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How to Use This Book


This book is packed with scientific research, technical details, and practical guidance on red and near-infrared light therapy. But here’s the important thing: You don’t need to read it all. Frankly, unless you’re passionate about understanding the science very deeply, I don’t recommend it—the scientific and technical detail may be overwhelming for many readers.


I suggest reading the introduction and chapter 1 to get an overview of what red and near-infrared light therapy are, and perhaps at least skimming chapter 2 on physiological mechanisms to understand how it works. In chapter 3, which covers dozens of types of health benefits from using red and near-infrared (NIR) light therapy, read the specific sections on the types of benefits that you’re trying to achieve and don’t worry about the ones not of interest to you. From there, feel free to skip around to the sections of the book that interest you—you may wish to learn about the technical details that determine the efficacy of red and NIR light treatments, or you may wish to skip directly to the practical how-to guidance for using it to achieve anti-aging effects in your skin, or amplify the benefits you get from exercise, or any number of other specific benefits you may be looking to achieve. You do not need to read this book from cover to cover—for most readers, especially those seeking practical guidance rather than scientific detail, a selective approach will serve you much better. There is no “right way” to read this book. Treat it as a reference manual, not a novel. It’s perfectly fine to skip around to the sections that you want to learn about.


Think of this book as your personal guidebook to red and NIR light therapy—one that adapts to your needs and interests. Whether you’re a science enthusiast or health professional who wants to understand every mechanism and pathway, or someone who just wants to know which device to buy and how to use it for a specific health-related goal, this book is designed for you.


For the science-minded reader: If you want to truly understand the nitty-gritty details—the cellular mechanisms, the physics of light penetration, the nuances of dosing protocols—then by all means, read every chapter. You’ll find comprehensive explanations of how and why red and NIR light therapy works at every level of biology, as well as extensive research and technical guidance on effective dosing and device selection.


For the practical reader: If you’re primarily interested in achieving specific benefits of red and NIR light therapy and don’t care about details of biochemical mechanisms, or biphasic dose responses, or all the technical nuances of different ways of doing red and NIR light therapy, that’s perfectly fine. Skip directly to the how-to sections on device selection and treatment protocols for your specific goals. You’ll find simple, clear, actionable guidance without needing to wade through the science.


For everyone in between: Most readers will fall somewhere in the middle. You might want to understand the basics of how red and NIR light therapy works, then jump to specific applications that matter to you. The book is structured to support this approach—each section stands on its own.


Don’t let the density of information overwhelm you. The detailed science is there if you want it, but if you just want practical guidance on what device to get and how to use it, you can skip straight to that.


Your experience with this book can be as deep or as light as you choose. It’s intentionally designed to serve as both a comprehensive scientific resource and a practical quick-reference guide.


Use it however serves you best.










Disclaimer


IMPORTANT: THIS BOOK IS FOR EDUCATIONAL PURPOSES ONLY


The materials and content in this book are for general information and education only and are not intended to be a substitute for professional medical advice, diagnosis, or treatment. While I’ve worked hard to provide helpful information for many different health concerns, none of the information in this book should ever be interpreted as a claim of treatment or cure of any particular medical condition.


ABOUT THE RESEARCH


This book discusses research about red and NIR light therapy, also called photobiomodulation (PBM), an emerging and rapidly evolving science. As you read this book, it’s important to understand that I share my best understanding of the current research, but that new discoveries are being made all the time.


Many topics within the field of PBM do not have a scientific consensus. They are contentious and hotly debated, because the current evidence isn’t strong enough to allow us to draw solid conclusions, and different experts often have varying views on how to interpret the research. I have tried to accurately and fairly represent the spectrum of opinions and perspectives while discussing any such topic. Even in cases where I may not fully agree with a particular view, I have tried to charitably present that perspective.


What we know today may change significantly as new studies are published, and many aspects of this therapy are still being actively studied and debated by scientists. While I’ve done my best to provide a comprehensive analysis of the available research, my interpretation may not be the only valid one, and other experts in the field may have different views on various aspects of this therapy. The science in this field continues to evolve, and future research will undoubtedly refine or even overturn some of the information presented here.


PRODUCT INFORMATION AND RECOMMENDATIONS


In the device selection guide section of this book, I discuss various devices and products based on my experience and honest assessment. Full transparency: I have affiliate relationships with virtually all of the major PBM device companies. This is a standard relationship in which I receive a commission if you purchase a device through my links or use my discount codes. This is at no extra expense to you—in fact, it typically provides you with a discount.


These relationships don’t influence my recommendations in this book. I am not currently a part owner of or consultant to any brand mentioned in this book, and I have no financial incentive to recommend one brand over another since I maintain affiliate relationships with virtually all the major device manufacturers and receive similar commissions from them.


Also, please note that while I discuss many PBM device types and brands, there are no personal affiliate links or discount codes in this book, and I recommend devices from a wide array of brands—many of which I have no affiliate relationship with at all. There’s no need to use my affiliate links or discount codes for any purchase, but if you’d like to support my work, you can find my unique affiliate links and discount codes on my website.


All of this is to say that no financial conflicts of interest have influenced any of the information in this book, including device recommendations. These are based solely on my honest assessment of the devices I believe are currently best for particular types of goals. As I explain in the device selection guide, there are new and better devices coming to the market almost every month, and since I cannot easily update this book after publishing, I will keep an updated list of my current device recommendations on my website.


One more important note on device selection: Results can vary significantly among individuals, and what works well for one person may not work the same way for another. My recommendation for a particular type of device for a particular benefit should not be interpreted as a guarantee that the device will help with specific conditions or symptoms that you may have. As with starting a new diet, exercise regimen, meditation practice, or pharmaceutical, individual results will vary.


RESPONSIBILITY AND UNDERSTANDING


All of the information in this book is published in good faith and for general information purposes only. I make no warranties about the completeness, reliability, or accuracy of this information. Nothing in this book should be considered a guarantee of benefit or medical claim. As with any other intervention (e.g., a drug, a diet, an exercise program, or medical device), there are potential risks of harm. (Generally speaking, the risks from red and NIR light therapy are exceedingly small, but potential harm is still possible.) Any action you take upon the information in this book is strictly at your own risk. If you have any particular medical condition, always consult a healthcare professional for guidance about your specific situation.


SPECIAL THANKS


I want to give special acknowledgment to Dr. Michael Hamblin, Ph.D., who has made large contributions to this book. Dr. Hamblin’s credentials in the field of PBM are unparalleled:


• Former professor at Harvard Medical School (now retired)


• Former principal investigator at the Wellman Center for Photomedicine at Massachusetts General Hospital


• Author of more than 1,000 peer-reviewed publications in PBM


• Author and editor of major clinical textbooks on PBM therapy


• Recognized globally as one of the world’s leading authorities, and the most prolific researcher in the entire field of PBM


I consulted with Dr. Hamblin extensively as I was developing this Version 2.0 of the book, and while doing a series of consultations and interviews over many months, we developed a very fruitful relationship that ultimately led to him becoming an editor and co-author of this book. Dr. Hamblin has overseen and edited many hundreds of pages of my writing for this project (including a great deal of content that didn’t make the cut into this book), and has also contributed much of his own writing in numerous sections of this book.


Given that PBM is still an emerging field with many unanswered questions, an enormous amount of complexity, and many differences of opinion among PBM experts and clinicians on everything from mechanisms to dosing parameters to the best devices to use, I knew it was essential to collaborate with leading PBM researchers to ensure accuracy and minimize errors in my interpretation of the evidence. While some of my own ideas and interpretations of the evidence may differ in some cases from others (which is guaranteed because there is no consensus view on many aspects of PBM, and there are significant differences of opinion about various PBM topics even among the top experts in this field), I wanted him to make sure that what I wrote in this book was as accurate as possible. My main goal of collaborating with Dr. Hamblin was to ensure that I created a book that was comprehensive, scientifically accurate, and accessible to the average reader with no background in this topic.


Dr. Hamblin has been wonderful to work with as a co-author, and I’m deeply grateful to him for generously contributing his time and incredible expertise to help me make this book vastly better than the original edition.


(A quick note on language: Though Dr. Hamblin is a co-author, I’ve chosen to use “I” rather than “we” throughout most of the book since I describe many personal opinions, device experiences, and my personal conversations with experts that would make constantly switching between pronouns unnecessarily clunky.)


I also want to give heartfelt thanks to Dr. Mark Cronshaw for his invaluable insights. He’s one of the most brilliant minds in the world when it comes to understanding the complex science of PBM dosimetry—a researcher, professor, and clinician on the leading edge of PBM applications. His commitment to bridging the gap between scientific research and clinical practice aligns perfectly with the goals of this book.


In writing this book, I spent close to 20 hours in conversation with Dr. Cronshaw (many published on my podcast), where he guided me through the nuances and complexities of key areas in PBM science. Dr. Cronshaw’s deep understanding of how light interacts with biological tissues, combined with his clinical experience applying these principles to patient care, has added tremendous depth to this work. His insights on the biophysics of light penetration, tissue optics, dosimetry, and the practical realities of delivering effective doses to target tissues have been particularly valuable in helping me understand several critically important and contentious topics in PBM science.


I am deeply grateful to Dr. Cronshaw for his generous contribution of time, expertise, and careful attention to detail that has made this book more comprehensive, accurate, and scientifically robust. I particularly appreciate how even in areas where we initially disagreed, he would playfully challenge my thinking and guide me toward a deeper understanding of the science. Beyond his brilliant insights, he’s also an absolute joy to work with—extraordinarily kind and blessed with a wonderful sense of humor.


I cannot thank both of these brilliant PBM experts enough for helping me make this book far better than I could have achieved alone.
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INTRODUCTION



The Essential Role of Light in Human Health


Imagine a drug that could speed healing, enhance brain function, reduce inflammation throughout the body, boost cellular energy production, improve athletic performance, help you lose fat and build muscle, improve your metabolic health and immune function, and even slow the aging process. All without significant side effects. A compound so remarkable that if it existed in pill form, pharmaceutical companies would race to patent it, doctors worldwide would prescribe it to millions, it would generate billions in revenue, and it would be widely regarded as a “miracle drug.” Here’s the extraordinary truth: This “drug” already exists—but not as a pill. It’s red and near-infrared (NIR) light.


