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To our family





INTRODUCTION What Are Mitochondria and Why Should You Care?

In July 1989, a young mother named Patricia Stallings found her three-month-old baby, Ryan, listless in his crib. She rushed him to a hospital in St. Louis, Missouri, where the doctors ordered blood tests to figure out what was wrong. The lab report indicated the presence of high levels of ethylene glycol, a highly toxic compound found in antifreeze, so the suspicion arose that Ryan had been poisoned, and the authorities were notified. Luckily, Ryan’s condition improved, but when he was released from the hospital, the Department of Social Services placed him in a foster home. Patricia and her husband, David, were allowed to visit Ryan once a week under supervision. Five weeks passed, and Ryan did fine, but after their sixth visit, Ryan suffered a severe attack of vomiting and was hospitalized again. The suspicions grew when investigators found out that during her last visit, Patricia was briefly left alone with the baby. Blood was drawn again, and the lab reported an even higher level of ethylene glycol in Ryan’s blood. Patricia was arrested and charged with assault, and Ryan was put on a life support system. A few days later, he died in his father’s arms. Patricia was charged with first-degree murder.

Three months later, while still in jail awaiting her trial for poisoning her son, something unexpected happened that would change everything: Patricia found out that she was pregnant again. In February 1990, she gave birth to another baby, David Jr. (nicknamed “DJ” by his parents), who was immediately taken from her and placed in a foster home. A few weeks after he was born, DJ started to display similar symptoms to Ryan’s symptoms—vomiting and breathing problems. He was brought by the foster family to a different hospital, blood was drawn, and when the lab report came back, the doctor’s diagnosis indicated that DJ had an inherited disease—methylmalonic acidemia (MMA). This is a rare disease in which the mitochondria cannot break down certain metabolites. With this diagnosis, the doctors were able to treat him with a special low-protein diet that kept him alive. Importantly, this raised the possibility that Ryan, too, had MMA before he passed, and that Patricia Stallings was innocent. In fact, tests conducted on remaining blood samples from Ryan suggested that indeed, he did have MMA, but the defense didn’t bring an expert witness to support this notion. Patricia’s trial opened in late 1990 and the prosecutors were seeking a life sentence without parole. As we’ll see in a moment, it was the involvement of two scientists that changed the course of the case.

In 2022, when we heard this story some thirty years after the fact, we were touched by what this young family went through. We were several months into writing this book, and this story demonstrated so powerfully why we embarked on this project—to make people aware of the key role mitochondria play in life and why it’s so important to understand what they are really all about. Daria has been studying mitochondria for over two decades, and she has noticed a deep knowledge gap about mitochondria in the public and even in the medical community (as this case will demonstrate). In recent years, there has been an explosion of research in the field, which has widened the gap further, leaving plenty of room for confusion and false information. As a researcher studying mitochondrial dysfunctions in neurodegenerative and other diseases, Daria faces misconceptions about this topic every day. Emanuel is a writer, and as he became interested in these tiny organelles, he experienced firsthand how difficult it is for nonscientists to truly comprehend mitochondria’s role in our lives. Together, we wanted to write a book that would be both accessible and scientifically accurate. The Stallings family story illustrated to us the price of mitochondrial illiteracy; it also reminded us that in the end, this book shouldn’t be only about those organelles, but also about the humans who host them.



What Are Mitochondria and Why Should You Care?

Mitochondria aren’t important only for babies like Ryan or his brother, DJ, but they play a pivotal role for every one of us at any age. These are tiny organelles that are present in almost every cell of our body. They transfer the energy from the food we eat into energy that fuels every movement, every thought, and every heartbeat. What are organelles? In the same way that we have organs like the heart, lungs, and brain that work in concert to make our body function, our cells have organelles that make the cell work. The most famous organelle in our cells is probably the nucleus, but when it comes to energy, it’s all about the mitochondria.

Because of their critical role in transferring energy from the food we eat into ATP—a molecule that stores energy in the cell—mitochondria are popularly referred to as the powerhouse of the cell, but this term originated decades ago when scientists didn’t know much about everything else that mitochondria do. Yes, the mitochondria are essential for energy transfer, but they also play a major role in several key cell functions. For example, they are responsible for cleaning your cells from toxic metabolites, triggering the recycling of some broken parts of the cell, detoxifying pollutants, replenishing building blocks of the cell, killing irreversibly damaged cells, fighting viruses, and sending signals about the status of our body. This is why we call them the “life machines”—because our life and death are in the hands of these tiny nanomachines. When they function perfectly, we’re alive and healthy. When they malfunction, life is not the same, and it can even end. So knowing more about those organelles and knowing how to take care of them can affect your health as you go through life. We can’t change our genetic makeup, but by tending to our mitochondria, we can reduce the burden on the cell and allow it to heal itself and even other cells. Simply put: How you live your life can either help your mitochondria or hurt them.

