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To Durk Pearson and Sandy Shaw, whose early-1980s Life Extension books and newsletter inspired me to study this field.

And to Professors George Church and David Sinclair for encouraging me to turn my scientific notes on autophagy into a layman’s book.






FOREWORD

I have spent my career steeped in the study of biology with a focus on the human genome—the genetic information, or DNA, we all carry in our cells that is the body’s personal instruction manual. My mission is not only to learn how this marvelous, once mysterious code works and interacts with our environment, but to leverage its powers to enhance and extend people’s youthful lives. My field of work has gone exponential in my lifetime, and especially in the past decade with the advent of economical DNA-sequencing techniques and gene-editing tools to hack a human body and change how we treat and prevent problems. Indeed, we are on the precipice of a whole new era of medicine, with studies coming out daily, sometimes hourly, that add fresh insights to our library of information on the human body and give us clues to outsmarting the aging process.

One of the most fascinating discoveries of late has been an intriguing process called autophagy. Although we in the scientific community have been studying this biological activity for decades, only in 2016 did the research finally culminate in a clear understanding about it and earn a Japanese cell biologist, Yoshinori Ohsumi, the Nobel Prize for his contributions. The word literally means “self-eating,” but as you’re about to read, it’s not as horrifying as it sounds. Autophagy is simply the body’s natural way of recycling and renewing its parts to avoid disease and dysfunction. It’s a process that has been conserved in the genetic code of life for billions of years, so yes, it even predates us humans. We all would do well to keep our autophagy working properly, and I can’t think of anyone more qualified to bring this important message to you than James Clement. In these pages you’ll learn everything you need to know about autophagy and how to maximize your body’s ability to repair its cells all the way down to your DNA.

I first met James in June 2009 when I read to him his genome interpretation (via Knome, the first direct-to-consumer whole genome sequencing company that I had just cofounded) at the Harvard Club in Boston. He later donated his genome to the Harvard Personal Genome Project where I am principal investigator. I started the PGP in 2005 with the goal of creating a public repository of human genomes to enable research into personal genomics and personalized medicine. We want to allow scientists to connect human genetic information with human trait information and environmental exposures. James was a very early adopter, being the twelfth person in the world to have his whole genome sequenced. I loved his drive to learn as much as he could about human biology and to push the limits of healthy life span. I knew he’d been a tax lawyer in his former life, and later a microbrewery owner and brewmaster, but I sensed he found his calling in biomedical research. And I’ve been known to support the scientific endeavors of innovative, bright people from diverse backgrounds and unexpected expertise.

In 2010, James came to me with a provocative question: Can we do gene editing on our own stem cells to iteratively make them better so that we could live longer? I told him this was a great idea but that we just didn’t know which genes let people live longer, healthier lives. He came back a few months later with another idea that I couldn’t resist participating in, and it revolved around another interesting question: What can we learn from the whole genomes of people who remain remarkably healthy into their first decade past 100? (We ended up focusing on people 106 years of age and older.) I became the first person to join the scientific advisory board for his Supercentenarian Research Study, later helping him recruit other advisers, mentoring him, and arranging for the gratis whole-genome sequencing of the last thirty-five samples by Veritas Genetics, a company I cofounded. Driven by his urgency to find answers, James then convinced me and his investors to make these genomes available for free to researchers around the world. To date he has collaborations with more than a dozen world-class institutions now combing this data set for valuable insights into healthy aging. The project has since spawned others for his nonprofit organization, which I’m also involved in, including studies that aim to radically extend healthy life spans, end human diseases, improve human cognition and well-being, and allow us to upgrade those biological features that are important to us.

I’m thrilled that James is on a mission to teach people how they can live long and well, even if they didn’t win the genetic lottery. I’ve been encouraging James for years to write the book on autophagy for everyday folks and their physicians so they can discuss this knowledge. In this practical book, he shares insights into slowing aging, and possibly reversing it, by cycling back and forth between activating autophagy and mTOR, two very important cell processes you will learn about in this book. It’s currently the best antiaging “switch” that we know of, and it already exists within you. Here is a riveting story about how to turn it on and know when to let it turn off. The strategies to do so are easy, accessible, and inexpensive.

James is one of the few researchers who shares my urgency with getting things done quickly and helping reduce human suffering while allowing people to live long past 100 in youthful health. A couple of years into the Supercentenarian Research Study, when he was approaching 60 years of age, he asked me if I thought he should take time off to get into a PhD program to fill in his knowledge base and help make him into a good scientist. I told him that he was already working on a project most graduate students would give their eyeteeth to be involved in, that he was reading as many scientific papers per day as anyone could, and most important, that a degree doesn’t make a scientist—publishing peer-reviewed, scientific papers makes someone a scientist. He followed my advice and stuck with the study and has since branched off into other areas of antiaging research, coauthoring a growing number of scientific papers and fulfilling my prediction that he’d make a good scientist.

I think The Switch makes complex biology understandable and even engaging. You’re about to learn a lot more about yourself and hopefully come to enjoy biology as much as James and I do. Autophagy is one of the body’s health “codes,” and the better we can harness its power, the better off we will be.

George M. Church

Professor of genetics, Harvard Medical School






INTRODUCTION THE SWITCH



Life’s tragedy is that we get old too soon and wise too late.