Over the past several decades, researchers have published more than 6,000 studies documenting the remarkable health benefits of red and NIR light therapy (photobiomodulation, or PBM for short). Yet despite it being one of the most significant health discoveries of the last 50 years, most people have never heard of it.


For most people, the very concept that specific types of light interact with human cells or play a significant role in human health seems somewhat bizarre. This skepticism reveals a crucial gap in our understanding of human biology.


Our species has evolved over countless millennia under a giant ball of fire in the sky, some 93 million miles away, and this glowing orb has shaped our biology in profound ways. All humans, from our earliest ancestors until recent generations, have lived most of their lives under open skies, their bodies moving through daily cycles of bright sunlight and firelight’s glow. This ancient relationship with light shaped far more than just surface-level changes like tanning or pupil dilation; it built essential mechanisms into our cellular machinery that control everything from energy production to immune function, cellular regeneration, hormonal health, DNA repair, and metabolic health.


When most people think about light, they think of it in terms of the simple binary of light versus darkness: Light lets us see; darkness obscures. Many people are familiar with the basic concept that sunlight leads to vitamin D synthesis in our bodies, through ultraviolet light interacting with compounds in our skin. And there is also growing awareness of the role of light, particularly the blue wavelengths of light, entering the eyes and influencing our circadian rhythms. But the relationship between light and human health runs far deeper than this. Every cell in your body is, directly or indirectly, influenced by light in your environment, either through immediate interactions or slower biological effects that manifest over minutes, hours, and days.


The idea that light penetrates our skin and influences our cells—playing a vital role in human health—isn’t some fringe theory or crazy New Age idea. Science is revealing that humans are far more dependent on light for optimal biological function than has been previously understood. This isn’t speculation—it’s grounded in hard science, now documented in thousands of peer-reviewed studies. Just as a plant withers without sunlight, humans also rely on light to be healthy, though in less obvious ways. Our cells require regular exposure to specific wavelengths of light to function optimally, and though it’s less outwardly obvious than in a plant when we are deprived of that light, it takes a profound toll on our health nonetheless.


Let’s consider food as an analogous situation. We all know that we need to consume food in order to be healthy—we require certain types of nutrients in certain amounts, and if we get poor proportions of nutrients in our diet or consume too much junk food (which is a combination of being too poor in beneficial nutrients and too rich in harmful compounds that our body doesn’t need), we become unhealthy. You may be familiar with the concept of “essential nutrients.” An essential nutrient is a substance that the body absolutely requires to function properly but cannot synthesize on its own (or cannot make in sufficient quantities), meaning it must be obtained from external sources like food or the environment. When we lack an essential nutrient, we develop specific deficiency symptoms that can only be resolved by obtaining that particular nutrient—for instance, without vitamin C we develop scurvy, without essential amino acids we can’t build proteins properly, and without iron we can’t produce healthy red blood cells. What makes a nutrient “essential” isn’t just that it’s beneficial, but that it’s absolutely required for life, causes clear deficiency symptoms when lacking, and serves a unique biological role that cannot be filled by other substances.


Most of us are unaware that just as our body depends on certain nutrients from food—proteins, vitamins, minerals, fatty acids—it also requires specific wavelengths of light to be healthy. We might call these “light nutrients,” and like essential nutrients, our bodies need them in certain amounts to function properly. These wavelengths trigger unique biological effects that cannot be replicated by any other stimuli—making them as essential to our cellular health as vitamin C or omega-3s are to our overall wellness.


Our ancestors didn’t have to think about this, because their outdoor lives provided ample exposure to sunlight during the day. But in just a few generations, we’ve dramatically altered this relationship, and the magnitude of this light deficiency in modern environments is staggering. Step outside on a sunny day, and your body is bathed in 10,000 to 100,000 lux of full-spectrum light. Step into your office, home, or school, and that drops to a mere 100 to 500 lux—a reduction of up to a thousandfold. Today, we spend over 90 percent of our lives in artificial environments, resulting in an enormous reduction in light exposure compared to what our ancestors had. And that’s just considering overall light intensity—it says nothing of the differences in exposure to specific wavelengths of light, like red and NIR, blue, far-infrared (FIR), and ultraviolet (UV) light, between outdoor and indoor light.


Modern artificial lighting provides a severely impoverished spectrum of light, lacking many of the wavelengths our bodies have evolved to use for specific biological functions. Fluorescent lights and light-emitting diodes (LEDs), while energy-efficient, emit an unnatural spectrum that bears little resemblance to the sunlight our bodies expect and need.


Even more problematically, we’ve completely inverted our natural light exposure patterns. Our ancestors spent their days under bright, full-spectrum sunlight and their evenings in the warm, red-wavelength glow of fires. In contrast, we spend our days in dimly lit buildings under artificial lighting that lacks vital wavelengths, then expose ourselves to bright, blue-rich light from screens and LED lighting well into the night. This inversion of our natural light-dark cycles disrupts our circadian rhythms at a fundamental level, throwing off the intricate timing mechanisms that coordinate countless biological processes.


The vast majority of people living in the modern world are suffering from chronic mal-illumination and aren’t even aware of it. This has widespread effects on our brain and organ function, immune system, energy levels, mood, neurotransmitter balance, hormone levels, metabolic health, and virtually every major system of our bodies. Like a diet of processed junk food that leaves us overfed yet undernourished, our modern lighting environment bombards us with artificial light while depriving us of the specific wavelengths our bodies need to function properly. We get too much of the wrong kinds of light, too little of the right kinds, and receive it at all the wrong times. This mal-illumination affects every aspect of our biology, from brain function and neurotransmitter production to hormonal signaling, immune system function, and cellular energy production.


Research has revealed the devastating scope of this problem. Sunlight deficiency has been linked with numerous diseases, such as:


• Neurodegenerative diseases like Alzheimer’s, dementia, multiple sclerosis, and Parkinson’s[1–4]


• Dozens of types of cancers[5–8]


• Obesity[9, 10]


• Diabetes[9]


• Metabolic syndrome[10]


• Heart disease[9]


There is even research that suggests that low levels of sun exposure are a risk factor for human health equivalent to that of being a cigarette smoker![11] A Swedish study looked at nearly 30,000 women for 20 years (note: studies with this many people that are this long-term are exceedingly rare) and found that women with the lowest sun exposure had a twofold-higher rate of death compared to the women with the most sun exposure, a similar magnitude of increased mortality risk as smokers have compared to non-smokers![12]


Adding insult to injury, our evening exposure to artificial light actively compounds these problems. The blue-rich light from our phones, tablets, computers, TVs, and LED lighting doesn’t just keep us awake—it triggers a cascade of biological disruptions. Artificial light exposure at night (from electronic devices like phones, TVs, computers, indoor lighting, etc.) have been linked with numerous diseases, like:


• Several types of cancers[13, 14]


• Depression and many mood disorders[15]


• Fat gain, obesity, diabetes, and metabolic syndrome[16–18]


• Insomnia and poor sleep[19]


This crisis of mal-illumination represents one of the most significant yet underappreciated public health challenges of our time. The artificial lighting environments we’ve created in our homes, workplaces, and schools are fundamentally incompatible with our biological needs, creating a form of environmental mismatch that rivals poor nutrition in its impact on human health. Put simply, most peoples’ light-exposure habits in the modern world are the equivalent of eating an all-McDonald’s diet—chronically deprived of essential elements needed for optimal health.


While most people are familiar with vitamin D deficiency from lack of sun exposure, and many have heard about blue light’s effects on sleep, these well-known issues are merely the visible tip of a much larger iceberg of biological disruption.


The field of photobiology—the study of light’s effects on living systems—has transformed our understanding of how light interacts with human biology. Over the past several decades, we’ve discovered that just as nutritional science revealed the crucial role of various food nutrients in human health, photobiology is unveiling the essential nature of specific light wavelengths for human health and healing.


Photobiomodulation (PBM) (modifying biology with light), a branch of photobiology focusing on the therapeutic effects of light, has emerged as one of the most significant health discoveries of the last 50 years. This field has documented how specific wavelengths of light can trigger beneficial biological effects, from enhanced cellular energy production to accelerated healing. When most people hear this, they react with understandable skepticism. After all, the idea that light could penetrate our skin and influence our cellular machinery seems almost like science fiction. But again, this isn’t just theory—we now have a mountain of scientific evidence elucidating the intricate mechanisms by which these effects occur.


But to talk of “light” having effects on human biology is somewhat nebulous—just as it would be to talk of the effects of “food” on the human body. What kind of food are we talking about? Broccoli or doughnuts, fish or French fries, blueberries or Twinkies? These things act in different ways. Similarly, light of the wrong type, in the wrong place, wrong dose, or wrong timing, can have damaging effects (from DNA damage in the skin, to macular degeneration in the eyes, to artificial light at night causing metabolic and hormonal havoc). Specific wavelengths can also have profoundly beneficial effects on our cellular function and overall health.


Think of your cells as sophisticated solar panels, each containing different types of specialized light-sensitive components. These cellular structures have evolved over millions of years to capture and utilize specific wavelengths of light in distinct ways. All forms of electromagnetic radiation—from radio waves to visible light to gamma rays—interact with matter in specific ways. Our bodies are no exception. We’ve evolved sophisticated mechanisms to detect, respond to, protect ourselves from, and benefit from various parts of the electromagnetic spectrum.


Over the last few decades, scientists have slowly revealed that these wavelengths interact with our cells in remarkably specific ways. Most important, we’re beginning to understand that when we have deficiencies or excesses of certain wavelengths (or when light exposure is mistimed), it can trigger cascades of biological effects that influence everything from cellular-energy production to systemic inflammation, to overall metabolic health, to hormone levels, and much more.


Many people don’t realize that inadequate exposure to red and NIR light is perhaps one of the most problematic of these light-nutrient imbalances. These wavelengths of light play crucial roles in cellular-energy production, tissue repair, and systemic inflammation—processes that affect every aspect of our health.