We divided the book into two parts so that you will first learn how mitochondria affect your health before we discuss how you can help them do an even better job. In part I, we’ll cover the science of mitochondria—why these tiny organelles are the key to protecting your health—and why it is important to support them. In chapter 1, we’ll introduce all the wonderful things that mitochondria do in addition to transferring energy from the food we eat. Chapter 2 will show that contrary to the view of mitochondria as stationary organelles, mitochondria are extremely dynamic. In chapter 3, you’ll get to understand how the life machines falter as we age. In chapter 4, we’ll explain how dysfunctional mitochondria are linked to common (and some less common) diseases, including neurodegenerative diseases, heart diseases, type 2 diabetes, cancer, psychiatric disorders, chronic fatigue syndrome, long Covid, autism spectrum disorder, infertility, and primary mitochondrial diseases. In the final chapter of this part—chapter 5—we’ll discuss cutting-edge medical interventions that involve mitochondria and can transform your health and the way we think about medicine. Understanding how these medical interventions work will also deepen your understanding of the advantages you gain by making healthy lifestyle choices.

In part II, we’ll cover practical lifestyle changes that you can make to be good to your mitochondria. In essence, we’ll show how by taking care of your mitochondria, you can transform your health. Our goal is to give you a deeper understanding of recent scientific discoveries related to mitochondria so that you can evaluate new information, separate fact from fiction, and make educated choices about your health. In chapter 6, we’ll talk about the importance of exercise, which most scientists believe is good for your mitochondria. In chapter 7, we’ll review some of the latest research on nutrition, fasting, vitamins, and supplements. Chapter 8 will cover the relationships between mitochondria and the bacteria that live in your gut (and are part of your gut microbiome). In chapter 9, we’ll discuss the importance of proper sleep. Chapter 10 will focus on the negative effects of prolonged emotional stress on our mitochondria, and we’ll discuss some stress-reduction practices. In chapter 11, we’ll focus on things to avoid, including (but not limited to) smoking, vaping, alcohol, air pollution, exhaust fumes, and pesticides. Finally, in the epilogue, we’ll share some thoughts about the future of medicine and reiterate some habits you can adopt to help your own life machines thrive.


Ten Quick Facts About Mitochondria

To help readers who have never heard about mitochondria (or forgot what they knew), here are ten quick facts about them. Don’t worry about remembering every single one of these because we’ll revisit them throughout the book:


	1. They transfer energy. Mitochondria transfer energy from the food we eat to small molecules called adenosine triphosphate (ATP), which are then used to power the cell’s activity. Mitochondria accomplish this task using the oxygen we breathe. Notice that we didn’t say that they create energy—instead, they unpack the energy locked in our food. Their two main fuel sources are fatty acids (which come from breaking down fat) and glucose (which comes from breaking down carbohydrates). What about proteins? Proteins, and specifically their building blocks that are called amino acids, can also be used as a fuel source, especially when fatty acids and glucose levels are low.

	2. They have two membranes. One inner, one outer. ATP is produced through a multistep (and quite remarkable) process that involves the inner membrane. Some specialized mitochondria, rather than producing ATP, utilize energy to produce heat. Yes, mitochondria also keep us warm.

	3. They are the ultimate multitaskers. Some people view mitochondria as batteries that provide energy, but as mentioned, they do so much more. Here is a partial list: They send signals that regulate cell activities; they kill cells that should die; they help the cell fight viruses; and they produce essential building blocks of the cell.

	4. They move around. Biology students are accustomed to seeing a static cartoon of a bean-shaped organelle, but mitochondria are extremely dynamic: They change their shape, split and merge, move within the cell, send stuff to other cells, and even travel from cell to cell within our body.

	5. Their functions deteriorate over time. Like everything else in our body, as we age (which starts decades before we retire), their functions naturally deteriorate, so our mitochondria need all the help we can give them.

	6. There are about 10 million billion mitochondria in your body.1 The single form of mitochondria is a mitochondrion, but these organelles always exist in groups. In a typical diagram of a cell, you’ll find three or four mitochondria, but in reality, some cells have hundreds, while others have thousands. Their number in a cell varies based on the need for energy, so heart cells and neurons, for example, have the highest number of mitochondria. The only cells in our body that don’t have mitochondria are red blood cells (possibly because they need all the room to carry oxygen).

	7. They are believed to originate from ancient bacteria. The prevailing theory today is that mitochondria originated from bacteria that were engulfed by early cells about 1.5 billion years ago. This was the beginning of a beautiful friendship that enabled all complex life forms on planet Earth. (Yes, animals and plants have mitochondria, too.)

	8. Mitochondria have their own DNA. Related to their origin in ancient bacteria, mitochondria have their small DNA (mtDNA), which we inherit only from our mothers. mtDNA encodes thirteen important proteins in the mitochondria, which gives them control over critical components essential for their operation.