—Benjamin Franklin



A breakthrough in medical science quietly happened a few years ago that made the rounds in major scientific circles but somehow stayed a whisper in lay society. Let me ask you this: In your own grasp of the “secrets” of living a good, long life, what comes to mind? My bet is that you think of blood sugar balance, healthy weight, and physical fitness. Those are all appropriate goals to achieve, but they miss the main point—they are merely a means of sparking a prominent antiaging process: autophagy.I It’s how the body removes and recycles dangerous, damaged organellesII and particles, as well as pathogens,III from your cells, thus boosting your immune system and greatly reducing your risk of developing cancer, heart disease, chronic inflammation, osteoarthritis, and neurological disorders from depression to dementia. Autophagy can be triggered when a certain complex, called mTOR, within cells is turned down. I refer to the mTOR complex as “the Switch.”

Your body is made up of trillions of cells,IV the majority of which consist of similar structures, carrying on similar activities. These structures are not just similar to other cells within you but exceedingly homologous to those of all of the other animals on our planet and largely comparable to bacteria, from which we evolved. Cells are perpetually carrying out a multitude of chemical reactions needed to keep the cell alive and healthy. This in turn keeps you alive. These chemical reactions share important relationships and are often connected through various pathways. The total reactions that take place inside of a cell are collectively called the cell’s metabolism. The mTOR complex is one such pathway that takes place in nearly every cell. Virtually all health-extending and life span–extending interventions that we know of have their effects because of their actions to suppress this switch. Much of this book will be detailing how these various interventions, some of which you may have heard of and others of which you haven’t, act on this pathway and ultimately regulate this important switch, periodically turning on autophagy in the process.

Think of this switch like a dimmer for your lights: turning it toward one end to increase light and the other direction to decrease it. Although we evolved to have this biological switch move back and forth continuously between growth (mTOR) and repair (autophagy; and sometimes repair for prolonged periods), the lifestyles of modern humans keep it turned toward growth constantly and seldom or never in the repair direction. And when it’s in the growth stage, these cellular garbage trucks come to a halt and our ability to clear out the biological debris—misfolded proteins, pathogens, and dysfunctional organelles—falters. The word autophagy literally means “self-eating” in Greek and refers to the body’s powerful, self-cleaning switch inside most cells. Information about this vital internal degradation system has been documented for decades, but only in the past few years have we figured out how and why it functions. In 2016, understanding autophagy’s mechanisms in the body earned the Japanese cell biologist Dr. Yoshinori Ohsumi of the Tokyo Institute of Technology a Nobel Prize in Physiology or Medicine. His work unraveled the mechanism of autophagy and has led to a new paradigm in medicine, one that is being hailed as the discovery of the twenty-first century.

THE TWENTY-FIRST-CENTURY PARADOX

If you are over the age of twenty-five, I have some unfortunate news for you: you are technically “aging” now. That’s not to say you haven’t been aging since the day you were born. But certain biological events switched gears two and a half decades after your birth that physically put you onto the inevitable descending slope of your life’s arc. Your cellular processes changed, your growth hormones shifted levels (after all, you’re not getting any taller or moving up in shoe sizes anymore), your metabolism ticked down a notch, your brain neared its final structural formation, and your muscle and bone mass peaked. By the time you see that first wrinkle, lack a healthy glow because you stayed up late last night, feel ten pounds heavier than in your high school days, or experience a symptom such as unexplained low energy and insomnia, these outward cues have long been in development somewhere deep inside. They don’t happen overnight, even though it may seem that way.

We live in exciting times for personal health, thanks to the speed at which analytical and diagnostic technologies are adding to scientific advancements in knowledge about the human body. The crude and often expensive chemical, molecular, and optical instruments used in the twentieth century have given way to highly precise, affordable tools in the twenty-first. I have a laboratory full of such equipment, unheard of in private labs just a few decades ago. Papers of well-designed studies in the field of biology and medicine are being published at an exponential rate. And we are rapidly entering a new age of controlling our disease risk and life span. As a result, scientists’ understanding of the activities inside our cells has been skyrocketing. For the most part, however, this important new information, which should impact many of our lifestyle and health care decisions, is unknown to the government officials making health care recommendations and the physicians who care for us. We need this knowledge in order to inform the choices we make that relate to wellness. Although we no longer worry about dying from communicable or infectious diseases as we did in 1900, we increasingly suffer from overconsumption of the wrong sorts of foods and reduced levels of healthy activities. But these age-related illnesses are largely preventable through changes in our diet and lifestyle and the use of revolutionary drugs and certain supplements.

In 2019, one of the most prestigious medical journals, The Lancet, published an alarming study stating that fully 1 in 5 deaths globally are now the result of unhealthy diets alone.1 This is not due primarily to lack of access to good, nutritious food; people are eating too much sugar, salt, and meat, which contribute to heart disease, cancer, diabetes, and dementia—the major maladies of our twenty-first-century civilization. That means 11 million people are prematurely wiped off the planet each year because they do not consume the right foods. That’s more deaths from poor dietary choices than from tobacco smoking or high blood pressure. The study even managed to take into consideration age, gender, country of residence, and socioeconomic status. People are affected by bad eating habits despite these factors, meaning that diet is the leading cause of chronic disease in the world today—a shameful fact given that we do not have to forage for food anymore.