I think that one reason why red and NIR light deficiencies have been so easily overlooked is that the effects are extremely subtle, despite being widespread throughout every cell in the body. When you get inadequate ultraviolet exposure, you develop measurable vitamin D deficiency, with established and well-understood harmful effects. When you get too much blue-light exposure at night and insufficient amounts during the day, you are noticeably more tired, irritable, foggy-headed, hungry, and negatively affected in a host of other systemic ways by circadian dysregulation.


Yet, when you get inadequate red and NIR light exposure, the effects are more subtle, generalized, and insidious, gradually affecting cellular and systemic health without being immediately noticeable. Red and NIR light play a crucial role in mitochondrial function, supporting energy production, reducing oxidative stress, and promoting cellular repair. Without adequate exposure, the body’s ability to maintain optimal cellular health declines over time. You may not experience obvious symptoms right away (certainly none that you’ve been taught to attribute directly to a deficiency of red and NIR light exposure), and there is no specific biomarker associated with red and NIR light exposure (as is the case with vitamin D and sunlight), but the cumulative impact could manifest as slower recovery, chronic fatigue, reduced resilience to stress, impaired immune function, or even accelerated aging.


Because these effects impact the body at a cellular level rather than through a single, easily identifiable deficiency or system, they are harder to directly associate with a lack of red and NIR light. This makes it easier for both individuals and healthcare systems to overlook their significance, even though they quietly underlie many aspects of systemic health. Basically, the absence of adequate red and NIR light doesn’t create dramatic immediate dysfunction but subtly chips away at the body’s capacity to thrive.


To truly understand how red and NIR light exert such profound effects on human biology, let’s first explore the broader context of the full electromagnetic spectrum.


This spectrum spans an enormous range—from the infinitesimal wavelengths of gamma rays (0.0001 nanometer [nm]) to the long waves of radio signals stretching over meters.


Light, the part of the spectrum we can see, occupies just a tiny slice of this range—from roughly 400 to 700 nm. Pass sunlight through a prism and you’ll see it split into the familiar colors of the rainbow—red, orange, yellow, green, blue, indigo, and violet (ROY G. BIV, for easy memorization). These visible wavelengths span from 400 to 700 nm.




[image: A diagram shows the electromagnetic spectrum, from Gamma rays to Radio waves, with arrows indicating increasing wavelength and energy.]







[image: A diagram shows a white light beam from the sun passing through a prism and splitting into the colours of the visible spectrum.]







[image: A diagram of the visible light spectrum with wavelengths, also showing Radio, Microwave, Infrared, Ultraviolet, X-ray, and Gamma rays.]





At the lowest end of the visible light spectrum are the deep violets (around 400 nm), with ultraviolet (UV) radiation existing below that (<400 nm). At the highest end of the visible light spectrum is red light, which goes from a little over 600 to approximately 700 nm. Above the visible light spectrum is NIR, from about 700 to 1,400 nm (but for therapeutic PBM, the focus is typically on the shorter end, from 700 to 1,000 nm). Beyond that comes mid-infrared and then far-infrared (FIR) energy.


Hidden within this vast spectrum lies a remarkable discovery: Specific ranges of electromagnetic radiation can powerfully influence human biology. Each of these “bioactive” wavelengths interacts with our cells in distinct ways.


UV light, particularly in the range of 290 to 400 nm, has biological effects that extend far beyond its well-known role in vitamin D synthesis. When UV light strikes the skin, it triggers a complex series of photochemical reactions that begin with the conversion of 7-dehydrocholesterol to previtamin D3. But this is just the beginning. UV exposure also modulates the production of numerous other compounds, including beta-endorphins, nitric oxide, and various immunomodulatory molecules. Recent research has revealed that UV exposure influences the composition and function of the skin microbiome, affects the production of antimicrobial peptides, and modulates systemic immune responses.


Moving into the visible spectrum, blue light, ranging from 380 to 500 nm, serves as the primary regulator of our circadian rhythm, but its effects extend far beyond simple sleep-wake cycles. When blue light strikes specialized melanopsin-containing retinal ganglion cells, it triggers a cascade of biological events that influence the entire endocrine system. These cells connect directly to the suprachiasmatic nucleus—our master biological clock—which then orchestrates the timing of countless physiological processes. The implications are profound: Blue light exposure patterns influence everything from hormone production and neurotransmitter balance to metabolic rate and immune function. Modern research has shown that proper timing of blue light exposure can enhance cognitive performance, improve mood, and even influence weight regulation through its effects on metabolic hormones. (Blue light also has other effects, such as sterilization of surfaces by killing bacteria, and is widely used in helping to control the bacteria that contribute to acne as well as other applications.)




[image: A diagram of a human body shows how different types of light (UV, Blue, Red/Near-infrared, Far infrared) interact with different parts.]





At much longer wavelengths, FIR light (3,000 to 15,000 nm) adds another dimension to “light nutrition” through its thermal and non-thermal biological effects. This wavelength range influences tissue function primarily through its interaction with water molecules, affecting cellular water structure and molecular bonds. These effects extend beyond simple heating, influencing blood-flow patterns, cellular metabolism, and the expression of heat shock proteins that play crucial roles in cellular protection and repair. Research has shown that FIR exposure can improve cardiovascular function, enhance detoxification processes (sweating is a key pathway of detoxification), and influence mitochondrial function through mechanisms distinct from those of red and NIR light.


Among all bioactive wavelengths, red and NIR light hold a unique distinction: They can penetrate far deeper into human tissue than any other wavelength. This remarkable ability exists because of what scientists call the “optical window” or “therapeutic window” in human tissue—a specific range of wavelengths, roughly from 600 to 1,000 nm. This window exists because of the unique interaction between different wavelengths of light and the major molecules in our tissues. At shorter wavelengths, light is strongly absorbed or scattered by hemoglobin in our blood and melanin in our skin. At longer wavelengths, water becomes the dominant absorber. But in between—precisely where red and NIR light fall—there’s a “window” where light can pass through these barriers much more easily, traveling several centimeters into the body to reach deep tissues.


Once in those deeper tissues, red and NIR light trigger unique and powerful biological effects—interacting with the mitochondria of the cells, altering gene expression, and other mechanisms that enhance cellular-repair mechanisms, reduce inflammation, improve collagen synthesis, and accelerate wound healing, among other health benefits we’ll explore in the coming sections.


These unique effects of red and NIR light aren’t just a coincidence of physics; it’s the result of millions of years of evolution. The fact that our bodies maintain this “window” of transparency to red and NIR light, combined with the presence of cellular mechanisms that respond specifically to these wavelengths, suggests that these kinds of light played a crucial role in our biological development. Just as our eyes evolved to see visible light because that was most useful for survival, our deeper tissues evolved this transparency to red and NIR light because these wavelengths provided important biological benefits. The therapeutic applications of these effects are remarkably broad, from enhancing muscle recovery and athletic performance to improving brain function and metabolic health to enhancing wound healing, all working through natural biological mechanisms that our bodies have evolved to utilize over millions of years.




[image: A cross-section diagram of skin layers shows the penetration depth of Blue, Green, Red, and NIR light.]





Before delving into the science and practical uses of red and NIR PBM therapy, let’s zoom out to the broader picture again. The field of photobiology has revealed that human biology requires specific wavelengths of light to function properly. Yet our modern lifestyle has created a state of mal-illumination, where we’re not only deprived of essential light wavelengths but also exposed to excessive amounts of the wrong types at the wrong times.


Within this landscape of “light nutrients” that our physiology is designed to benefit from, red and NIR light are widely regarded as the primary focus of PBM. Over the last several decades, a large body of scientific research (thousands of studies) has emerged showing that red and NIR light have remarkable therapeutic effects on human biology. While the sun has been our ancestral source of these wavelengths, modern science has allowed us to harness them more precisely through specific devices for PBM.


The remarkable effects of this therapy aren’t arbitrary—they stem from millions of years of evolution, during which every cell in our bodies developed sophisticated mechanisms to capture and utilize these specific wavelengths of light. These aren’t just beneficial wavelengths—they are essential “light nutrients” that our cellular machinery depends on, just as it depends on oxygen and glucose.


Think of it this way: Just as we would never expect a plant to thrive in darkness, or our bones to stay strong without vitamin D, our cells cannot function optimally without adequate exposure to these specific wavelengths of light. When we apply red and NIR light therapeutically, we’re essentially correcting a deficiency—one that affects nearly every person living in the modern indoor world.


The recognition of light as an essential nutrient represents a fundamental shift in our understanding of human health. It forces us to reconsider our modern indoor lifestyle, where we’ve inadvertently created a state of chronic “light malnutrition.” By understanding these wavelengths as crucial nutrients that our cells need for optimal function, we can better appreciate why their therapeutic application can have such profound effects on human health and healing.


Through precise application of these wavelengths in therapeutic doses, we can now go beyond simply correcting deficiencies. Modern PBM technology allows us to leverage these ancient cellular mechanisms to achieve an astounding range of benefits, thoroughly documented by scientific research:


CELLULAR HEALTH AND REGENERATION


• Enhance mitochondrial function and cellular energy production


• Accelerate healing and tissue repair


• Stimulate stem cell proliferation


• Reduce systemic inflammation


PHYSICAL PERFORMANCE AND RECOVERY


• Enhance strength, muscle mass, and athletic performance


• Speed muscle recovery and reduce exercise-related soreness


• Accelerate healing from injuries and wounds


ANTI-AGING AND AESTHETICS


• Reduce wrinkles and improve skin tone through increased collagen production


• Promote hair growth


• Improve body composition


BRAIN AND METABOLIC HEALTH


• Enhance cognitive function and mood


• Support brain health and sleep quality


• Improve metabolic and cardiovascular health


• Strengthen immune-system response


The focus of this book is to serve as a practical guide to understand the foundational principles of PBM using red and NIR light and the science underlying its physiological mechanisms. By providing an overview of the scientific literature on its many health benefits, readers can gain an understanding of the principles that determine the efficacy of treatment, while also offering a selection of PBM devices and how to use them effectively for a wide variety of specific purposes.










