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INTRODUCTION

Aging, to most of us, especially on a bad day, is an appalling
prospect, and, all too often, a grim reality. It represents a
diminution of much that we have been, a penultimate phase of life,
a slow, downward slide into decrepitude, disability, and
dependence, a one-way street toward an all-too-literal “dead end.”
As a friend of mine put it, it’s knowing you’re on your next-to-last
dog.

To a biologist, though, aging is one of the most exciting
mysteries in the universe, a tale told in the chemical language of
every cell and repeated in the life span of every organism. What is
aging, anyway? Why aren’t humans like salmon, who die
immediately after laying and fertilizing their eggs? Why aren’t we
like mayflies, whose lives consist only of birth, reproduction, and a
spectacularly fast death? For that matter, why aren’t we like some
clams, which can live for hundreds of years? Or like 40-year-old
bats?

Why does aging even exist, and why is there senescence, this
gradual loss of function and vigor? Why do we live so long after
our reproductive years are over?

It’s possible that we live a long time after reproduction because
in social species like ours—as with elephants, wolves, and
monkeys—it’s advantageous to have postmenopausal females
around to act as reservoirs of knowledge about watering holes, food
supplies, and child rearing. But while this “grandmother effect”
might explain long life, it doesn’t explain senescence—which



makes you wonder, is senescence necessary? Is it part of the
evolutionary deal? Are we stuck with it?

Or could things be different? Could we have what scientists call
“compression of morbidity,” that is, long, healthy lives without
senescence, then a more or less sudden demise, saving ourselves
the misery of slow-motion decline, and saving the healthcare
system a bundle in the process?

It turns out that while we can’t get rid of senescence entirely, we
can dramatically minimize it. With exercise.

Exercise is the closest thing there is to a magic bullet for
preventing disease and disability, maximizing health, and
prolonging life. The data are overwhelming.

For openers, there’s the compelling epidemiology, as we’ll see in
Chapters 2 and 3. Exercising moderately for half an hour a day for
five days a week, for instance, increases life span by 3.5 years.
Even running slowly for just 5 to 10 minutes a day is linked to a
lower risk of death from all causes. And, of course, it’s not just
running. Walking counts, swimming counts, weightlifting, dancing,
gardening, jumping rope—anything that gets you moving.

Indeed, a sedentary lifestyle is now confirmed to be a stronger
predictor of premature death than obesity, diabetes, high
cholesterol, high blood pressure, and smoking. In other words, it’s
not the sheer passage of time that makes us fall apart, it’s lack of
exercise.

While the epidemiology gives us the big picture, it’s the
molecular biology—the tiny molecules deep inside our cells that
are activated by exercise—that are now seen as the true, underlying
reasons why exercise has so many beneficial effects throughout the
entire body.

In contrast to the epidemiological evidence, which has been
building for decades, the molecular biology is new, and forms the
real questions behind this book: How does exercise generate so



many beneficial changes in so many different tissues at the same
time? How does exercise get fat, muscles, the brain, virtually all
our organs, to “talk” to each other biochemically, like gossipy
neighbors on an old-fashioned party line?

In the years that I have been working on this book, the thing that
has impressed me the most is how much this chemical “cross-talk”
among the organs is changed for the better with exercise. I always
knew, as did almost everybody else, that exercise was good for
you. What I didn’t know, until I began researching this book, was
exactly why exercise was so good, and how it could possibly
trigger such varied beneficial effects all over the body.

Parts of the puzzle of what exercise does in different organs are
still being worked out, including at the National Institutes of
Health, via the awkwardly named project called the Molecular
Transducers of Physical Activity in Humans.

But some parts of the story are beginning to be known. As I
combed through hundreds of scientific papers, I was blown away
by what exercise does for mitochondria, the power factories inside
our cells. I was dumbfounded by the powerful effects exercise has
on the immune system—and the brain. The two chapters on
exercise and cognition and exercise and mood became my favorite
chapters in the book.

Researching this book, far from being drudgery, has been a
powerful motivator. It has left me in awe—most of all about how
evolution “designed” us to move, and how our very metabolisms
depend on it. We clearly did not evolve to sit at computers or in
front of the TV all day. We evolved to run, to plant, to harvest. And
to live as vigorously as possible for as long as we possibly can.

Judy Foreman
Cambridge, MA

January 2019



HOW TO READ THIS BOOK

In figuring out the organization of this book, I decided to spin the
tale mostly according to scientific logic, which I’ll spell out in a
minute.