That study came on the heels of another led by the University of North Carolina at Chapel Hill’s Gillings School of Global Public Health that identified the percentage of Americans who are metabolically healthy.2 Being metabolically healthy is defined as having ideal levels of five parameters without the aid of drugs: blood glucose, triglycerides (blood fats), high-density lipoprotein (HDL, or “good”) cholesterol, blood pressure, and waist circumference. The study mined data from the National Health and Nutrition Examination Survey that included 8,721 people in the United States between 2009 and 2016. The goal was to determine how many adults are at low versus high risk for chronic disease. The results, based on a sophisticated calculation, was that only 12.2 percent of Americans, or 1 in 8, are in a state of optimal metabolic health—yet another shameful fact given that these aspects are well within our control.

And it’s not just the wrong foods that are killing us; it’s portion sizes. Foods today are often intentionally engineered for overconsumption. We’ve become overfed and undernourished. It’s a modern paradox: we can enjoy a much healthier diet than ever before thanks to easy access to a panoply of nutritious natural foods coupled with advanced farming and distribution practices that allow us to buy, for example, fresh fruits and vegetables year-round. But at the same time, our diets are becoming less healthy and dangerously high in calories. It pains me to watch someone order a plateful of fluffy buttermilk pancakes doused with lots of syrup (made with corn syrup) and a side of bacon, followed by an order of cheese pizza. Yes, I have witnessed this, and all I see is diabetes on a plate with heart disease for dessert. We deserve better.

It doesn’t help that there is also enormous confusion on the subject of diet, causing tremendous anxiety among people who are trying to do better for their waistlines and health. Look no further than the low-carb versus low-fat or vegan versus carnivore movements to see the debates. We are bombarded by mixed messages in the media as well as by dubious claims made by food manufacturers. I find it mind-boggling how polarizing and political the topic of nutrition has become. Food should be a source of joy and sustenance, not fear and disease. Too rarely do we think about the connection between what we eat and our risk of developing certain ailments. We know that smoking causes lung cancer, but how does consuming too many sodas, bagels, or cheeseburgers increase our chances of developing Alzheimer’s disease, heart disease, or colon cancer? The links are not so obvious.

The modern food-processing industry and misleading marketing have contributed to making Americans progressively sicker. But I have good news for you: we can change.

A SELF-PROFESSED CITIZEN SCIENTIST

I grew up in the 1960s and ’70s, a typical midwestern science nerd (especially anything having to do with space or brain science). In college I majored in political science and psychology (emphasis on neurophysiology), and in my sophomore year I worked on a project with a neurophysiologist that earned me a coauthorship of a paper published in the journal Science. After graduating, I worked for a year for the Missouri senate president pro tem and then went to law school. In my final year at the University of California Hastings College of the Law in San Francisco, I read and was deeply inspired by Durk Pearson and Sandy Shaw’s Life Extension: A Scientific Practical Approach. My wife, who was also a law student at the time, talked me out of shifting careers to become a molecular biologist. But that ambition burned in me for the next two decades. After years of practicing law and then starting and running various businesses (including an iconic brewpub near the Cornell University campus in Ithaca, New York), I eventually returned to that dream.

In the early 2000s, I got involved in the nascent life extension movement. I volunteered for a few longevity-oriented organizations and later ran the World Transhumanist Association, an organization dedicated to overcoming our biological limitations with the aid of technology. With my good friend Dan Stoicescu, I cofounded h+ Magazine, which we ran for the next few years, with R. U. Sirius as our editor. (Dr. Stoicescu has a doctorate in medicinal chemistry and was the second person in the world to buy the full sequence of his own genetic code and pay the hefty price tag at the time of $350,000.) With Dan’s encouragement and support, I spent most of 2008 and 2009 attending biotech and medical conferences, visiting the labs of people working on stem cell research, cloning, and gene therapy, and reading scientific papers in diverse areas related to maintaining health and longevity. I was hooked.

In November 2009, I attended the first-ever Executive Program at Singularity University, a futurist-oriented Silicon Valley–based business incubator set up by Peter Diamandis and Ray Kurzweil to solve the world’s problems through the use of what’s called exponential technology. Exponential technologies are those that are accelerating rapidly and shaping major industries and all aspects of our lives. They include technologies such as artificial intelligence (AI), augmented and virtual reality, big data science and medicine, robotics, and autonomous vehicles. Diamandis and Kurzweil encouraged their students to think in terms of helping 109th (a billion) people, on any project they chose. I decided then and there that I wanted to focus all my future efforts on increasing healthy life span for everyone.

In early 2010, I set up the Supercentenarian Research Study to find out how individuals who lived past 105 years of age had avoided life-threatening diseases such as cancer, heart disease, and neurodegenerative disorders. I was able to get the support of top scientists, including George Church of Harvard Medical School and João Pedro de Magalhães of the University of Liverpool, who continue to serve as scientific advisers to my nonprofit medical research organization. During the next several years, a colleague and I traveled around North America and Europe collecting more than sixty blood samples from individuals 106 years of age and older.