	9. Mitochondria work closely with nuclear DNA. The fact that mitochondria have their own DNA doesn’t mean that they are autonomous. Each mitochondrion contains an estimated eleven hundred to fourteen hundred distinct proteins, and all but thirteen of them are encoded by nuclear DNA (which means that their assembly instructions are stored in the nucleus).

	10. Many chronic diseases are associated with mitochondrial dysfunctions. These include age-related diseases, like diabetes and dementia, and also primary mitochondrial diseases, which are rare, inherited conditions that we’ll discuss later.





Why Knowing Makes a Difference

Speaking of rare inherited diseases, MMA is one of them, which brings us back to Patricia Stallings’s story. Following the revelation that Patricia’s newborn son had MMA, the newspapers in St. Louis covered this story closely. William Sly was the chairman of the biochemistry department at Saint Louis University, and he remembers that one young faculty member at his department was particularly troubled by the case. James Shoemaker had just joined Sly’s department, and Sly encouraged him to start a lab to screen for metabolic diseases. As mentioned, there were some remaining blood samples from Ryan (Patricia’s firstborn child who died), and Shoemaker examined those samples. He was the one who found evidence that Ryan also had MMA.

What Shoemaker found in Ryan’s blood was a substance called propionic acid. As expert scientists in the field, he and Sly knew this acid could build up in the body of MMA patients and could easily be mistaken for ethylene glycol. But this knowledge wasn’t widely disseminated in the medical community. On January 31, 1991, Patricia Stallings was found guilty, and a month later she was sentenced to life in prison without parole.

Following her sentencing, Jim Shoemaker was restless. He and another young faculty member, Joe Hoffman, were obsessed with this story, and every day Sly would see those guys outside his door talking about the case. One day, Shoemaker walked into Sly’s office and told him that the case would be featured on the TV show Unsolved Mysteries.

“That evening, I watched the show with my wife, and it was heartbreaking,” Sly told us. When the program ended with Patrica’s sentencing, Sly knew he had to do something about it.

To see if other labs would misread propionic acid as ethylene glycol, Sly and Shoemaker sent blood samples spiked with propionic acid to seven different laboratories. Sure enough, three out of the seven labs misidentified the propionic acid and reported it as ethylene glycol. Sly sent a letter to the county prosecutor George McElroy with this information and urged him to revisit the case. McElroy was impressed by Sly’s letter, but he wanted a second opinion. They found Piero Rinaldo at Yale who received all the raw material from the labs and ran the test again. Rinaldo confirmed their suspicions: Ryan was not poisoned; he had MMA.

On September 20, 1991, in a room packed with journalists and TV crews, Jefferson County prosecutor George McElroy announced that the State of Missouri was dismissing all pending charges against Patricia Stallings. He apologized to the Stallings, who were sitting next to him, both personally and on behalf of the State of Missouri. During that meeting, it was also announced that eighteen-month-old DJ would be released to his parents. Patricia gasped, smiled widely, and fought back tears. Her husband, David, covered his eyes with his hand and lowered his head.

Patricia Stallings wasn’t the killer. The killer was the disease—methylmalonic acidemia. The poison wasn’t antifreeze but propionic acid, which accumulates when a vital chemical reaction in the mitochondria goes wrong.2 The lab error in this case was driven by lack of awareness of this process. If Ryan had been diagnosed with MMA, the doctors could have treated him with the same special low-protein diet that kept DJ alive. The lesson we can learn from this story is universal: Because various mitochondrial dysfunctions can affect all of us at different times of our lives, it is so vital that we are all aware of the importance of mitochondria and know how to tend to them. Mitochondria are complex, no doubt. But if we want to understand health and disease, we need to learn more about those misunderstood organelles—the life machines.

Since there’s so much new research on mitochondria, and because they touch every aspect of our lives, we realized very quickly that we would need the help of experts in many subfields. Also, while we’re both health-conscious individuals, we cannot be described in any way as health gurus. So we talked to dozens of scientists, delved into numerous research papers, and sat through many conference lectures. We met patients and their families who deal with severe cases of mitochondrial dysfunctions, and we were moved by their courage and determination. We spoke with researchers who were excited about these tiny organelles and the potential of their research to change people’s lives. Scientists are sometimes stereotyped as living in ivory towers, but we often met caring people in lab coats who are determined to get to the truth to help other people. When we talked with William Sly, he told us that not long after the charges against her were dropped, Patricia Stallings showed up in his office one day. “She said: ‘Can I give you a hug?’ ” Sly remembered, “and I said, ‘Sure,’ and that’s the last time I saw her.”

Our collaboration on this book started as we awaited the gift of a new life. We moved to Boston for a few months to help our daughter, who was expecting a new baby, and on long walks through freezing Boston, we started a little game: For five minutes, Daria would tell Emanuel something interesting about mitochondria, and then he would have to explain it back to her in his own words. It was a humbling experience for both of us—Emanuel, because without any science background, he could barely string together a coherent sentence; and Daria, because she realized she could hardly communicate without relying heavily on scientific terms. Yet gradually, we found a way to talk about it through metaphors and anecdotes. As we finally started speaking the same language, a new sense of awe bubbled up in us: awe for life and the tiny machines that enable it.

