, depending on the state (i.e., growth phase and redox conditions) of those irradiated cells. These effects appear to be clinically relevant. LILT is now used by some practitioners to
treat poorly healing wounds and chronically inflamed tissues. Monochromatic light (UVA) effects are also being investigated for their potential role in gene therapy.
In these phenomena we observe physiology previously
thought to be limited to photosynthetic organisms and specialized photoresponsive cells. In the case of low-intensity
red and near-infrared light stimulation of several cell types,
it seems that cytochrome C oxidase may act as a primary
photoacceptor. Photoexcitation of this photoacceptor in the
mitochondrial electron transport chain then alters cellular
function, at least in part, through increased metabolism and
the generation of reactive oxygen species. As in plants, these
alterations influence cellular redox state and function. Furthermore, the initial redox state of irradiated cells appears to
influence their photosensitivity.
Thus, low-intensity lasers and LEDs may be acting on tissues through interactions with endogenous cellular redox
systems. This may explain the specificity of LILT effects. This
also may provide a framework to explain why some cells in
pro-oxidant states, such as those that are chronically inflamed, are more sensitive to LILT. In these sensitive cells,
LILT would provide further ROS, which may be specific to
promoting proliferation, or in some cases accelerating antioxidant mechanisms. In such a scenario, these processes
would provide the energy and the direction to restore redox
homeostasis and improve cell functioning. Future clinical research into LILT should include a closer look at redox state.
It is likely that our understanding of LILT therapy could be
advanced with in-vitro and in-vivo assessments of redox conditions.
In the words of dermatologic researcher Dr. Andrzej
Slominski, “life on earth since inception has depended on a
constant source of energy from the burning gases of our
sun.”61 There is an ancient relationship between the visible
and near visible spectrum of electromagnetic radiation and
the biomolecules of life. We still have much to learn about
this relationship. Research into the mechanisms of LILT may
be opening another chapter in our understanding.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

Acknowledgements
This work was supported in part by National Institutes of
Health grant no. HL57265.

17.

References
1. Menon, S.G., and Goswami, P.C. (2007). A redox cycle within
the cell cycle: ring in the old with the new. Oncogene. 26,
1101–1109.
2. Burdon, R.H. (1995). Superoxide and hydrogen peroxide in
relation to mammalian cell proliferation. Free Radic. Biol.
Med. 18, 775–794.
3. Young, S., Bolton, P., Dyson, M., Harvey, W., and Diamantopoulos, C. (1989). Macrophage responsiveness to light
therapy. Lasers Surg. Med. 9, 497–505.
4. el Sayed, S.O., and Dyson, M. (1990). Comparison of the effect of multi-wavelength light produced by a cluster of semi-

18.

19.

20.