Starting in December 2009, I began reading five to ten scientific papers a day related to the biology of aging. By June 2019, I had read more than eighteen thousand such papers. In 2013, I decided to take a deep dive into the science of dietary restriction (caloric and protein), fasting (intermittent and prolonged), and the ketogenic (very-low-carbohydrate) diet, with which I had recently started self-experimenting. What I wanted to know was the following: What causes the beneficial effects of these diets? And do these three practices improve health and life span via similar or different mechanisms?

This book attempts to answer these questions, because five hundred papers into this quest, I realized that the intracellular complex called mTOR and the process that’s initiated whenever it’s turned down—autophagy—might be the secret of a longer, healthier life. As I came to find out, changing the direction of this metabolic switch is the primary reason that calorie restriction, intermittent fasting, and very-low-carb diets can be so beneficial to extending life. I read another five hundred papers to try to poke holes in that hypothesis, and in December 2013 I presented my findings to my mentor, Dr. George Church, professor of genetics at Harvard Medical School, and Dr. David Sinclair, a friend and another famous professor at that school. They both agreed that I was onto something and encouraged me to follow my research as far as I could. David is the one who encouraged me to write this book to share my knowledge with other scientists, medical professionals, and the public. Meanwhile, the literature on mTOR and autophagy was exploding, and I soon found myself steeped in studies while continuing to follow the trail of radical life extension. (As an aside: I am Harvard Personal Genome Project participant number 145, and my PGP ID is hu82E689. If you’re interested, you can download my full genome, mutations, and health data at https://my.pgp-hms.org/profile/hu82E689. Bragging rights: I was the twelfth person in the world to have his or her whole genome sequenced, in early 2010.)

I currently run a 501(c)(3) nonprofit medical research organization called Betterhumans (https://betterhumans.org), focused on extending healthy human life span and reducing disease risk. I also serve as the principal investigator of several Institutional Review Board–approved human clinical trials and oversee my own laboratory, which engages in a broad range of antiaging experiments and basic research. Since devoting my life to studying life extension, the number of my projects has skyrocketed through collaborations with some of the world’s most respected scientists in high-profile labs at Harvard, Yale, Scripps Research Institute, UCLA, the University of New South Wales, Mount Sinai Hospital, Princeton, and the University of Texas Southwestern Medical Center.

I believe current advancements in medical science will bring about revolutionary life extension (living healthy well beyond 100 years), and I want to help it arrive quickly enough so that my parents (in their late 80s), my elderly friends, and even the wonderful and vibrant centenarians and supercentenarians I’ve met will have the chance to live much longer, truly healthy (as healthy as they were in their 30s) life spans. I have no doubt that this will change society, and I’m not at all convinced—as some are—that society’s future will be a dystopian, Malthusian one.

I also want to reach younger generations. We now know that people in their 30s and 40s could be in the early stages of developing dementia, cancer, and heart disease, though it could take years, and in some cases decades, for them or their doctors to realize this. With proper lifestyle choices, individuals in their 50s can live well into their 70s, 80s, and longer feeling as though they are still only at the halfway century mark. Previously, it was thought that only about 65 to 75 percent of longevity was attributable to lifestyle, with the rest being genetic. Newer research blows this percentage up to more than 90 percent.3 For most people (who aren’t lucky enough to inherit supercentenarian genes), that’s a very good thing, because it means that healthy longevity is within our control, if we can muster the desire and self-discipline to attain it.

Fewer than 50 percent of people who live in the United States today make it to the average age at death of 82, and two-thirds of those will die of cancer or heart disease, with many of the “lucky half” who make it past 82 succumbing to sarcopenia (loss of muscle tissue), osteoporosis (loss of bone density), hypertension, dementia, Parkinson’s disease, or Alzheimer’s disease. It doesn’t have to be this way. Cancer, heart disease, and Alzheimer’s are still rare in many “primitive” parts of the world, including small regions of even modernized countries. In these “longevity oases,” as many as three times the number of people reach the age of 100 and beyond, retaining their memories and good health much longer than we do. To say I’m on a mission to rectify this discrepancy and bring back good health and longevity to people suffering from the “diseases of civilization” is an understatement.

Multiple clinical trials are in motion today throughout the world based on the heart of this book’s theme: how to lengthen your life without having the genes of a supercentenarian by leveraging the power of autophagy, a process that should be taking place in your body on a daily basis but has probably been turned off—lying dormant—for years. I’ll show you how to turn it back on.

IN THIS BOOK

I’m going to explain how a Canadian research expedition from McGill University to the remote Easter Island in the 1970s led to the initial clues to this important cellular switch. I’ll show how scientific research on yeast, worms, and fruit flies has revealed that autophagy is crucial to the health and longevity benefits derived from calorie restriction, intermittent fasting, and exercise. You’ll learn how genetically modified mice strains and humans with rare mutant genes are protected from cancer, heart disease, diabetes, and neurological diseases, because of this same self-cleaning switch. I’ll also explain why the science of nutrition has not yet caught up with these valuable data and why money and politics are aligned to continue recommending diets that are not consistent with keeping you healthy. (Even the popular Paleolithic or “paleo”V and vegan diets are flawed for reasons I will explain.) Each chapter takes you on what I hope to be a riveting tour of an important piece of this biological phenomenon.