Back home in California as proud grandparents, we couldn’t stop sharing not just adorable grandkids’ photos, but also every fascinating fact from the latest mitochondria studies. We had never collaborated before—setting aside the project of raising four kids—but we had to write this book, and the division of labor was clear. As the scientist, Daria was the one who dug deep into scientific reports and asked detailed questions. As a writer, Emanuel was the one who asked simple questions, like “What does it mean to me?” and “Is there anything one can do to help our mitochondria?” Together, we’ve tried to write a book that is both clear and scientifically rigorous. We used the first-person plural throughout the book to simplify things, but of course, the scientific opinions are Daria’s. Everything else reflects our common experience on this three-year quest.

We invite you to join our journey and then embark upon your own.







PART I HOW YOUR MITOCHONDRIA HELP YOU





CHAPTER 1 Yes, the “Powerhouse,” but So Much More

The other day, we saw a dead bird on our porch, lying on its back. It was small, brown, and motionless. We’re always struck by the stillness, the absolute lack of movement, when we see a dead creature. Everything was still there—the beak, the eyes, the wings, the tail feathers, the tiny feet. So what was missing? Energy. Without energy, there is no life. That energy comes from tiny machines that are present in almost every cell of every plant and every animal on this planet—mitochondria. There is no life without mitochondria. They give us life; they can take it away, and when they malfunction, our health deteriorates. As you’ll see in this book, it pays to keep them happy. Mitochondria are the primary fuel source for all the body’s activities. Consider, for example, what is happening in your body as you are reading this paragraph. Muscle cells in your heart contract to pump blood through your arteries, other muscle cells expand your rib cage to pull air into your lungs, and specialized cells in your eyes send signals to the brain where neurons make sense of the text you’re reading. All these activities require energy, and if you could zoom into each one of these cells, you would see your mitochondria working.

Each cell has hundreds, and some have thousands of mitochondria, and if you could further zoom into each one, you would see something remarkable: tiny rotors that are spinning at a rate of hundreds of revolutions per second, transferring energy from the food you ate to a small molecule called adenosine triphosphate (ATP), which is then used to power the cell’s activity. This is not a metaphor. At this very moment, actual rotors are spinning in your cells enabling your body to do stuff. This was a partial (and very simplified) explanation of what happens in your body when you read a paragraph in a book. Just imagine what’s happening (and how much energy is needed) when you go for a run, do yard work, or dance. And we haven’t even begun to address the millions of cells in your brain, liver, stomach, pancreas, kidneys, and other organs that are busy with routine maintenance tasks. Mitochondria are the main fuel source for all these activities.

Yet as remarkable as the process of energy transfer is, it is just one of the tasks that mitochondria do, and only once you understand their wide range of functions will you be able to appreciate their full impact on your health. Anyone who has taken a high school biology class likely associates mitochondria with the catchphrase “the powerhouse of the cell.” While there are good reasons for this strong association, it paints a very partial picture of what mitochondria do. In this chapter, we’ll correct this major misconception by focusing on four of their many other functions. Mitochondria act as signaling stations that regulate cell activities, as assassins of cells that should die, as fighters that protect us from viruses and other invaders, and, perhaps most aptly, as bustling factories—metabolic hubs that produce the building blocks of life. What exactly do we mean by “metabolic hubs”? You can think of each mitochondrion as a factory where materials that came from your food are broken down, and where new materials are produced. To understand those busy centers of metabolic transformation, we should go back to an important discovery made in the first half of the twentieth century.


Mitochondria Are Metabolic Hubs and the Story of One Gold Medal

On June 19, 1933, a thirty-two-year-old man stood on the platform at the Freiburg train station in Germany holding a one-way ticket to Strasbourg, France. He was relatively short, with round glasses, somewhat nervous and worried. Two months earlier, this man, Hans Krebs, had received a letter placing him on indefinite leave from his position as a lecturer at the local university because he was Jewish. He boarded the eleven o’clock train and started his long journey to his final destination—England.1

In England, he would some day make one of the most important discoveries about mitochondria, which would earn him the Nobel Prize. But now on that train, it’s not hard to imagine what was going through his mind. He had just lost his job; he was fleeing his home country; and he wasn’t sure what lay ahead. A few days after arriving in England, Krebs met the renowned scientist Frederick Gowland Hopkins in Cambridge who admired Krebs’s previous work in biochemistry. Hopkins was apologetic that he could offer him only a one-year position at a low salary, but the young man was happy to have a job and accepted it on the spot. Three weeks later, Krebs received a letter from the rector of his German university, the philosopher Martin Heidegger, who was an enthusiastic supporter of Hitler, dismissing Krebs from his post. After a year in Hopkins’s lab, Krebs was offered a position at the University of Sheffield, where he would spend the next nineteen years and where he made his most important discovery—the Citric Acid cycle, which is also known as the Krebs cycle (the term we’ll use here).