CHAPTER ONE



A History of Red and Near-Infrared Light Therapy


Throughout human civilization, light has been revered not just as a source of illumination, but as a profound healer. Ancient civilizations across the globe recognized the sun as sacred—a life-giving force worthy of worship and reverence. From the solar deities of Egypt to the sun-honoring rituals of indigenous cultures in the Americas, our ancestors intuitively grasped the sun’s vital role in health and healing. Though they lacked our modern scientific understanding of the precise physiological and biochemical mechanisms, they recognized a fundamental truth about light’s relationship to living things—an insight that led to healing traditions that modern science is now validating and explaining at the molecular level.


The therapeutic use of light—what we now call “photomedicine” or “photobiomodulation” (PBM)—has documented roots stretching back over three millennia. In India, the ancient Hindu text Atharva Veda, written around 1400 BCE, contains some of the earliest written references to healing practices involving sunlight. These weren’t just spiritual rituals but systematic approaches to treating various ailments through controlled light exposure.


As remarkable as these ancient practices are, some researchers propose that our relationship with healing light may extend millions of years farther into our evolutionary past. Iain Mathewson proposed this intriguing hypothesis in his paper “Did human hairlessness allow natural photobiomodulation 2 million years ago and enable photobiomodulation therapy today? This can explain the rapid expansion of our genus’s brain.”[1]


While scientists had previously attributed human hairlessness to better temperature regulation through sweat glands or increased vitamin D production from UV exposure, Mathewson offered a revolutionary perspective. He argued that “the penetration of red/NIR light into mitochondria-rich muscles could release systemic mediators that stimulated human brain growth over millions of years.” This could potentially explain why the timeline of human hairlessness coincides with our species’ dramatic brain development.


Moving from evolutionary theory to recorded history, humans have been consciously harnessing light’s healing properties for thousands of years.


As civilizations developed across the ancient world, three grand traditions of medicine emerged, each incorporating light therapy in different ways: traditional Chinese medicine, Indian Ayurveda, and ancient Egyptian medicine.[2]


In ancient Egypt, Ra, the sun god, was revered as a source of primal life-giving energy. Ra was depicted as a ram-headed sun god wearing a sun disc and sailing across the heavens in daylight from east to west in a celestial boat. The Pharaoh Amhotep IV of the eighteenth dynasty (1801–1792 BCE) even established a monotheistic religion centered on sun worship. In Heliopolis, a city on the Nile delta, devotees invoked their sun god with fervent and solemn incantations in order to cure illnesses and prevent disease.


The healing power of sunlight was acknowledged even in biblical texts. The Talmud recognized that the sun “carries healing in its wings” (Malachi 3:20). A story tells of Jacob limping due to an accident, and when “the Sun rose upon him,” Rabbi Berachaya interpreted this to mean, “The sun shone upon him in order to heal him.”


In Ayurvedic medicine, sunbathing—called “Atapaseva”—was prescribed for various conditions. As traditional texts explain: “Atapaseva is very useful for lightening the body, increasing the agni and treating bhrajaka pitta. Many conditions can be improved by sitting in the sun; certain types of eczema, psoriasis, arthritis, depression and water retention to name a few. Lying in the sun and meditating upon the solar plexus, is a wonderful shaman for kapha and vata.”[3]


The Greeks and Romans also recognized sunlight’s therapeutic value. Hippocrates taught that “water and sunshine were blended together in the human body to produce the best health.” Romans enjoyed sunbaths in their solaria (called Heliosis), typically followed by cold sponging. The Roman physician Caelius Aurelianus, writing in the fifth century, prescribed sunbaths for a wide range of diseases.


In medieval times, the fascinating “red treatment” became a standard approach to smallpox. The method involved wrapping patients in red cloth, surrounding them with red decor and curtains, and providing only red foods and drinks. John of Gaddesden, a royal physician to Edward I of England who died in 1361, wrote:[4]




. . . Let a scarlet or red cloth be taken and the variolous [pox-ridden] patient be wrapped in it completely—as I did with the son of the most noble king of England when he suffered those diseases . . . I made everything about his bed red . . . it is a good cure and I cured him in the end without the marks of smallpox.





This practice persisted for centuries. Even Queen Elizabeth I was wrapped in a red blanket when she contracted smallpox in 1562, and early modern smallpox wards featured red walls, red curtains, and red lamps—an early example of using specific light wavelengths for therapeutic purposes.


EARLY MODERN DEVELOPMENTS


The therapeutic use of sunlight continued into more recent centuries, with reports of light therapy appearing more frequently in medical literature. In 1735, Fiennius described a case in which he cured a cancerous growth on the lip using a sunbath. As long ago as 1774, Faure and other French surgeons reported the cure of leg ulcers through sun exposure. In 1776, LePeyre and LeConte found that “sunlight concentrated through a lens accelerated wound healing and destroyed tumors.”


There were also reports that sunlight had beneficial effects on internal conditions. In 1782, Harris used “sunlight-exposed mollusk shells to improve a case of rickets.” Gauvain in 1815 and Bonnet in 1840 recommended sunlight treatment for chronic joint inflammation.[5] Indeed, in 1845, Bonnet first reported that sunlight could be used to treat tuberculous arthritis (a bacterial infection of the joints).


The scientific understanding of light’s biological effects began to emerge in the early nineteenth century. Two pioneering scientists, Theodor von Grotthuss (1785–1822) and John William Draper (1811–1882), independently discovered what became known as the Grotthuss-Draper first law of photochemistry: “that light must be absorbed by a specific chemical substance in order for a photochemical reaction to take place.” This fundamental principle laid important groundwork for our modern understanding of how light interacts with biological tissues.


THE VITAMIN D CONNECTION


Theobald Adrian Palm (1848–1928), a physician from Edinburgh, Scotland, who traveled to Japan, made a crucial observation that would eventually lead to our understanding of vitamin D. While in Niigata, he noticed that rickets—a disease then thought to be caused by poverty, poor diet, overcrowded housing, or even poor soil—was remarkably rare among Japanese children, especially those living in sunny climates.


Palm boldly challenged the prevailing theory, noting: “Rickets is a disease of civilization, and is so frequently found in the large cities of America and Europe that it is doubtful whether the children of the poorer classes ever wholly escape it.”[6] He recommended treating children with rickets using sunbaths and relocating them to sunnier regions. His observations eventually contributed to the discovery of vitamin D in 1920, the “sunlight vitamin” that could be synthesized in the skin through UVB exposure.[7]


Leonard Findlay (1878–1947), a pediatrician at Glasgow University, made similar observations and ultimately suggested that rickets was caused by a lack of sunlight, exercise, and fresh air. In his review of rickets etiology, Findlay concluded that:[8]




Rickets is a disease of the temperate zone, being very rare, and, in fact, practically unknown, in tropical and subtropical countries. The staple diet in these climates is anything but nourishing, the people living mainly on rice, or some other cereal, exactly the kind of food which is supposed in this country to generate the disease.





This discovery represented one of the first scientific validations of light’s biological impact on human health. Modern research has vastly expanded our understanding of vitamin D’s role beyond bone health. We now know that vitamin D functions more like a hormone than a traditional vitamin, influencing hundreds of genes and virtually every tissue in the body. Vitamin D receptors are found throughout the cardiovascular system, immune cells, muscles, brain, and endocrine system.


Recent studies have linked optimal vitamin D levels to improved immune function, reduced inflammation, better mood regulation, and even longevity. The capacity to produce vitamin D through UVB exposure—a mechanism that requires precisely the hairless skin that Mathewson highlighted in his evolutionary theory—remains a perfect example of how light directly influences our biochemistry. This relationship between sunlight and vitamin D production demonstrates the profound molecular dialogue between light and human biology that continues to be explored in modern PBM research.



THE RISE OF LIGHT-THERAPY PIONEERS


Arnold Rikli (1823–1906), a Swiss entrepreneur who became ill working with chemicals in his father’s leather factory, developed his own “helio-hydroscopic treatment centers” in Bled, Slovenia.[9] These centers involved exposing the body to water, air, and sun—a philosophy captured in his famous quote: “Water is good, air is better, but light is best of all.” By 1906, Rikli’s approach had helped make Bled one of the best tourist destinations in the Austro-Hungarian Empire.


Nils Ryberg Finsen (1860–1904), born in the Faroe Islands, revolutionized light therapy and became the third recipient of the Nobel Prize in Physiology or Medicine in 1903. Finsen developed the “Finsen Lamp,” a large electric carbon arc lamp with a system of filters and lenses that produced concentrated beams of light. He initially used red light to treat smallpox patients by reducing inflammation and preventing scarring.


A breakthrough came when one of Finsen’s engineers, Niels Mogensen, who suffered from tuberculosis of the skin (lupus vulgaris) with severe facial lesions, showed dramatic improvement after just 4 days of treatment with Finsen’s ultraviolet light.[10] This led to the establishment of the Medical Light Institute in Copenhagen in 1896, where, between 1886 and 1901, an impressive 83 percent of the 804 tuberculosis patients treated were cured, with only 6 percent showing no improvement.


Interestingly, researchers in 2005 discovered that Finsen’s device likely delivered UVA and blue light rather than UVB as originally thought, suggesting that the tuberculosis bacteria contained enough free porphyrins to be killed by these wavelengths through photodynamic action.


In his Nobel Lecture in 1903, Finsen reflected on his personal connection to light therapy:




My disease has played a very great role for my whole development. The disease was responsible for my starting investigations on light. I suffered from anemia and tiredness, and since I lived in a house facing the north, I began to believe that I might be helped if I received more sun. I therefore spent as much time as possible in its rays. As an enthusiastic medical man I was of course interested to know what benefit the sun really gave.





After Thomas Edison invented the electric light bulb in 1879, John Harvey Kellogg (1852–1943)—businessman, inventor, and physician—began applying electric light for therapeutic purposes at the Battle Creek Sanitarium in Michigan. To overcome Michigan’s frequently cloudy skies, Kellogg constructed his first “incandescent electric light bath” in 1891 and exhibited it at the World’s Columbian Exposition in Chicago in 1893.