conductor diodes and of each individual diode on mast cell
number and degranulation in intact and injured skin. Lasers
Surg. Med. 10, 559–568.
el Sayed, S.O., and Dyson, M. (1996). Effect of laser pulse
repetition rate and pulse duration on mast cell number and
degranulation. Lasers Surg. Med. 19, 433–437.
Karu. T., Tiphlova, O., Esenaliev, R., and Letokhov, V. (1994).
Two different mechanisms of low-intensity laser photobiological effects on Escherichia coli. J Photochem. Photobiol. B.
24, 155–161.
Breitbart, H., Levinshal, T., Cohen, N., Friedmann, H., and
Lubart, R. (1996). Changes in calcium transport in mammalian sperm mitochondria and plasma membrane irradiated at 633 nm (HeNe laser). J Photochem. Photobiol. B. 34,
117–121.
Lubart, R., Friedmann, H., Sinyakov, M., Cohen, N., and Breitbart, H. (1997). Changes in calcium transport in mammalian sperm mitochondria and plasma membranes caused
by 780 nm irradiation. Lasers Surg. Med. 21, 493–499.
Agaiby, A.D., Ghali, L.R., Wilson, R., and Dyson, M. (2000).
Laser modulation of angiogenic factor production by T-lymphocytes. Lasers Surg. Med. 26, 357–363.
Duan, R., Liu, T.C., Li, Y., Guo, H., and Yao, L.B. (2001). Signal transduction pathways involved in low intensity He-Ne
laser-induced respiratory burst in bovine neutrophils: a potential mechanism of low intensity laser biostimulation.
Lasers Surg. Med. 29, 174–178.
Karu, T.I., Pyatibrat, L.V., and Kalendo, G.S. (2001). Cell attachment to extracellular matrices is modulated by pulsed
radiation at 820 nm and chemicals that modify the activity
of enzymes in the plasma membrane. Lasers Surg. Med. 29,
274–281.
Nussbaum, E.L., Lilge, L., and Mazzulli, T. (2002). Effects of
810 nm laser irradiation on in vitro growth of bacteria: comparison of continuous wave and frequency modulated light.
Lasers Surg. Med. 31, 343–351.
Schindl, A., Merwald, H., Schindl, L., Kaun, C., and Wojta,
J. (2003). Direct stimulatory effect of low-intensity 670 nm
laser irradiation on human endothelial cell proliferation. Br.
J. Dermatol. 148, 334–336.
Morimoto, Y., Arai, T., Kikuchi, M., Nakajima, S., and Nakamura, H. (1994). Effect of low-intensity argon laser irradiation
on mitochondrial respiration. Lasers Surg. Med. 15, 191–199.
Mester, E., Mester, A.F., and Mester, A. (1985). The biomedical effects of laser application. Lasers Surg. Med. 5,
31–39.
Zhu, Q., Yu, W., Yang, X., Hicks, G.L., Lanzafame, R.J., and
Wang, T. (1997). Photo-irradiation improved functional
preservation of the isolated rat heart. Lasers Surg. Med. 20,
332–339.
Schindl, A., Schindl, M., Schindl, L., Jurecka, W., Honigsmann, H., and Breier, F. (1999). Increased dermal angiogenesis after low-intensity laser therapy for a chronic radiation
ulcer determined by a video measuring system. J. Am. Acad.
Dermatol. 40, 481–484.
Itoh, T., Murakami, H., Orihashi, K., et al. Low power laser
protects human erythrocytes in an in vitro model of artificial heart-lung machines. Artif. Organs. 24, 870–873.
Schindl, A., Schindl, M., Pernerstorfer-Schon, H., and
Schindl, L. (2000). Low-intensity laser therapy: a review. J.
Investig. Med. 48, 312–326.
Whelan, H.T., Buchmann, E.V., Dhokalia, A., et al. (2003).
Effect of NASA light-emitting diode irradiation on molecular changes for wound healing in diabetic mice. J. Clin. Laser
Med. Surg. 21, 67–74.