If you were traumatized in high school or college by having to memorize the Krebs cycle, you’ll be happy to hear that we won’t get into the nitty-gritty details here. It is essentially the chain of chemical reactions that make up the first step in the process of ATP production inside the mitochondria. You can think of the Krebs cycle as a circular conveyor belt, not unlike the baggage carousel at the airport, where you pick up your suitcase after a flight. But instead of suitcases, this carousel is loaded with molecules called acetyl-CoA that, after going through some chemical reactions, come out as important compounds that are essential to producing most of the ATP in the mitochondria. Acetyl-CoA comes from the food you eat. Think of the delicious chicken pesto panini you had for lunch: the carbs, fats, and proteins from your sandwich are broken down in your digestive system into simple sugars (glucose), amino acids, and fatty acids that travel through your blood to your cells. It is in your cells that some of these materials are converted into acetyl-CoA and other intermediates of the Krebs cycle, which are loaded into this intricate baggage carousel. The two most important “suitcases” that get off that carousel are NADH and FADH2, two compounds that are essential for ATP production. (More about them in chapter 3.)

Initially, Krebs’s work didn’t draw much attention, and his paper on the subject was rejected by the prestigious journal Nature in less than a week. (Years later, an editor at Nature would admit that it was the most egregious error in the journal’s history.2) After some initial skepticism, more and more scientists recognized the significance of Krebs’s work. He set the stage for scientists to further examine the critical role of mitochondria in metabolism. On October 22, 1953, twenty years after he had to leave Germany, Hans Krebs heard on the BBC news that he won the Nobel Prize. A couple of months later, at the Stockholm Concert Hall, he was handed the gold medal from the king of Sweden. Incidentally, Krebs never forgot the generosity of those who helped him as a refugee, and in 2015, his son found a way to pay it forward. He sold the Nobel Prize medal and, using the proceeds, established a trust to support young biomedical scientists who have been forced out of their country because of conflict, discrimination, or danger.

To reiterate what we’ve said so far about the Krebs cycle: It takes place inside the mitochondria, and it is the first step in the process of ATP production. Unfortunately, many discussions of the Krebs cycle stop right here. Yes, the Krebs cycle is justifiably seen as a critically important part of the energy transfer process, but here comes a big but….



The Building Blocks of Life

But the Krebs cycle isn’t only about energy transfer. If you think of your body as a building, the production of many of its building blocks—the fundamental elements of the cell—starts in the Krebs cycle and in other reactions within the mitochondria. To look at just one example of such a building block, let’s turn again to what’s happening in your body right now: neurotransmission—the release of chemicals at the end of a neuron to communicate with another neuron. Whether you’re processing what you read in the last paragraph or thinking about your plans for the weekend, these activities involve lots of neuron-to-neuron communication. The most abundant neurotransmitter, the agent that communicates between neurons in your brain, is called glutamate, and its building block (called alpha-ketoglutarate, or AKG) is generated in the Krebs cycle. Too much glutamate in the brain can cause seizures and mental exhaustion, whereas too little can cause sleep problems and low energy.

Consider three important molecules in the cell: proteins, DNA, and lipids (fat). Most of the building blocks for these molecules are made or processed in mitochondria. Your DNA is made of building blocks called nucleotides and some of them are processed in your mitochondria. Some building blocks of proteins (called amino acids) are generated in your mitochondria, too, and the same is true for some building blocks of lipids. All these are the building blocks of life. Mitochondria don’t produce all these building blocks alone—many cell functions are joint efforts of several organelles—but if you start looking at how parts and components of the cell are made, you’re likely to repeatedly come across critical contributions by the mitochondria.
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A simplified illustration of a mitochondrion and a cell. The upper part of this illustration depicts a cell with some organelles. Many of the building blocks for the molecules that make the cell are processed in mitochondria. Real cells can have hundreds or even thousands of mitochondria. The lower part of this illustration depicts a mitochondrion. The space between a mitochondrion’s outer and inner membrane is called the intermembrane space. The space in the middle of a mitochondrion is called the matrix, and this is where the Krebs cycle takes place. Note that the organelles are not drawn to scale. Description 1

For the next example of a building block, you may want to take a deep breath (which is a good idea anyway). How is breathing related to mitochondria? If you answered that mitochondria use the oxygen you breathe to convert the food you eat into ATP, you are correct, but only partially. Many people are not aware of the role that mitochondria play behind the scenes in delivering oxygen to your cells. Oxygen is delivered through a protein in your red blood cells called hemoglobin. The part of hemoglobin that enables capturing oxygen and delivering it to all your tissues is called heme, and its production starts and ends in the mitochondria. Heme also helps remove carbon dioxide from your cells and deliver it back to your lungs, which in turn remove it from your body when you exhale. If this isn’t a big enough job, here’s another way heme helps you: After you go to the gym, your body adds myoglobin to your muscles, which increases your ability to store even more oxygen in your skeletal muscles for the next time you exercise, and heme makes up the oxygen-binding component in myoglobin. We can go on and on with the list of compounds that are processed with the help of mitochondria, but for the sake of brevity, let’s just mention three more: testosterone (male hormone), estrogen (female hormone), and cortisol (stress hormone).