Kellogg’s 1910 book, “Light Therapeutics: a practical manual of phototherapy for the student and the practitioner, with special reference to the incandescent electric-light bath,” described applications of electric light to various body parts including the spine, chest, abdominal region, and joints.[11] Under his guidance, the Battle Creek Sanitarium expanded dramatically, treating just 106 patients in 1866 but 7,006 by 1906.[12]


Oskar Bernhard (1861–1939), a Swiss surgeon, made a serendipitous discovery about sunlight’s healing properties in 1902. When treating a patient with severe knife wounds whose surgical incision had burst open and was healing poorly, Bernhard tried an unusual approach:[13]




As I entered the hospital one beautiful morning, and the sun shone warmly through the open window, while a refreshing and stimulating atmosphere filled the whole ward, the thought suddenly occurred to me of exposing this large wound to the sun and air; for the mountain peasant of the Grisons also exposes fresh pieces of flesh to the sun and dry air to preserve them, and in this way makes a nourishing and tasty food, the well-known “Bindenfleisch.” So I resolved to try this antiseptic and drying effect of the sunlight and air on the living tissues. Then, to the great astonishment of the staff, I had the bed put to the open window and laid the large wound open. By the end of the first hour and a half’s exposure there was a marked improvement noticeable, and the wound presented quite a different appearance.





This success led Bernhard to establish his own private clinic for sunlight therapy at St. Moritz in 1905, featuring south-facing balconies to maximize sun exposure.[14]


Similarly, Auguste Rollier (1874–1954) opened a clinic in Leysin, Switzerland, specializing in treating non-pulmonary tuberculosis with carefully controlled sun exposure.[15] Rollier recommended gradually building up to “a daily total of two to three hours in the summer months, and three to four hours in the winter,” and also successfully treated soldiers with intractable war wounds from World War I.


By May 1928, light therapy had reached such popularity that The Times of London published a forty-page supplement entitled “Sunlight and Health,” filled with photographs, illustrations, and advertisements. As Tania Anne Woloshyn noted in her book Soaking Up The Rays, the supplement was intended to “enable, not merely reflect, the widespread acceptance and legitimization of therapeutic light and to cement the so-called innate connection between sunlight and health within the minds of its readership.”[16]


However, not everyone was convinced that heliotherapy could work in Britain. Physicians Eleanor and William Russell wrote in 1925:[17]




It is very difficult and almost impossible to practice heliotherapy in this country, owing to its low altitudes and its climatic conditions. The moisture-laden atmosphere and the smoky air filter out practically all the therapeutic rays of the sun, particularly in our large cities, and especially in winter, so that the sunlight we get is almost free from these rays.





A transformative advancement came in 1917 when Albert Einstein proposed the concept of “population inversion and stimulated emission”—a state where more atoms or molecules are in an excited, light-emitting state than in a light-absorbing state.[18] This theoretical groundwork eventually led to the development of lasers.


The first working laser was produced in 1960 by Theodore Maiman at Hughes Research Laboratories in California, using a synthetic ruby crystal that emitted pulsed coherent light at 694 nm.[19] At a press conference at the Hotel Delmonico in New York on July 7, 1960, Maiman announced:




Thank you, and good morning, ladies and gentlemen. We are here today to announce to you that man has succeeded in achieving a goal that scientists have sought for many years. For the first time in history a source of “coherent” light has been attained. This is another way of saying that the long-sought “laser” is no longer an elusive dream, but is indeed, an established fact.





THE BIRTH OF PHOTOBIOMODULATION


The medical applications of lasers were soon explored, with Paul E. McGuff at Tufts New England Medical Center investigating their use in treating tumors. However, it was Endre Mester (1903–1984), a Hungarian professor at Semmelweis Medical University in Budapest, who serendipitously discovered the healing effects of low-power laser light in 1965.


In the 1960s, Mester was using red-light lasers to kill tumor cells implanted into laboratory animals.[20] He was trying to repeat McGuff’s successful research in Boston. Interestingly, Mester’s laser only had a small fraction of the power output of McGuff’s device and thus was insufficient to kill the tumor cells.


But Mester observed a fascinating phenomenon: “He noticed that the skin wounds made during the implantation of the tumors healed dramatically faster in the animals being treated with the red light compared to the animals not being treated with light. The light actually caused damaged cells to heal faster!”


He also observed that “hair growth was also stimulated” in the treated animals. This accidental finding led Mester to explore the effects of low-power laser beams on wound healing in humans with diabetes, venous insufficiency, and rheumatoid arthritis.[21] His pioneering work in revealing the anti-inflammatory and pain-relieving effects of laser therapy earned him recognition as the “Father of Photobiomodulation.”


Indeed, this discovery of the power of red light to speed up healing and regeneration of human cells has now been confirmed by hundreds of studies.


Russian scientist Tiina I. Karu (born 1945) further advanced the field by investigating the photobiological mechanisms of low-power laser beams. She was the first to highlight the role of mitochondria and cytochrome C oxidase as photoreceptors in living cells and identified some of the signaling pathways that could be triggered by exposure to red and NIR light.[22]


In 1962, Nick Holonyack at General Electric’s Advanced Semiconductor Laboratory invented the first visible light-emitting diode (LED), earning him the title “Father of the light-emitting diode.”[23] Though initially overshadowed by laser technology, LEDs eventually became crucial in light therapy when Harry Whelan at the Medical College of Wisconsin used NASA-promoted LEDs to treat oral mucositis lesions in pediatric leukemia patients.[24]


The advantages of LEDs—ease of home use, cost-effectiveness, safety, and wide availability—have since led them to largely replace lasers in therapeutic applications. Most comparative studies between lasers and LEDs using the same optical parameters have concluded “there is little difference between them” in terms of therapeutic effectiveness.[25]


In the 1990s, NASA began exploring this technology as well. They were initially using red-light LED technology for growing plants during shuttle missions. But once it was discovered that these lights also affected human cells, NASA started testing and refining the technology with the idea to use it to help astronauts maintain muscle and bone mass, as well as to treat chronic wounds.


Since these early days, PBM and low-level laser/light therapy (LLLT) have grown into robust fields of research. The body of scientific evidence has expanded exponentially, with thousands of studies now documenting the effects of red and NIR light on biological systems. This remarkable accumulation of research spans disciplines from cellular biology and neuroscience to sports medicine and dermatology.


The breadth of documented benefits is equally impressive, and ranges from cellular effects—increased collagen, stem cell activation, and enhanced mitochondrial function—to clinical outcomes like accelerated wound healing, pain reduction, and improved cognitive and athletic performance, to the treatment of arthritis, depression, Parkinson’s disease, sports injuries, chemotherapy-induced oral mucositis, hair loss, acne, and dozens of other conditions.


By 2015, the terminology for this field had evolved from “low-level laser therapy (LLLT)” to “photobiomodulation therapy (PBMT)”.[26] This shift reflected several important developments in the field. A major driving factor was indeed the growing prominence of LED devices, which had proven to be as effective as lasers in most applications while being more affordable, safer, and easier to use in home settings. As research repeatedly confirmed that coherent laser light was not necessary for therapeutic effects, and that the key factors were wavelength, dosage, and treatment parameters rather than the light source itself, the term “laser therapy” became increasingly inaccurate for describing the broader field.


Additional factors in this terminology evolution included the recognition that “low-level” was an imprecise descriptor (what constitutes “low” was never clearly defined), and the growing understanding that light therapy sometimes works by inhibiting certain biological processes rather than stimulating them.[27] The consensus term “photobiomodulation therapy” better encompassed the field’s diverse applications, light sources, and biological mechanisms. (Note that while photobiomodulation is technically broader, when most people say “photobiomodulation” they’re typically referring to red and NIR light therapy. The other wavelengths are typically more specialized applications rather than the core of what PBM represents therapeutically.)


Red and NIR light therapy devices have been FDA-approved for several purposes, including anti-aging, hair-loss reversal, acne treatment, pain relief, slow-to-heal wound treatment, and fat loss. This FDA approval demonstrates the abundance of research showing benefits, because the therapy has to be proven both safe and effective in numerous trials to gain such approval.


The field of PBM continues to evolve with ongoing investigations into optimal dosing parameters, treatment protocols, and novel applications. As technology advances, more affordable and effective devices are becoming available to clinicians and consumers alike, democratizing access to this powerful therapeutic approach.


From ancient sunlight rituals to modern LED devices, the therapeutic application of red and NIR light represents one of humanity’s oldest and most enduring healing traditions—one that continues to evolve with our advancing scientific understanding. What began as intuitive practices based on observation has now been validated through rigorous scientific inquiry, revealing that our ancestors’ reverence for light’s healing power was indeed founded on a profound biological reality.










CHAPTER TWO



How Photobiomodulation Works: The Mechanisms and Pathways of Red and NIR Light Therapy


How do waves of light transform into powerful signals that can heal and restore the body? The journey of a photon from a light wave traveling through space to a catalyst of cellular healing is a complex and fascinating process.


Since researchers first began investigating low-level laser therapy in the 1960s and 1970s, the precise mechanisms of how photobiomodulation (PBM) “works” have been somewhat mysterious and hotly debated in the scientific community. Researchers knew red and near-infrared (NIR) light produced remarkable health benefits, but understanding exactly how light interacts with cells proved challenging. Over the past two decades, significant breakthroughs have dramatically clarified these mechanisms, revealing a nuanced and intricate biological communication system. Even since the first version of this book was published in 2018, our collective understanding of PBM mechanisms has advanced significantly—enough to require a near-complete rewrite of this section. And it’s also likely that our current scientific understanding is still in its adolescence, and much more will be uncovered in the coming decades.


Before diving into the mechanisms of PBM, it’s crucial to shift how we typically understand medical interventions. Most of us have been taught to think about how things work in the body through a pharmaceutical lens—where a treatment acts on a discrete mechanism, targeting one specific receptor, enzyme, or biochemical pathway. A precise, linear intervention: one molecule blocking or activating a specific target.


But this just isn’t how PBM works. As research continues to expand on PBM, scientists are uncovering an impressively diverse array of cellular and systemic mechanisms through which red and NIR light exert their beneficial effects. Rather than acting through a single pathway or mechanism, red and NIR light influence multiple biological systems simultaneously, triggering cascades of effects throughout the body.