EXPLORING THE ROLE OF REDOX MECHANISMS
21. Whelan, H.T., Connelly, J.F., Hodgson, B.D., et al. (2002).
NASA light-emitting diodes for the prevention of oral mucositis in pediatric bone marrow transplant patients. J. Clin.
Laser Med. Surg. 20, 319–324.
22. Whelan, H.T., Smits, R.L., Jr., Buchman, E.V., et al. (2001).
Effect of NASA light-emitting diode irradiation on wound
healing. J. Clin. Laser Med. Surg. 19, 305–314.
23. Schindl, A., Heinze, G., Schindl, M., Pernerstorfer-Schon, H.,
and Schindl, L. (2002). Systemic effects of low-intensity laser
irradiation on skin microcirculation in patients with diabetic
microangiopathy. Microvasc. Res. 64, 240–246.
24. Passarella, S., Ostuni, A., Atlante, A., and Quagliariello, E.
(1988). Increase in the ADP/ATP exchange in rat liver mitochondria irradiated in vitro by helium-neon laser.
Biochem. Biophys. Res. Commun. 156, 978–986.
25. Greco, M., Guida, G., Perlino, E., Marra, E., and
Quagliariello, E. (1989). Increase in RNA and protein synthesis by mitochondria irradiated with helium-neon laser.
Biochem. Biophys. Res. Commun. 163, 1428–1434.
26. Karu, T., Pyatibrat, L., and Kalendo, G. (1995). Irradiation
with He-Ne laser increases ATP level in cells cultivated in
vitro. J. Photochem. Photobiol. B. 27, 219–223.
27. Pastore, D., Di Martino, C., Bosco, G., and Passarella, S.
(1996). Stimulation of ATP synthesis via oxidative phosphorylation in wheat mitochondria irradiated with heliumneon laser. Biochem. Molec. Biol. Int. 39, 149–157.
28. Pastore, D., Greco, M., and Passarella, S. (2000). Specific helium-neon laser sensitivity of the purified cytochrome c oxidase. Int. J. Radiat. Biol. 76, 863–870.
29. Karu, T. (1999). Primary and secondary mechanisms of action of visible to near-IR radiation on cells. J. Photochem.
Photobiol. B. 49, 1–17.
30. Eells, J.T., Henry, M.M., Summerfelt, P., et al. (2003). Therapeutic photobiomodulation for methanol-induced retinal
toxicity. Proc. Natl. Acad. Sci. USA. 100, 3439–3444.
31. Karu, T.I., Pyatibrat, L.V., and Ryabykh T.P. (2003). Melatonin modulates the action of near infrared radiation on cell
adhesion. J. Pineal Res. 34, 167–172.
32. Karu, T.I., Pyatibrat, L.V., and Kalendo, G.S. (2004). Photobiological modulation of cell attachment via cytochrome c
oxidase. Photochem. Photobiol. Sci. 3, 211–216.
33. Eells, J.T., Wong-Riley, M.T., VerHoeve, J., et al. (2004). Mitochondrial signal transduction in accelerated wound and
retinal healing by near-infrared light therapy. Mitochondrion. 4, 559–567.
34. Karu, T.I., Pyatibrat, L.V., and Afanasyeva, N.I. (2005). Cellular effects of low power laser therapy can be mediated by
nitric oxide. Lasers Surg. Med. 36, 307–314.
35. Karu, T.I., Pyatibrat, L.V., Kolyakov, S.F., and Afanasyeva, N.I.
(2005). Absorption measurements of a cell monolayer relevant
to phototherapy: reduction of cytochrome c oxidase under near
IR radiation. J. Photochem. Photobiol. B. 81, 98–106.
36. Karu, T.I., and Kolyakov, S.F. (2005). Exact action spectra for
cellular responses relevant to phototherapy. Photomed.
Laser Surg. 23, 355–361.
37. Wong-Riley, M.T., Liang, H.L., Eells, J.T., et al. (2005). Photobiomodulation directly benefits primary neurons functionally inactivated by toxins: role of cytochrome c oxidase.
J. Biol. Chem. 280, 4761–4771.
38. Yeager, R.L., Franzosa, J.A., Millsap, D.S., et al. (2006). Survivorship and mortality implications of developmental 670-nm phototherapy: dioxin co-exposure. Photomed. Laser Surg. 24, 29–32.
39. Liang, H.L., Whelan, H.T., Eells, J.T., et al. (2006). Photobiomodulation partially rescues visual cortical neurons from
cyanide-induced apoptosis. Neuroscience. 139, 639–649.