WASTE PRODUCTS

As part of their role as metabolic hubs, mitochondria not only provide building blocks to your body, but they also participate in removing some waste products from the cell. We already mentioned carbon dioxide. This waste product that leaves our body when we exhale is produced in our mitochondria. Another waste product is urea, and its production starts in mitochondria. When our body breaks down proteins, it creates ammonia, which is highly toxic, so it is converted into urea, which is removed in our urine. Known as the urea cycle, this was another discovery of Hans Krebs, which he had made while still in Germany and which established his international reputation.



Although the Krebs cycle is usually mentioned in the context of energy, Hans Krebs was very aware of the cycle’s dual role of providing energy and building blocks, and he referred to this point when he was awarded the Nobel Prize.3 He also said that the research he’d been doing did not lead to the kind of knowledge that can be expected to give immediate practical benefits to mankind, but that he was convinced that it will eventually help solve some of the practical problems of medicine. Seventy years later, there is plenty of evidence of the impact of his discoveries on our understanding of human health. Thanks to Hans Krebs, we understand that mitochondria are amazingly efficient factories that provide building blocks that affect every aspect of our health.



Mitochondria Help Kill Cells That Should Die, and How This Shaped Your Fingers

In 1997, when the cell biologist Guido Kroemer finished a lecture about the role of mitochondria in programmed cell death, one of his esteemed colleagues stood up and exclaimed: “Mitochondria are bullshit!” Before we discuss the colleague’s harsh reaction, let’s explain what programmed cell death is. Imagine that you’re the manager of a thriving chemical plant. Every morning, you walk around the plant to review which pipes or valves need to be lubricated, adjusted, or replaced. The materials that flow in the system are highly corrosive and toxic, and being the responsible manager that you are, you ensure that pipes and valves are replaced at the right time. As the years go by, more and more parts need to be replaced, and one day you get word from corporate headquarters that the plant is beyond repair and is going to be shut down. Do you simply lock the doors and abandon the place? Of course not. To avoid an environmental catastrophe, it must be done in an orderly fashion: Chemicals need to be removed safely with special attention to prevent any dangerous interactions among them.

Every cell in your body is like that chemical plant. During the lifetime of the cell, broken parts are replaced, and certain chemicals are kept away from one another to prevent unwanted interactions. When the cell is damaged beyond repair, it needs to be removed safely because the content of a cell can be highly toxic to other cells. This process is known as apoptosis—programmed cell death—and it originates and is orchestrated by the mitochondria.

For years, scientists assumed that programmed cell death was completely controlled by the nucleus. Some suspected that mitochondria were involved, and Guido Kroemer made significant contributions to establishing this involvement. But no one was able to prove it until 1996, when a young scientist named Xiaodong Wang at Emory University in Atlanta made a stunning discovery. He was trying to identify what activates caspase-3, an enzyme that was known to be involved in programmed cell death, and his experiments kept showing that it was a protein called cytochrome c. This didn’t seem to make sense because it was well established that cytochrome c played a key role in the energy transfer process in the mitochondria. Is it possible that the very same protein that helped the cell to live also played a role in killing it? Wang told us that initially he dismissed his own findings, but cytochrome c kept showing up as the activator of caspase-3. Even when he had very clear results, he still hesitated to make his work public. To test the waters, he presented his results to two Nobel laureates, Michael Brown and Joseph Goldstein at the University of Texas (he had previously worked in their lab). Wang opened his presentation by saying that if he didn’t manage to convince them, he would not submit the article, because he doubted that he would be able to convince anyone else. When he completed the presentation, Michael Brown left the room and started pacing the corridors. Goldstein stayed in the room, thinking. Forty minutes later Wang heard the verdict: He should submit the paper to the highly regarded journal Cell.

The idea that mitochondria are involved in programmed cell death faced a lot of skepticism within the scientific community, even after Wang’s paper was published.4 The harsh reaction that Guido Kroemer heard wasn’t the only incident. Eventually, though, Wang and others ran additional experiments that proved the mitochondria’s critical role in triggering programmed cell death. Today, it is unequivocally established that mitochondria play an integral role in this job. And it’s a big job: In a single day, programmed cell death takes place in billions of cells in your body. When apoptosis doesn’t take place, in other words, if the cell just dies without the safe removal of its parts, toxic chemicals leak into the space between cells, damaging or killing neighboring cells and triggering inflammation.