This complexity has unfortunately led to some skepticism and a relatively slow acceptance of PBM in conventional medicine. Medical researchers often question how exactly it works, expecting a simple, linear answer that light photons interact with one particular kind of receptor and trigger a specific mechanism or two. But then they’re often frustrated by responses describing complex cascades of effects at many different layers of our physiology—because their opinion may be something along the lines of “if you can’t tell me the exact mechanism of how it works, then it’s not really scientific.” Some PBM researchers are trying to fit things into a conventional mold, reducing PBM down to two or three very discrete “mechanisms” (e.g., cytochrome c oxidase [CCO], etc.). While this kind of reductionistic thinking can, on one hand, lead to valuable specific knowledge, it can also sometimes obscure the bigger picture in another sense—in the same way that reducing the effects of sunlight down to just “vitamin D” or reducing the effects of exercise down to “muscle growth” or reducing meditation down to “lowering stress levels” misses their profound systemic impacts.


This multitude of mechanisms and pathways may lead to skepticism among the mainstream medical thinkers trying to pin down a particular “mechanism” of “how PBM works.” But ironically, as you’ll soon see, the fact that PBM affects so many pathways and mechanisms throughout our biology is what makes it so powerful. Like other fundamental biological inputs, such as exercise or eating a nutritious and diverse diet, PBM can influence health more deeply and broadly than any single-pathway intervention ever could.


Rather than affecting a specific mechanism unique to a particular medical condition in a highly targeted way, PBM is more like a complex biological orchestrator. Just as a workout or a nutritious meal triggers countless mechanisms and affects many layers of our biology, PBM works in a similarly multifaceted way. While a drug might block a specific receptor or inhibit a particular enzyme, light triggers a network of responses. These responses ripple through our physiology, affecting cells both locally and systemically. From local tissue growth factors to collagen production, to changes in inflammatory cytokines and immune function, to blood chemistry, metabolic function, and even stem cell activation, PBM creates a comprehensive, multi-layered biological response in our bodies.


These mechanisms span from the subcellular to the systemic level, including profound effects on mitochondrial function and cellular energy production, modulation of the immune system’s inflammatory responses, optimization of metabolic processes, activation of stem cells, enhancement of cellular growth and regeneration, improvements in vascular function and blood flow, regulation of hormone production, and even modulation of gene expression. The complexity of these overlapping and interconnected pathways helps explain why red and NIR light can benefit such a wide range of conditions and tissues.


The full picture of how these various mechanisms interact continues to be elucidated, with new discoveries happening all the time that expand our understanding of light’s biological effects. But what’s crucial to grasp is that light isn’t just a medical intervention like a drug designed to target specific disease mechanisms. Rather, it works through a web of complex interconnected pathways forged by our ancient evolutionary partnership with light—a relationship that has shaped how our bodies function over millions of years, long before Homo sapiens even existed. Using a reductionist lens, we can break things down into parts and mechanisms (like the way we talk about drugs) and talk about how PBM works in a particular medical condition via a particular mechanism. But remember that in the big picture, the way red and NIR light interact with human biology is typically far more complex and multifaceted than our simplistic mechanism-based models typically imply.


When red and NIR light penetrate your tissues, they trigger a cascade of biological effects that flows from the molecular level outward—first affecting individual cells, then spreading through tissues, entire organs, and ultimately orchestrating beneficial changes throughout the entire body. What begins at the smallest scale ripples through every layer of your physiology.


Now let’s explore the key changes induced by PBM, tracing the process from the initial nano-level interactions between photons of light and biological molecules to whole-body systemic transformations.


MOLECULAR CHANGES: THE FOUNDATION OF LIGHT THERAPY


Research has identified dozens of specific molecular pathways that respond to, or are indirectly influenced by red and NIR light, including various signaling cascades, transcription factors, and genetic regulators. This extensive network of molecular responses helps explain the diverse therapeutic effects observed with light therapy. We’ll explore many of these pathways in detail shortly, but here is an overview:


• CCO: This molecule in your mitochondria absorbs light directly, acting as a primary photoreceptor.


• Adenosine triphosphate (ATP): An energy-carrying molecule, often referred to as “the energy currency of life,” providing more power for cellular functions.


• NITRIC OXIDE (NO): Released after light exposure, it improves blood flow and cellular signaling.


• CALCIUM: Light changes how this important messenger moves in cells, triggering various healing responses.


• REACTIVE OXYGEN SPECIES (ROS): In small amounts, these act as signaling molecules that activate protective pathways.


• MELATONIN: PBM has profound and surprising effects on melatonin levels in our cells.


• WATER: Cellular water structure and hydrogen bonding may be influenced by PBM exposure, affecting how cells function.


• GROWTH FACTORS: Light stimulates production of compounds like vascular endothelial growth factor (VEGF), brain-derived neurotrophic factor (BDNF), and transforming growth factor beta-1 (TGF-beta 1) that promote healing.


CELLULAR CHANGES: HOW YOUR CELLS RESPOND


These molecular changes lead to important shifts in how your cells function.


• INFLAMMATION CONTROL: Immune cells shift from promoting inflammation to supporting healing.


• CELL PROTECTION: Cells become more resistant to damage from toxins and stress.


• ENHANCED REPAIR: Cells grow, divide, and move more effectively to heal damaged tissues.


• PROTEIN SYNTHESIS: Production of essential proteins like collagen increases.


• STEM CELL ACTIVATION: Your body’s master repair cells become more active and effective.


• GENE EXPRESSION: Light exposure changes which genes get turned on or off.


TISSUE AND ORGAN SYSTEM EFFECTS


As cellular changes accumulate, entire tissues and organ systems begin to respond:


SKIN AND CONNECTIVE TISSUE


• Increased collagen and elastin production


• Better wound healing with less scarring


• Improved skin tone and reduced wrinkles


MUSCLES


• Enhanced energy production for better performance


• Faster recovery after exercise


• Improved glucose metabolism


BRAIN AND NERVOUS SYSTEM


• Reduced inflammation in neural tissue


• Better blood flow to the brain


• Support for neuron growth and new connections


• Relief from pain and improved mood


HAIR FOLLICLES


• Extended hair-growth phase


• Activated hair-growth cells


• Enhanced blood circulation to hair roots


BONES AND JOINTS


• Stimulation of bone-forming cells


• Enhanced mineral deposition


• Reduced joint inflammation


IMMUNE SYSTEM


• Balance between pro- and anti-inflammatory responses


• Improved function of immune cells


• Better clearance of damaged cells and pathogens


ADIPOSE TISSUE


• Enhanced fat breakdown


• Changes in fat-related hormone production


• Improved metabolic activity in fat cells


SYSTEMIC (WHOLE-BODY) EFFECTS


Ultimately, these changes combine to create whole-body benefits:


• Skin rejuvenation


• Faster wound and injury healing


• Reduced systemic inflammation


• Optimized mitochondrial function


• Enhanced stem cell activity


• Improved athletic performance


• Better circulation


• Hormonal balance


• Accelerated recovery


• Strengthened immune health


• Increased energy and reduced fatigue


• Better stress adaptation


• Anti-aging effects


• Increased cellular resilience


• Pain reduction


• Improved body composition


• Autoimmune modulation


• Improved microbiome diversity


• Optimized metabolic health


• Improved sleep quality


• Enhanced brain function


This progression from molecular interactions to whole-body effects explains why PBM can benefit so many different conditions. By enhancing fundamental cellular processes, light therapy helps your body function better at every level.


It’s also important to recognize that light doesn’t simply activate specific mechanisms in an unregulated way where it “pushes” all cells into a uniform response. Instead, it generally works as a regulator of various functions, helping dysfunctional or damaged cells restore balance while maintaining normal function in healthy cells. Here’s how Dr. Hamblin described this important point:[1]




The biomodulation achieved by PBM allows it to be applied in situations that can be apparently paradoxical because it can sometimes be used to stimulate cells and tissues, and in other situations it can inhibit the same biological effect. For this reason, PBM is referred to by many researchers as a regulator or modulator because it restores the organism to homeostasis.





This complexity highlights how red and NIR light can impact the body at multiple levels, setting off cascades of changes that modify cellular function both at the initial site of exposure and in distant tissues via systemic mechanisms, affecting both cellular health in the tissues directly exposed to the light, and overall systemic health.


THE TWO LAYERS OF PBM EFFECTS: INITIAL INTERACTIONS AND DOWNSTREAM BIOLOGICAL CASCADES


Now that we’ve got an overview of the many effects of PBM across the different levels of our physiology, let’s dive in to the specifics of how it all works. We’ll do this in two parts, breaking down the fundamental mechanisms first and then looking at the broader physiological changes that follow.


The first layer is the true “mechanisms” of PBM in the purest sense. These are essentially the “molecular switches” that the photons of light directly interact with to initiate a response in our cells—it’s the meeting of photon and biology.


Research has identified several key molecular targets where this happens, with the four most widely recognized being:


1. CCO: A crucial enzyme in the mitochondrial electron transport chain that absorbs red and NIR light to enhance ATP production and cellular metabolism.


2. TRANSIENT RECEPTOR POTENTIAL VANILLOID 1 (TRPV1) ION CHANNELS: Light-sensitive calcium channels that regulate pain perception, inflammation, and cellular signaling.


3. TGF-BETA 1: A signaling molecule activated by light that promotes tissue repair, immune modulation, and collagen production.


4. WATER (NANOSTRUCTURED WATER CLUSTERS): Light absorption may alter water viscosity within cells, affecting mitochondrial efficiency and cell function.


The second layer to this story is everything that happens after these molecular switches are activated—the cascade of changes at the cellular level and throughout the body that actually result in various kinds of health benefits.


In the following sections, we’ll explore each of these fundamental mechanisms and pathways in detail, outlining how light initiates these processes and leads to widespread health benefits.


THE FOUR FUNDAMENTAL MECHANISMS OF PHOTOBIOMODULATION: WHERE LIGHT MEETS BIOLOGY




[image: A circular diagram of a cell shows how light interacts with Cytochrome C oxidase, TRPV1, Water, and TGF beta 1.]