327
40. Elwakil, T.F., Elazzazi, A., and Shokeir, H. (2007). Treatment
of carpal tunnel syndrome by low-level laser versus open
carpal tunnel release. Lasers Med. Sci. 22, 265–270.
41. Evcik, D., Kavuncu, V., Cakir, T., Subasi, V., and Yaman, M.
(2007). Laser therapy in the treatment of carpal tunnel syndrome: a randomized controlled trial. Photomed. Laser
Surg. 25, 34–39.
42. Cetiner, S., Kahraman, S.A., and Yucetas, S. (2006). Evaluation of low-level laser therapy in the treatment of temporomandibular disorders. Photomed. Laser Surg. 24, 637–641.
43. Wheeland, R.G. (1993). Lasers for the stimulation or inhibition of wound healing. J Dermatol. Surg. Oncol. 19, 747–752.
44. Keszeli, A.C., Simpson, G.T., Campbell, J.A., et al. (1994).
Growth effects of low intensity laser irradiation on cultured
epithelial cells. Lasers Surg. Med. Supplement 6, 8.
45. Karu, T., Pyatibrat, L., and Kalendo, G. (1994). Irradiation
with He-Ne laser can influence the cytotoxic response of
HeLa cells to ionizing radiation. Int. J, Radiat. Biol. 65,
691–697.
46. Zhang, Y., Song, S., Fong, C.C., Tsang, C.H., Yang, Z., and
Yang, M. (2003). cDNA microarray analysis of gene expression profiles in human fibroblast cells irradiated with red
light. J Investig. Dermatol. 120, 849–857.
47. Maiya, G.A., Kumar, P., and Rao, L. (2005). Effect of low intensity helium-neon (He-Ne) laser irradiation on diabetic
wound healing dynamics. Photomed. Laser Surg. 23,
187–190.
48. Ha, H., Yu, M.R., and Kim, K.H. (1999). Melatonin and taurine reduce early glomerulopathy in diabetic rats. Free
Radic. Biol. Med. 26, 944–950.
49. Nath, K.A., Grande, J., Croatt, A., Haugen, J., Kim, Y., and
Rosenberg, M.E. (1998). Redox regulation of renal DNA synthesis, transforming growth factor-beta1 and collagen gene
expression. Kid. Int. 53, 367–381.
50. Milam, S.B., Zardeneta, G., and Schmitz, J.P. (1998). Oxidative
stress and degenerative temporomandibular joint disease: a
proposed hypothesis. J. Oral Maxillofac. Surg. 56, 214–223.
51. Passarella, S. (1989). He-Ne laser irradiation of isolated mitochondria. J. Photochem. Photobiol. B. 3, 642–643.
52. Ivanov, B., and Khorobrykh, S. (2003). Participation of photosynthetic electron transport in production and scavenging
of reactive oxygen species. Antiox. Redox. Signal. 5, 43–53.
53. Coffman, J.A., and Davidson, E.H. (2001). Oral-aboral axis
specification in the sea urchin embryo. I. Axis entrainment
by respiratory asymmetry. Dev. Biol. 230, 18–28.
54. Pal, G., Dutta, A., Mitra, K., et al. (2007). Effect of low intensity laser interaction with human skin fibroblast cells using fiber-optic nano-probes. J. Photochem. Photobiol. B. 86,
252–261.
55. Xiao, Y.Q., Freire-de-Lima, C.G., Janssen, W.J., et al. (2006). Oxidants selectively reverse TGF-beta suppression of proinflammatory mediator production. J. Immunol. 176, 1209–1217.
56. Li, W.Q., Qureshi, H.Y., Liacini, A., Dehnade, F., and Zafarullah, M. (2004). Transforming growth factor beta1 induction of tissue inhibitor of metalloproteinases 3 in articular chondrocytes is mediated by reactive oxygen species.
Free Radic. Biol. Med. 37, 196–207.
57. Zhang, Z., Oliver, P., and Lancaster, J.J., et al. (2001). Reactive oxygen species mediate tumor necrosis factor alphaconverting, enzyme-dependent ectodomain shedding induced by phorbol myristate acetate. FASEB J 15, 303–305.
58. Ohba, M., Shibanuma, M., Kuroki, T., and Nose, K. (1994).
Production of hydrogen peroxide by transforming growth
factor-beta 1 and its involvement in induction of egr-1 in
mouse osteoblastic cells. J. Cell Biol. 126, 1079–1088.

328
59. Maloney, M.D., Goater, J.J., Parsons, R., et al. (2006). Safety
and efficacy of ultraviolet-A light-activated gene transduction for gene therapy of articular cartilage defects. J. Bone
Joint Surg. 88, 753–761.
60. Horie, S., Hasumi, H., and Takizawa, N. (1985). Heme-linked
spectral changes of the protein moiety of hemoproteins in
the near ultraviolet region. J. Biochem. 97, 281–293.
61. Slominski, A., and Pawelek, J. (1998). Animals under the sun:
effects of ultraviolet radiation on mammalian skin. Clin.
Dermatol. 16, 503–515.

TAFUR AND MILLS
Address reprint requests to:
Dr. Joseph Tafur, M.D.
Department of Psychiatry
University of California at San Diego
9500 Gilman Drive
La Jolla, California 92093-0804

E-mail: jtafur@ucsd.edu