Apoptosis does more than protect us from inflammation and damage to neighboring cells. There are almost always potentially cancerous cells in our body. This is largely unavoidable since as we age, some cells collect too many mistakes in their nuclear DNA, causing them to divide uncontrollably. Luckily, our body has some safety mechanisms to fight cancerous cells. One of those mechanisms is programmed cell death that eliminates cells with potentially dangerous mutations. Sometimes the process of apoptosis is broken, so cells that we wish were dying keep multiplying. This is part of cancer. Many anticancer drugs work by reactivating the process of apoptosis and thus triggering the cancer cell to die.

Through apoptosis, mitochondria also participate in the beautiful process of shaping a human while in the womb. For example, the hands of the fetus in the early stages of development first look like mittens, and then a magical process begins. Mitochondria’s role in this process is to be the assassins that ensure the elimination of unnecessary cells between the digits. This is how our fingers are formed. The same process takes place in the brain of an embryo where 50 to 80 percent of the nerve cells that are formed during the early phases of development disappear before birth. Like a Michelangelo beginning with a large piece of marble from which he will carve the sculpture, our body starts with a large mass of cells from which the baby’s brain is made. Apoptosis is the chisel that eliminates the excess cells. Through programmed cell death, the life machines help to shape new life.



Mitochondria Fight Viruses, and a Protein Named After a Basketball Team

It’s possible that as you are reading this sentence, your mitochondria are quietly helping you neutralize a virus or another invader that found its way into your body. To understand how this works, let’s talk about the two subsystems of our immune system—the adaptive immune system and the innate immune system. Many people know that antibodies neutralize specific bacteria and viruses. Antibodies are one part of our adaptive immune system that learns about new invaders and fights them. Essentially, an antibody is a one-trick pony that learns how to recognize and neutralize a specific invader, like a virus or bacteria. The only problem is that learning takes time, and days pass between the invasion and the development of the antibodies. In the meantime, the invading bacteria or virus can proliferate and cause damage.

The innate immune system, on the other hand, acts as our first line of defense. We’re born with it—no learning is necessary—so it responds within minutes. It also alerts the adaptive immune system to start working. Our mitochondria play an important role in innate immunity. Part of the innate immune system is a protein with a self-explanatory name: mitochondrial antiviral-signaling protein or MAVS, which is like the burglar alarm at your home. The protein MAVS sits on the mitochondria, ready for action. When some proteins in the cell detect a virus, they bind to MAVS, which signals the cell to make and secrete certain hormones (called cytokines) that activate the innate immune response, and poof… the infected cell is dead (along with the virus). This is how our body reacts to the common cold virus, influenza, Ebola, Zika, and many other invaders.

If you’re a basketball fan and you wonder if the name MAVS has anything to do with the Dallas Mavericks (known as the Mavs), the answer is that, indeed, it was named by a Mavericks fan. When Zhijian “James” Chen from the University of Texas first discovered this protein, he didn’t realize the mitochondrial connection, but when he and his colleagues found that the protein sits on the mitochondrial surface, they looked for a name that starts with an M. “At the time, the Dallas Mavericks were playing the Miami Heat in the [2006] NBA Finals,” Chen told the Dallas Morning News.5 “That’s how we got the inspiration: How about we call it MAVS—Mitochondrial Anti-Viral Signaling?”

The Mavs lost the series against the Miami Heat in 2006 but won against them in 2011. You win some, you lose some, and this is true for the innate immune response, too. While the system works beautifully in many cases, there are also instances where mitochondria can be outsmarted. A recent example is Covid. One of the nastiest characteristics of SARS-CoV-2 (the virus that causes Covid-19) is that it directly attacks the mitochondria-mediated immune response by cutting MAVS into inactive fragments. (Imagine a sophisticated burglar who cuts the alarm system’s wires before he breaks into your home.) It is not the first virus to successfully bypass MAVS (another one is the virus that causes hepatitis C), so scientists are studying this vulnerability with the hope of developing ways to fight future sneak attacks. But these are anomalies. Most of the time, the mitochondria are like a good counterterrorism unit that prevents attacks that we’ll never know about.

The innate immune system also alarms the body that a particular cell is damaged. When mitochondria’s quality deteriorates as we age, or when they experience acute damage from oxidative stress (explained in chapter 3), they leak their DNA into the gooey fluid inside the cell (the cytosol). The cell views this mitochondrial DNA (mtDNA) as a foreign invasion. Mitochondria originated from ancient bacteria and they have their own DNA, and whenever mtDNA leaks into the cell’s cytosol, it triggers an innate immune response because of its similarity to the DNA of bacteria.