Mechanism #1: The Electron Transport Chain and Cytochrome C Oxidase


Think of your cells as tiny power plants. At the heart of each cell are mitochondria—small structures that generate the energy your body needs to function. Inside these mitochondria is something like an assembly line for energy production called the electron transport chain. Workers on this assembly line (electron transport chain complexes) pass electrons from one to another, creating energy at each step.


One of the most well-documented mechanisms of PBM involves the interaction of red and NIR light with one particular “worker” on this assembly line: cytochrome c oxidase (CCO)—a key enzyme in the mitochondrial electron transport chain (ETC). This enzyme has specific absorption peaks in the red and NIR regions of the spectrum, triggering a series of biochemical reactions that enhance cellular metabolism and energy production.[2]


The process begins at the molecular level when photons are absorbed by CCO’s copper and heme centers, leading to a change in the enzyme’s electronic structure. This photoexcitation increases the rate of electron transfer in the ETC, directly enhancing the proton gradient across the inner mitochondrial membrane. The result is a significant boost in ATP production—your cell’s primary energy currency.


There’s also a critical role of nitric oxide (NO) in this process of how red and NIR light bolsters CCO activity. Mitochondria need CCO to bind with oxygen to produce ATP, but NO competes with oxygen for binding, slowing ATP production. This isn’t to say that NO is harmful (quite the opposite; it has numerous beneficial effects throughout the body). Rather, excessive NO competing with oxygen within mitochondria can cause dysfunction.


PBM may release NO from CCO, freeing up oxygen to restore efficient energy production.[3, 4] In other words, light could knock the NO out and let the oxygen in, which would allow CCO to resume the use of its oxygen molecules and thus promote efficient mitochondrial function. This process is like removing a roadblock so traffic can flow freely again, allowing your cellular energy production to proceed more efficiently.


While this remains under investigation, studies suggest that light-induced NO dissociation enhances cellular respiration.[5]


In short, red and NIR light hits a critical enzyme in your cellular power plants, changes its structure, and helps it work better by removing a molecular traffic jam. This leads to improved cellular energy production.


While researchers are still investigating some of the nuances of the mechanisms, there’s clear agreement that red and NIR light ultimately enhances mitochondrial energy production.


Beyond just producing more ATP, light therapy creates small, controlled increases in reactive oxygen species (ROS)—such as superoxide and hydrogen peroxide. Think of these as cellular messenger molecules that activate repair mechanisms and beneficial gene expression. While too much ROS can be harmful (like excessive oxidative stress), these mild increases actually support your body’s antioxidant defenses and make cells more resilient.


So why does this central effect on mitochondria matter? Quite simply, because mitochondria fuel nearly every biological function within cells and serve as a type of biological “hub” or “headquarters” for regulating cellular health.[6] No matter what cell type, whether muscle cells, heart cells, thyroid gland cells, skin cells, or brain cells, they depend on mitochondrial energy production to do their job well. So as a generalization, anything which improves mitochondrial function in those cells will tend to make that organ system function better. And it seems that human biology is very much designed in such a way that light is one of the fundamental inputs that enhances mitochondrial function.


This also helps explain what might seem too good to be true: how one therapy can help so many different conditions. Since every cell contains mitochondria, and virtually all cellular functions depend on energy, improving the “power supply” of cells throughout your body can enhance many different physiological processes simultaneously. It’s not that light is a magical cure-all; rather, it’s enhancing a basic biological function–cellular energy production—that affects everything else.


Mechanism #2: TRPV1 Ion Channels


Another key mechanism of PBM involves the Transient Receptor Potential Vanilloid 1 (TRPV1) ion channel, a protein that acts as a bridge between red and NIR light exposure and the body’s healing processes. Initially identified as the receptor responsible for sensing heat and the spiciness of chili peppers,[7] TRPV1 is far more than a simple heat sensor—it also responds to mechanical forces and specific wavelengths of light, making it a potentially critical player in PBM.


When red and NIR light (600 to 1,000 nm) enters the body, TRPV1 channels can be activated in two main ways:


• DIRECT PHOTORECEPTION: Light-sensitive proteins on TRPV1 interact with photons, triggering the channel to open.[8]


• HEAT-INDUCED ACTIVATION: The mild warming effect of PBM (raising tissue temperature to ~43°C, or ~109°F) can also activate TRPV1.[9]


When TRPV1 channels open, calcium ions flood into the cell, setting off a chain reaction of biological effects. Calcium serves as a messenger molecule, influencing:


• GENE EXPRESSION: Calcium triggers transcription factors that regulate DNA activity, instructing cells to repair and regenerate.


• MITOCHONDRIAL FUNCTION: Calcium enhances ATP production, providing energy for cell growth and tissue repair.[10]


• CELLULAR STRESS RESPONSE: TRPV1 helps cells regulate inflammation and oxidative stress, protecting against damage.


On a broader scale, TRPV1 activation by PBM triggers numerous tissue-level effects. According to one group of researchers,[11]




The PBM process works with chromophore CCOs and [TRP] ion channels to raise secondary messengers like calcium ions, cAMP, and ROS. These secondary messengers play a vital role in initiating the activation of transcription factors and signaling molecules, which subsequently trigger downstream signaling cascades leading to profound photobiological effects within the cell.





TRPV1 plays a role in circulation, modulation of pain signals, and neuroplasticity.[12–14] However, the relationship between TRPV1 and PBM appears complex and context-dependent. Research suggests that depending on specific conditions, wavelengths, and tissues involved, PBM may either activate or inhibit TRPV1 channels. Some studies indicate that certain wavelengths in the red to mid-infrared range might modulate TRPV1 activity in ways that could contribute to pain relief. Also, when tissues are warmed to approximately 43°C or 109°F (which can occur with some PBM applications), TRPV1 activation may influence mitochondrial function while potentially affecting inflammatory responses through mechanisms that might involve mast cells and histamine release. These varied effects could partially explain the diverse outcomes observed with PBM therapy, including both anti-inflammatory and tissue-regenerative effects. However, it’s important to note that the specific mechanisms connecting TRP-V1, mitochondrial function, and clinical outcomes of PBM are still being investigated, and much more research is needed to fully elucidate the role of TRPV1 in mediating the effects of PBM.


Mechanism #3: TGF-Beta 1 and Cellular Regeneration


Another of the key pathways activated by red and NIR light is Transforming Growth Factor Beta 1 (TGF-beta 1), a powerful signaling molecule that drives tissue healing and regeneration.[15] Normally, TGF-beta 1 exists in an inactive state, but when exposed to red and NIR light, it becomes activated and ready to stimulate repair processes.[16]


Once activated, TGF-beta 1 signals cells to repair damaged tissue, build new cells, and regulate inflammation.[17] It also ensures that different cells in the body communicate properly, coordinating the healing process. This makes it a vital part of how PBM helps the body recover from injury and stress.


Dr. Praveen Arany has been a pioneer in this field, and I’ve had the pleasure of interviewing him on my podcast. Here’s what he had to say about his group’s discovery of TGF-beta 1 and its interaction with red and NIR light:[18]




My research actually started there. I asked “How can you use light and improve wound healing?” The wound is a very dynamic environment with lots of cells and changes that actually are very attractive for many reasons. I found that to be my playground, if you will, for beginning to understand how light works. In that process, we actually discovered one of the other mechanisms, which turns out to be a growth factor called TGF-beta 1. This growth factor is extremely important for many different processes, but specifically for wound healing.


Now, this growth factor turns out to be present normally in the body, in all of our tissues, in an inactive, latent form. That is where I think we saw the opportunity. Now, this growth factor is present but is not activated. That’s where we found, after lots of very careful investigation, that a single amino acid, a single methionine on that growth factor is actually responsible for sensing light. We make that analogy of rhodopsin in your eye. We don’t have electronic sensors in our eyes; how come we are able to see? . . . That’s where, if you look very carefully, you will see that there is actually a molecule called rhodopsin in your eye that is capable of sensing light.


If you can have one molecule that is capable of enabling vision, we thought, why would it not be possible to look for other molecules? That’s where we found this growth factor TGF-beta 1. After very careful investigations in the lab, in vitro, which is in cell culture and cells, to animal models, which we very carefully investigated, we found that there is a single amino acid in this growth factor that is responsible for the light sensitivity.





The signaling cascade of TGF-beta 1 is not limited to individual cells—it propagates effects throughout tissues by altering cellular behavior, modifying the extracellular environment, and coordinating the activities of various cell types. Here are some examples of how it works across different tissues and organ systems:


• CONNECTIVE TISSUE: In tendons, ligaments, and cartilage, TGF-beta 1 boosts collagen production, particularly types I and III, which are essential for structural integrity.[19, 20] It also promotes the reorganization of collagen fibers, strengthening these tissues and making them more resilient.


• MUSCLE TISSUE: TGF-beta 1 activates satellite cells, the muscles’ stem cells, enabling them to repair damaged muscle fibers.[21] It also supports the growth of new blood vessels, improving oxygen and nutrient delivery to healing tissues.


• SKIN: In skin tissue, TGF-beta 1 accelerates wound healing by increasing dermal thickness, promoting collagen synthesis, and guiding the remodeling of the extracellular matrix for better quality repair.[22]


• BONE: TGF-beta 1 stimulates osteoblasts, the cells responsible for building bone, aiding in the formation and mineralization of new bone matrices.[23] This is particularly important for fracture healing and bone regeneration.


• IMMUNE FUNCTION: TGF-beta 1 helps regulate inflammation by triggering anti-inflammatory pathways while suppressing excessive immune activity that can lead to tissue damage.[24] It also supports the recruitment and activation of immune cells like macrophages, which aid in clearing debris and coordinating the repair process. By modulating immune activity, TGF-beta 1 ensures that healing occurs in a controlled, effective manner without unnecessary tissue damage.


• STEM CELL ACTIVATION: TGF-beta 1 is a key regulator of stem cell activity. It “wakes up” dormant stem cells, directing them to sites of tissue damage and guiding their differentiation into specific cell types needed for repair.[25, 26] This ensures that new cells integrate effectively into the tissue environment, supporting regeneration and restoring function.