At the end of the book, I’ll give you a general framework to follow that puts all the ideas into actionable form. There will be times when you will not want autophagy running high in your body, and I’ll explain why. All of the strategies are simply meant to mimic the natural processes that animals (including humans) undergo when living in the natural environment. Our modern farming and food preservation technologies and conveniences have paradoxically led to accelerated aging due to the availability of unlimited quantities of very quickly digestible foods, especially sugar (including high-fructose corn syrup), simple carbohydrates, grain-fed meats (full of the wrong kinds of fats), and lots of dairy products (loaded with proteins that keep the Switch turned in the growth direction). There is also something to be said for the terrible lack of fiber in our diets that affects the health of our digestive system and microbial comrades collectively called the microbiome. Your gut plays an enormous, underappreciated role in your metabolism and risk of developing disease. The information in this book is meant to help reverse this hastening of aging and put us back onto a more natural path of consumption and exercise that keeps the Switch (mTOR and autophagy) in balance and prevents the age-related diseases that were rare centuries ago but are widespread now.

Although there is much to be learned in this emerging field, especially regarding the stimulation and optimization of this cellular activity, the good news is that you can take advantage of what we’ve already discovered starting today. These recommendations will include what to do and not to do with regard to your nutrition, medications, vitamins and supplements, and general lifestyle choices. Some of the recommendations will be downright surprising. Who knew that a smidgen of certain toxins can be good for you and that there’s one particular nut that deserves a halo? Who knew that popular versions of the paleo or hunter-gatherer diet, which are all the rage today, could be putting you at risk of having high blood sugar, weight gain, bone decline, kidney challenges, and cancerous growths?

I believe, as do many researchers in this field, that the mechanism that controls this switch is one of the most important discoveries in modern medicine. The application of this knowledge in our daily habits can “square the mortality curve”VI by helping individuals age without experiencing the debilitating and costly effects of lifestyle-related diseases. I hope that shining a spotlight on this scarcely known process will also encourage doctors to educate their patients and incorporate this information into their advice and treatment protocols. And I hope that by bringing greater awareness to this narrow field, more scientists will study how this biological machinery is involved in and affected by their own research experiments as well as spur additional private and government funding for further research.

I. I prefer to pronounce the word “aw-tof-uh-jee.”

II. Any of a number of organized or specialized structures within a living cell.

III. Adversarial microbes that can cause disease.

IV. The actual number of cells in the average human body is still debated among scientists. Although it remains a mystery, most would agree that the number is between 30 and 40 trillion, but that doesn’t include the bacteria that are present in and on our bodies.

V. The Paleolithic diet, or the diet that mimics how humans ate during that epoch in our evolution—from 2.6 million years ago to the dawn of agriculture about 12,000 years ago—is often referred to simply as the “paleo” diet in our culture today. Going forward, I am going to call it the paleo diet in the book.

VI. “Squaring the mortality curve” means that your morbidity risk remains low as you grow old, and rather than your becoming increasingly frailer as you age, your good health lasts right up until a short time before your death. This is how many supercentenarians experience death.






CHAPTER 1 EASTER ISLAND AND TRANSPLANT PATIENTS


The first time the concept of the Switch entered my mind, I was reading a paper by Professor Stephen Spindler of the University of California, Riverside, on how calorie restriction (CR) prevented cancer in mice.1 It was probably the five hundredth paper I’d devoured in 2013 about the subjects of CR, fasting, ketogenesis, and longevity, as I’d become a little obsessed with figuring out how I could help my parents live past 100 without suffering from our modern scourges: diabetes, heart disease, and dementia. I came across the usual tips: avoid refined, processed foods, especially those filled with sugar, fat, and salt; stay active; sleep well; don’t smoke; and don’t drink too much alcohol. But I also encountered a lot of material buried in the scientific literature that I’d never heard about and that was both indisputable and compelling. Believe it or not, there’s solid evidence that you’ll want to favor certain nuts over others, that consuming too much protein can be damaging (and some specific animal-based proteins are much worse than others), that eating multiple small meals throughout the day is not ideal, that certain vitamins, such as vitamin E, can increase your risk of developing cancer, and that smoking a cigar once in a blue moon might actually help you live longer!

Facing data like that only made me want to dig deeper and further understand the workings of the body and its chances of remaining young from a cellular standpoint. And then one day, it finally hit me: all of the personal research I’d conducted and all the copious pages I’d read were pointing squarely to the Switch, a single mechanism in the body that turns up one process while it turns down the other and vice versa. Technically, the Switch is a protein complex called mTOR, short for mechanistic (formerly known as mammalian) Target Of Rapamycin. As I briefly mentioned in the introduction, mTOR is the switch that nearly every cell (except blood cells) has, and it either activates your cell’s self-cleaning mode (autophagy), ridding the body of toxic materials and fomenting cancers as well as burning fat, or allows the body to produce more proteins, store as much energy (glucose and fat) as possible, and build more cells. (Sometimes you do want to produce more proteins, store more fat, and build more cells—see chapter 9—but not to the perpetual exclusion of cellular repair and self-cleaning.) These anabolic processes, when taken to an extreme level, which our modern lifestyle practices do, can trigger illness.


[image: Image]


The R in mTOR represents, as previously stated, rapamycin, a compound that’s actually produced by a bacterium. To gain a full understanding of mTOR and put this concept of a cellular switch into greater perspective, let’s take a brief journey back in time. The start of this detective story begins with a powerful invention: the electron microscope.