And sometimes, mitochondria tackle the invader directly. If you have a cat, you probably know that litter boxes should be handled very carefully because cat feces may contain a parasite called Toxoplasma gondii. Lena Pernas, a professor at UCLA, showed that mitochondria surround Toxoplasma parasites when they invade the cell, depriving them of their food supply. Pernas found that mitochondria increase their fatty acid consumption to starve the parasites of the nutrients they need to replicate.6


[image: A electron microscopy image of two parasites being surrounded by mitochondria.]
Mitochondria defend us not only from viruses, but also from other invaders. In this electron microscopy image, mitochondria surround parasites called Toxoplasma gondii. For emphasis, the cell’s mitochondria surrounding the two parasites are all shaded darker than the rest of the cell. (Courtesy Lena Pernas, UCLA)



Mitochondria as Signaling Stations; And Who’s in Charge Anyway?

Mitochondria can also be seen as tiny signaling stations that send and receive messages regarding numerous cell activities. We just saw one example of this in MAVS, the protein that tells the cell to activate the innate immune response. Many signals also come from the Krebs cycle; some of the same building blocks that it produces inform the nucleus (and other cells) about the current state of things. One example is a compound called succinate, which serves as a signal to increase blood pressure by binding to certain receptors in kidney cells. It also further activates our innate immune response.

Mitochondrial signaling is also part of another function that we have discussed—apoptosis, or programmed cell death. How do mitochondria signal to the cell that it’s time to die? As we mentioned, in 1996, Xiaodong Wang discovered that mitochondria do so by releasing the protein cytochrome c, which binds with other molecules and starts a signaling cascade telling the cell that it is time to die. Inspired by Wang’s findings, a young scientist named Navdeep Chandel became interested in other signals mitochondria may send.7 One of the first things he looked at was ROS, which stands for reactive oxygen species; it’s a by-product of the energy transfer process. You’ve probably heard about free radicals, which wreak havoc inside the cell; ROS is a class of free radicals that you’ll hear much more about throughout the book. In general, ROS can be trouble, and mitochondria have a way to get rid of them, to a certain extent.

Chandel suspected that ROS might also serve as essential signals for different activities. In 1998, his research group showed that a certain type of ROS serves as a signal that has beneficial effects in cases of hypoxia, a state in which the cell is not getting enough oxygen.8 Chandel and his colleagues found that mitochondria act in this case as oxygen sensors; in the absence of oxygen, they generate ROS, which activate a process to increase oxygen delivery to cells that don’t have enough. Subsequently, his group and many others have shown that ROS can serve as signals that activate other similarly helpful processes in the cell.

This brings up an important point about balance in our body and the peril in the “more is better” attitude that some people adopt. As we’ll discuss in chapter 7, during the 1990s, when people heard that antioxidants could help our body get rid of oxidants, some started consuming high quantities of antioxidant supplements. Our body—and more specifically mitochondria—produces antioxidants naturally to clean up unnecessary ROS. But if ROS are beneficial in small quantities as signals for certain cell activities, large amounts of antioxidants might interfere with this important messaging. More isn’t always better.

Mitochondria send ROS as signals to activate another critically important process in the cell called autophagy, which essentially is a recycling program of cell components.


WHAT IS AUTOPHAGY?

To discuss this, here’s a little riddle: Every day, an average adult needs to replace 200 to 300 grams of proteins in their body. So how come the daily recommendation of protein is only a fraction of that? The answer is that the cells in your body have an amazing feature called autophagy. Autophagy means “self-eating” in Greek, and indeed, cells constantly chew up damaged bits and pieces and recycle their own components into new cellular structures. And cells do it without interrupting their regular programming. (Just imagine that your car had this feature: recycling old parts into new parts and installing them in place while you’re idling at a stoplight.)

Sometimes people get confused between the term we just introduced—autophagy—and a term we introduced earlier—apoptosis (programmed cell death). To avoid confusion, imagine again that you’re the manager of a chemical plant. As we explained, when the machines are beyond repair, you must shut down the plant, and you make sure you do it in an orderly fashion to prevent dangerous interactions between chemicals. This is apoptosis—programmed cell death. However, when the plant is still operating, you walk around the facility on a regular basis to replace pipes or valves that are broken and send them to be recycled. This is autophagy, essentially a maintenance job.

The organelles that execute autophagy are called lysosomes, and studies in the past two decades indicate that mitochondria are key players in regulating this program by sending ROS as signals







[image: An illustration of a mitochondrion and its diverse roles in cellular functions, including metabolism, signaling, protection, and detoxification.]
The functions of mitochondria. Mitochondria are mainly known for their important role in transferring energy, which got them the nickname “the powerhouse of the cell.” But they do so much more: They metabolize fats and carbs; they provide essential building blocks for our body; they sequester important ions, such as calcium and iron, and release them when they are needed; they send numerous signals; they kill cells that should die; they protect us from viruses and other invaders; they detoxify pollutants that are formed within the body or from the environment; and they keep the fine balance between oxidants and antioxidants. Description 2




What Can We Do to Help Our Mitochondria?
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