The TGF-beta 1 pathway may be the key pathway in how red and NIR light therapy can harness the body’s natural repair mechanisms. By stimulating repair, reducing inflammation, and sending stem cells where they’re needed, it plays a major role in how PBM helps improve recovery, immune function, skin health, wound and injury healing, and any other scenarios where cellular regeneration is critical.


Mechanism #4: Water as a Photoacceptor (“Nanostructured Water”)


Water isn’t just a passive substance in our cells; it may play an active role in how red and NIR light influences biology. Research suggests that water inside cells absorbs red and NIR light, changing its properties in ways that could improve cellular function.


We typically think of water simply as a medium for chemical reactions, but emerging research suggests it may directly influence biological processes. When exposed to red and NIR light, the viscosity (thickness) of water changes, making it more fluid. Imagine trying to swim through Jell-O versus regular water: Movement is much easier in a thinner liquid. Similarly, if the water in and around cellular structures becomes less resistant, biological processes can run more smoothly.


This type of structured water was originally described as a “fourth phase of water” by Gerald Pollack,[27] where water near cell membranes absorbs light and changes how proteins and enzymes within those cell membranes function. This nanoscopic layer of water is called the “exclusion zone water” or “EZ water,” which differs from ordinary “bulk water” that exists away from cellular surfaces.[28]


This effect is most pronounced within mitochondria. Several studies have suggested that light-activated water layers inside mitochondria make ATP production more efficient by allowing key enzymes to move more freely and by reducing friction in tiny molecular motors that produce ATP.[29–31]


While this theory is still being explored, it suggests another way PBM may benefit the body: not just by stimulating mitochondria directly, but also by altering the water that surrounds them. If further research validates this mechanism, it could reshape our understanding of how light therapy enhances cellular function and overall health.


THE HORMETIC RESPONSE, CELLULAR STRESS-RESISTANCE, AND GENE EXPRESSION CHANGES


PBM also works in part because it slightly “stresses” your cells. While this might sound like a bad thing, it’s actually a powerful way to boost cellular health. Hormesis is when mild stress makes living systems stronger by activating their natural protective mechanisms. Just like how exercise stresses muscles (and bones, and the heart, and blood vessels) to make them stronger and improve their function, or how intermittent fasting challenges cells to become more efficient and resilient, PBM applies controlled cellular stress that prompts your body to repair, strengthen, and improve its overall resilience.


When red or NIR light reaches cells, it stimulates mitochondria to temporarily produce more ROS—molecules that act as messengers for cellular adaptation. While high levels of ROS can be damaging, this mild, controlled increase activates protective responses that help cells function better over time.


The body responds to this stress in several ways:


• INFLAMMATION CONTROL: PBM turns on pathways that reduce excessive inflammation and support healing. In damaged or inflamed tissues, PBM suppresses NF-κB, a kind of master switch for inflammation, and thereby helps shift the body toward a more anti-inflammatory state.[32]


• ANTIOXIDANT PRODUCTION: The body increases natural antioxidants like superoxide dismutase and glutathione to protect cells from damage. This is primarily a result of PBM increasing nuclear factor erythroid 2-related factor 2 (Nrf2), a key sensor of ROS that up-regulates internal antioxidant defenses in response.[33]


• HEAT SHOCK PROTEINS: These specialized proteins help repair damaged cells and maintain protein health in response to stress, such as the adaptive stress created by PBM.[34]


• GROWTH-FACTOR SIGNALING: PBM also activates a variety of growth-factor pathways that act like cellular construction crews in response to ROS. These pathways help repair damaged tissue, create new blood vessels through mediators like VEGF, and support nerve health through factors like BDNF.


• MITOCHONDRIAL EFFICIENCY: The temporary increase in ROS signals mitochondria to grow stronger, produce more energy, and enhance function.


PBM reveals a fascinating mechanism of cellular communication in which mitochondria play a much more active role in gene expression than was previously understood. When exposed to red and NIR light, mitochondria trigger specific genetic changes that enhance cellular resilience and repair.


Research has shown that PBM specifically upregulates genes involved in:[35–37]


• Antioxidant defense (such as genes coding for superoxide dismutase and glutathione)


• Mitochondrial biogenesis and function


• Anti-inflammatory processes


• Cellular repair mechanisms


• Protein folding




[image: Diagram shows light therapy affecting a cell, which activates pathways leading to increased antioxidant enzymes and cellular improvements.]





This happens through a process called retrograde signaling, in which mitochondria send signals back to the cell’s nucleus that influence gene expression. Whereas DNA has been thought of as the sole commander of cellular function, mitochondria can now be seen as active communicators that respond to environmental signals like light. This challenges our traditional understanding of genetic control, showing how external factors can directly influence which genes are turned on or off. This is “epigenetics”—how signals from the environment and one’s behaviors influence gene expression.


What makes PBM particularly powerful is that it doesn’t just temporarily alleviate symptoms like an anti-inflammatory or painkiller drug would. Instead, it stimulates lasting adaptations at the cellular level that lead to greater resilience against stressors and an enhanced capacity to produce energy. For example, PBM has been found to activate the Nrf2 pathway, a critical genetic regulator that turns on genes responsible for protecting cells against oxidative stress. This leads to increased production of protective enzymes that help neutralize harmful free radicals and reduce cellular damage. Cells develop enhanced antioxidant capacity, becoming more resistant to various forms of stress; their mitochondria become more efficient at producing energy; and their repair mechanisms become more robust. This creates a kind of cellular “toughening” effect, similar to how regular exercise makes our bodies more resilient to physical challenges.


However, proper dosing is key, due to what’s commonly called the “Goldilocks zone” of PBM. Too little light exposure fails to trigger sufficient ROS production to initiate the beneficial stress response. On the other hand, too much light can overwhelm the cell’s adaptive capabilities and potentially cause damage.


This explains why larger doses and more powerful devices aren’t always better in PBM therapy, and why finding the optimal dose is crucial for therapeutic success. Just like in exercise, where too little effort yields no results and too much can cause damage to the body, PBM requires balance.


The discovery of these hormetic mechanisms has highly significant implications for how we use PBM therapy. It explains why regular, appropriately dosed treatments can lead to cumulative improvements in cellular function: Each session triggers adaptive responses that gradually build upon one another.


Understanding the hormetic response provides insight into why PBM can have such diverse beneficial effects, from reducing inflammation to accelerating healing. The initial ROS-mediated stress response triggers not just protective mechanisms but also regenerative ones, activating pathways involved in tissue repair, cell survival, and energy metabolism. This creates a comprehensive cellular response that can improve tissue function and resilience across multiple systems in the body.



NITRIC OXIDE


When exposed to red and NIR light, biological systems release nitric oxide (NO), a crucial signaling molecule that acts as a vasodilator, helping to increase local blood flow, which enhances oxygen and nutrient delivery to tissues.


PBM triggers NO release through multiple pathways, including direct stimulation of endothelial NO synthase (which is crucial for vascular health and for facilitating blood flow), photodissociation from heme proteins, and conversion of nitrite to active NO under hypoxic conditions.[40–44]


In wound healing, nitric oxide contributes to several processes, including stimulating collagen production, promoting blood vessel formation, reducing inflammation, and supporting tissue regeneration. Notably, PBM has been consistently shown to increase NO production in human skin and improve endothelial function through NO-mediated mechanisms.[38–40]


At the cellular level, NO plays a role in various protective mechanisms. It influences mitochondrial respiration, helps manage oxidative stress, and supports cellular energy metabolism. These interactions occur within a careful balance—beneficial in controlled amounts, but potentially harmful if excessive.


NO plays an important role in maintaining blood vessel health, helping blood vessels relax and preventing excessive clotting, and inadequate levels of endothelial NO synthase have been linked to the development of cardiovascular disease.[40]


More research is needed, but these effects on blood circulation and vascular function may be a critical mechanism by which PBM exerts its therapeutic benefits.


EXTRA-PINEAL MELATONIN: A KEY CELLULAR DEFENSE MECHANISM


Most people know melatonin as a sleep hormone produced by the pineal gland. But this is only part of the story. There are two additional layers to the melatonin story that few people are aware of and are only beginning to be understood by science. The first is that melatonin has many more functions in the body than simply promoting sleep. The second is that melatonin isn’t only produced by the pineal gland—the story is far deeper.


Melatonin isn’t just a “sleep hormone.” It turns out that it’s also an incredibly potent antioxidant with critical roles in protecting mitochondria from oxidative stress (and likely other functions as well). Melatonin is believed to be one of the first antioxidant molecules to develop in response to rising atmospheric oxygen levels. This is thought to have occurred more than two billion years ago, long before it played a role in regulating circadian rhythms or sleep.[45, 46] The microorganisms that developed this powerful defense against oxidative stress were the ancestors of our very own mitochondria. To this day, our mitochondria produce most of the melatonin in our bodies, and they preferentially accumulate it when it is taken up from outside the cell, as would occur with the nightly flood of melatonin from the pineal gland, or with consumption of melatonin supplements.[47, 48] While blue light delivered into the brain through our eyes is the primary governor of pineal melatonin levels, melatonin is still secreted in the absence of blue light.




[image: Timeline shows evolution of melatonin from antioxidant protection in early life forms to circadian regulation and sleep in modern humans.]





But the story of melatonin actually goes much deeper than this. It turns out that melatonin isn’t just a hormone produced in the pineal gland and circulated in the bloodstream. Groundbreaking research by scientists like Russell Reiter and Dun-Xian Tan has revealed that melatonin is not limited to the pineal gland but is also produced directly within mitochondria across virtually all cells of the body, where it serves to protect the cell from damage. Even more remarkably, it turns out that red and NIR light stimulate cells to produce this intracellular melatonin.[49]


While more research is needed to elucidate the role of localized melatonin production in the effects of PBM, it’s reasonable to logically speculate that by stimulating mitochondrial melatonin production, PBM helps cells recover, maintain energy, and defend themselves against damage. This makes melatonin more than just a sleep hormone—it’s a vital defense molecule that can be enhanced through light therapy, helping cells heal, thrive, and perform at their best. It’s likely that this will turn out to be a key pathway of how red and NIR light works to enhance cellular healing and regeneration.
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