SEEING THE UNSEEABLE

The development of the electron microscope in the early part of the twentieth century helped trigger many paradigm shifts in medicine. It was possible largely due to the advent of electromagnetic lenses. Using magnetic lenses to focus and direct beams of electrons, whose wavelengths are 1/100,000th those of light waves, these microscopes can achieve magnification up to 10 million times. They allow us to see things that are invisible to normal microscopes, such as bacteria, viruses, and tiny cellular parts. In 1955, Christian de Duve, a scientist at the Catholic University of Louvain in Belgium, and Alex Novikoff, a scientist from the University of Vermont College of Medicine, used an electron microscope to detect, for the first time, membrane-like barriers within cells that sequester compounds and digest them. Duve named this organelle a lysosome, meaning “to loosen body,” to describe its digestive properties, and in 1974 won a Nobel Prize in Physiology or Medicine for this discovery.

In 1961, Dr. Keith Porter, a pioneer in electron microscopy at the Rockefeller Institute in New York, and his postdoctoral student Thomas Ashford used an electron microscope to examine rat liver cells that were suffused with glucagon, a hormone made by the pancreas that, among other things, causes glucose to be produced by the liver and released into the bloodstream. Porter and Ashford are credited with being the first scientists to observe autophagy, though it would take decades longer to understand it.


A TALE OF TWO HORMONES

The hormone glucagon is produced by the alpha cells in the islets of Langerhans in the pancreas.

Glucagon secretion is stimulated by the ingestion of protein, by a low blood glucose concentration (hypoglycemia), and by exercise. It is inhibited by the ingestion of carbohydrates.

Insulin is produced by the beta cells in the islets of Langerhans in response to food, especially carbohydrates. Its role is to lower glucose levels in the bloodstream and promote the storage of glucose in fat, muscle, liver, and other body tissues.

Glucagon is the yin to insulin’s yang. It strongly opposes the action of insulin, raising the concentration of glucose in the bloodstream by promoting the breakdown of glycogen (the form in which glucose is stored in liver, muscle, and fat cells) and by stimulating the production of glucose from amino acids and glycerol in the liver, a process called gluconeogenesis. By increasing the concentration of glucose in the bloodstream, glucagon serves the main role in maintaining blood glucose concentrations during fasting and exercise.



Once in the bloodstream in sufficient quantities, insulin, another hormone made by the pancreas, alerts cells to the presence of glucose in the bloodstream, so that insulin-dependent cells can bring the glucose into themselves to burn as fuel. This takes place in the cells’ mitochondria. (As I’ll describe later, the mitochondria are important intracellular organelles that produce energy.) Insulin and glucagon are closely tied together but generally work as two ends of a spectrum—in which the amount of glucose in the bloodstream is the deciding factor as to which is turned on: too low, and glucagon is released in order to cause the production of more glucose; when a high enough level of glucose in the bloodstream is attained, insulin is released. With the aid of an electron microscope, Ashford and Porter were able to observe certain membranes within cells that were in various stages of being degraded, or broken down. They also noted that it had recently been documented in medical literature that glucagon breaks down proteins via this same process. The next year, after reading that German scientists had observed small, specialized membrane-degrading structures within cells called organelles when cells were injured or starved, Duve coined the term “autophagy” to describe the process of creating membranes, sequestering compounds, and digesting the targeted compounds.

It wasn’t until a decade later that one of the key cellular mechanisms involved in turning autophagy off, mTOR, would be elucidated through another discovery, this one serendipitously found in the soil of a remote island that’s just fourteen miles long and seven miles wide.

THE DISCOVERY OF THE SWITCH

Easter Island is a small volcanic island in the southeastern Pacific originally settled by Polynesians in the first millennium CE and called Rapa Nui by the natives (meaning “Navel of the World”). It’s more than 2,000 miles off the coast of South America and 1,100 miles from its nearest Polynesian neighbor, Pitcairn Island, where mutineers from the famous Royal Navy ship HMS Bounty hid in the nineteenth century. At one time the original inhabitants numbered over 15,000, but when the Dutch explorer Jacob Roggeveen discovered it on Easter Sunday 1722, there were only a few thousand Polynesians left. To commemorate the date, he named it Easter Island. Today it’s a World Heritage Site owned by Chile, famous for its archaeological ruins, including nearly nine hundred monumental statues called moai, created by inhabitants during the thirteenth to sixteenth centuries.
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In 1972, Canadian researchers from McGill University took soil samples on Easter Island and discovered Streptomyces hygroscopicus, a bacterial species that secretes a compound to stop the growth of competitive fungi and to absorb as many nutrients as possible for itself. The researchers named this compound rapamycin in honor of the island’s native name. Rapamycin was shown to act similar to an antibiotic, with powerful antibacterial, antifungal, and immunosuppressive effects. Dr. Suren Sehgal at Ayerst Research Laboratories in Montreal, where rapamycin was isolated later that year, observed that the compound possessed tumor-suppressing attributes; he sent a sample to the US National Cancer Institute (NCI).2 Rapamycin did so well at inhibiting numerous cancer cell lines that the NCI advanced it as a priority drug for development.

In the early 1980s, labs began studying rapamycin, and over the next decade a stream of scientific papers came out reporting its inhibitory effect on cell growth in yeast, fruit flies, roundworms, fungi, plants, and, most important for us, mammals. (It wasn’t until 1994 that scientists finally discovered the mammalian version of  TOR thanks to the work of David Sabatini and his colleagues at Johns Hopkins University School of Medicine and the Memorial Sloan Kettering Cancer Center in New York.)3 In all of those organisms, the inhibitory mechanism involves binding to the target proteins, collectively named “target of rapamycin” (TOR). Put simply, rapamycin binds to TOR as a key fits into a lock, and in doing so, TOR activity is lowered. (Note: For purposes of this discussion going forward, I will use the more precise term “mTOR,” with “m” standing for “mechanistic” because that is how it’s referred to in the literature and we are talking primarily about how TOR operates in humans.)

The discovery of rapamycin, which led to the discovery of mTOR, allowed scientists to begin mapping out the biological pathways leading to the activation or, conversely, inhibition of mTOR and the resulting effects. One such observation was that when mTOR was activated, autophagy was suppressed, and when mTOR was silenced, autophagy was enhanced. This controls, in some sense, whether the cell is in an anabolic (growth) phase or in a catabolic (housecleaning) phase. It helps to think of mTOR functions as the central hub of the cell signaling system, the command and control center of the cell. There’s a reason why it’s been conserved through 2 billion years of evolution: a master regulator of cell growth and metabolism, it’s one of the secrets of how cell metabolism—life—is orchestrated within the cell. And it is the essence of the Switch.

Today rapamycin is used in organ transplant patients to prevent rejection and has become one of the hottest antiaging and anticancer drugs under investigation. Because it has extended the life span of every living thing tested in the laboratory, it’s also being researched for its ability to reduce the risk of developing diabetes, heart disease, neurodegenerative ailments, immune system decline, and accelerated aging in general. I myself am currently conducting a series of clinical trials to see whether long-term intermittent (once-per-week) use of rapamycin by elderly people will protect them from age-related disease. Numerous other studies are being conducted around the world to examine the drug’s many positive effects on human biology. Let’s review a few of the key findings, especially with regard to life extension.

RAPAMYCIN AND AGING

The discovery of rapamycin’s power over cellular processes started with an enigma. In the 1990s, Zelton Dave Sharp, a pharmacologist at the Sam and Ann Barshop Institute for Longevity and Aging Studies at the University of Texas Health Science Center at San Antonio, was studying mice that had a peculiar condition called pituitary dwarfism. These mice do not make enough growth hormone for normal development due to a defect in their pituitary gland.4 Though they might have been lacking in size, the dwarf mice made up for that shortcoming with impressive longevity, living longer than normal mice. Was there a connection? How could a genetic error that caused an animal to be abnormally small also abnormally lengthen life?

Flash forward to 1996, when Michael Hall, a molecular biologist at the Biozentrum at the University of Basel in Switzerland, led a team of scientists who found a new biological pathway in yeast that was controlled by the protein targets of rapamycin.5 They revealed that when they used rapamycin to block these proteins in yeast, it produced the same effect as if the yeast had been starved. The yeast cells lived longer than normal cells, and they were smaller. (Dr. Hall won an Albert Lasker Basic Medical Research Award in 2017 for his work.) Hall’s finding stirred Sharp’s scientifically minded imagination. He wondered if mTOR was a “nutrient response system,” whereby there was a relationship between diet restriction and growth factor restriction (growth factors are the necessary substances to stimulate many aspects of cellular function including proliferation, differentiation, and survival). He then predicted that the mice would live a long time if they ingested rapamycin. That was where the contradiction came in: How could a drug used for decades to dampen the immune system simultaneously extend life?

But Sharp was onto something, and he didn’t abandon his quest, ultimately playing a role in establishing the data to demonstrate this profound conundrum. In the early 2000s, studies demonstrated that rapamycin can make worms and fruit flies live longer.6 Research not just by Sharp but by others also indicated that mTOR signaling was downregulated in dwarf mice. “Signaling” simply means the chain of effects, or communication processes, between molecules or cells; “downregulated” essentially means that the signaling is hushed. What followed was a collaboration among Sharp, Randy Strong, the principal investigator for the National Institute on Aging’s Interventions Testing Program, and David Harrison, a scientist at the Jackson Laboratory in Bar Harbor, Maine. Their work resulted in a noteworthy mouse study that singled out rapamycin as a potential substance to extend life span in mammals, the first of its kind. The study was published in the prestigious journal Nature in 2009 and included about a dozen other researchers from various institutions across the United States.7

The design and scope of that study made the results all the more compelling. While one group of researchers bred the mice to be used in the study, another worked on preparing the rapamycin for the experiment. Each lab bred its own mice from an original stock supplied by the Jackson Lab, which helped rule out the possibility that the drug might work for one group of mice but not others. Originally, the therapy was to begin when the mice were about 4 months old (youthful adults), but the amount of rapamycin required to sustain the levels needed in the blood of the mice turned out to be prohibitively expensive, since most of the drug was destroyed in the stomach before it could reach the intestines, where it could be absorbed. The researchers therefore set out to find a way to reduce the cost by making it survive stomach acids. By the time the consortium of researchers solved the problem by microencapsulating the rapamycin in a polymer coating that disintegrated only in the intestine of the mice, the mice were much older. Rather than breed a whole new group of mice for the experiments, they decided to go ahead and see what happened when they gave the rapamycin to old-aged (20-month-old) mice—the equivalent of a human nearing seventy.

Supplementing the mice with rapamycin resulted in extending the life span of male mice by 9 percent and female mice by 14 percent. The experiment was the first time that a drug was shown to enhance longevity in a mammal. Previously, life span in mice had been increased only by calorie restriction or genetic manipulation.

Fearing that rapamycin might interfere with the production of mitochondrial DNA or protein levels, Harrison was part of a team that later tested the drug on mice and examined the mitochondria in their skeletal muscles.8 They found no consistent changes in those levels and also documented that treated mice had treadmill endurance equal to that of the controls—a good indication that their mitochondria were operating as well as those of nontreated mice.

In 2012, Dr. Harrison and the group of researchers from the 2009 study, this time including Dr. J. Erby Wilkinson, a pathologist from the University of Michigan Animal Care & Use Program, fed enteric-coated rapamycin to 9-month-old mice until they were 22 months old (before any control mice or rapamycin-fed mice in the previous study had died), and compared them to young (4-month-old) mice to see how they had aged.9 Their results showed that rapamycin-treated mice were delayed in the development of many forms of age-related diseases, including degenerative changes in the liver, heart, and joints. In their conclusions, the researchers went so far as to suggest that the rapamycin had anticancer effects as well. They wrote, “Rapamycin may well both slow multiple aspects of aging and also have a direct anti-tumor effect.” They also suggested that the anticancer effects could have merely been an automatic result of the delayed aging itself rather than being a direct effect.

As is said in biomedical research, game-changing results are useful and informative only when they can be repeated by other scientists. In 2009, an independent group led by Chong Chen at the University of Michigan’s Division of Immunotherapy also showed increased life span in aged mice given rapamycin.10 A breed of mice different from those used in the NIA study were treated with rapamycin every other day for six weeks starting at age 22 months. Over the next thirty weeks, the mice had a significantly increased survival rate compared with placebo-injected controls. This treatment protocol was also shown to boost the function of certain stem cells in the aged mice and enhance responses to the influenza vaccine. Such effects protected the aged mice from a potentially lethal infection.

When the NIA-led group repeated their experiment, this time using a dose of rapamycin that was three times higher than the previous experiment, they managed to increase the average life span of male mice by a jaw-dropping 23 percent and female mice by 26 percent.11 That’s pretty significant.

Researchers have now further explored the study of rapamycin’s life span–extending benefits to other animal species. An ongoing collaboration between the University of Washington’s Healthy Aging and Longevity Research Institute and Texas A&M University College of Veterinary Medicine, for example, is studying the effects of rapamycin in dogs.12 It’s not known yet if the drug will extend the healthy life span, or health span, of the animals, but scientists have already documented interesting findings, such as measurable improvements in cardiac function after ten weeks on the drug. Texas A&M’s Kate Creevy, the chief medical officer for the Dog Aging Project,13 hopes to move the drug toward approval for use as a veterinary medicine, following appropriate clinical trials, in order to continue their investigations. But studies like this will bring to light how the drug can help humans, too. Dogs can be much better proxies than other laboratory animals because they are more genetically diverse. I should also give credit to Mikhail Blagosklonny, a scientist now at Roswell Park Comprehensive Cancer Center in Buffalo, New York, who focuses on life extension and cancer prevention. He contributed greatly to establishing the importance of rapamycin and mTOR in the scientific literature. His 2006 paper was among the first to state that aging is a disease process caused by overactive mTOR.14

Still missing from all this groundbreaking research, however, is a behind-the-scenes biological understanding of how rapamycin extends life span. What does it actually do to prolong life? How does it function? Part of the problem comes from the fact that the pathway it acts upon is involved in multiple biochemical processes. Its target, mTOR, is a large protein complex located in the cytoplasm of the cell, right next to the nucleus. It operates in close communication with the nucleus of the cell, sensing what is happening within the cell and then signaling the nucleus how to respond. mTOR is used in a myriad of activities throughout the body—in the nervous system, the muscles, and all of the organs—so teasing out the exact mechanisms of its effects in the aging process is an enormous challenge. No doubt future research will suss this out.

Although human clinical trials for healthy longevity are difficult to fund, studies on the various health benefits of rapamycin for humans (primarily reducing various disease risks) are gaining traction. There’s just too much at stake here to ignore. At this writing, more than 1,300 clinical trials are taking place using rapamycin for everything from Crohn’s disease and cancer to Alzheimer’s disease. What started as a drug chiefly for transplant patients is showing promise to help the rest of us. Perhaps we can use it to “transplant” forces inside us that would otherwise shorten our lives so that we can live both longer and better.

Now, I may have painted a picture of rapamycin that makes it sound like the fountain of youth. Should we all be taking this drug to prolong our lives? Not necessarily. But what we do want is to control its power in the body: autophagy.

If rapamycin can reduce the risk of degenerative diseases and promote health via autophagy, what exactly is autophagy and how does it work?
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