But that doesn’t mean you have to read it that way.
If you want to jump straight to the practical stuff, flip to Chapter

15, “The Nitty Gritty.” This chapter contains many common
questions about exercise and the answers I culled from my research
and interviews with experts. Similarly, if you want a quick idea of
what’s most likely to kill you at what age, go straight to Chapter
16, “Dodging Bullets.” And if you want an easy way to figure out
how fit (or not) you are, see the websites in the Appendix.

In most of the chapters, I’ve put the big picture first and the most
technical stuff—the molecular mechanisms—at the end. To me, the
hard-core science is compelling, but if it’s not for you, skip the
tough parts. Hopefully, you’ll still get the main idea.

I strongly suggest starting with Chapter 1, on the biology of
aging. This chapter does get into some fairly heavy-duty science,
but if you’re not used to thinking in evolutionary terms, it should
be a fascinating eye-opener. Until I researched this chapter, I had a
pretty negative view of aging. But what I learned about the biology
put a whole new spin on aging for me, and took some of the sting
out of it. Because this chapter involves the basic mechanisms of
aging, it’s the foundation for the rest of the book.

Chapter 2 presents powerful epidemiological evidence that
exercise (or, more precisely, fitness) is a powerful predictor of



health and longevity. As a science writer, it was a special treat to
write about something for which the data line up so beautifully.
This stuff is so clear there’s no need to wade in to the usual “on the
one hand, on the other hand” bog.

As for Chapter 3, let me say I was horrified at what I found out.
Before writing this book, I had assumed that sitting was just the
low end of the physical activity curve. I didn’t realize that sitting
was so detrimental that it comprises a whole separate category.
(Yes, I did sit for hours, weeks, years, writing this book. But in
addition to exercise, I got up as often as I could for coffee and gum.
And I put my printer far enough away that I had to get up to get
print-outs.)

Chapter 4, on the heart, is one of the most important chapters in
the book. In fact, if you only read one chapter, read this one. The
biggest killer in America is heart disease, and exercise has many of
its most potent benefits on the cardiovascular system. This should
get you off the couch, if nothing else does.

Chapter 5, on mitochondria, kicks off the red meat of the book. I
love this chapter. For one thing, I got to interview some terrific
older athletes, whose feats left me both motivated and daunted. For
another, I was amazed to learn how new mitochondria (the energy
powerhouses inside cells) are made and how that process cranks up
with exercise. If I hadn’t believed in the value of exercise before, I
would have been converted by this chapter.

Chapter 6, on how muscles get bigger (hypertrophy), also had
some surprises for me. I hadn’t realized how different the
molecular processes were for building endurance and for building
muscle. I still don’t love pumping iron, but this chapter keeps me
on track. The most exciting section of the chapter for me was
discovering that muscles are hormone factories and that they “talk”
chemically to bones.



Chapter 7, on bones, may startle you. Since muscles and bones
are now seen as a unit, it made sense to put the chapter on bones
right after muscles. I was in for some big surprises myself as I
researched this chapter, too. So, spoiler alert! Exercise is still
important to protect bones, but not for the reasons we used to think.

Chapters 8 and 9, on exercise and cognition, and exercise and
mood, were the biggest “uppers” for me. Once again, the
epidemiological data that exercise improves both cognition and
mood are very strong. What surprised me was that some of the
same molecular mechanisms are involved in both. Given how
many people suffer from depression, and how many others face,
and fear, cognitive decline with aging, I consider these chapters
“must reads.”

Chapter 10, on the microbiome, is fun. The science on the
potential effects of exercise on the microbiome is still new and
somewhat unsettled, but fascinating nonetheless.

Chapter 11, on immunity and inflammation, is one of the most
important in the book. Chronic inflammation underlies many of the
diseases and conditions of later life, many more than most of us
would think. Exercise turns out to be a great way to keep chronic
inflammation at bay.

Chapter 12 on exercise and cancer is important. Obviously,
exercise can’t completely protect against cancer, or cure it once
you’ve got it. But it does lower the risk of getting it and raises the
chance of living longer if you do. It’s also a major tool for coping
with cancer and potentially devastating cancer-related fatigue. (I
italicized “coping.”)

Chapter 13, on telomeres, focuses on one of the hottest
controversies in science today and on exercise research in
particular. Commercial telomere testing, a booming business
online, was something I couldn’t resist doing myself. You’ll see
how that turned out.



Chapter 14 examines exercise pills. I know, I know. The whole
idea sounds crazy. But these pills are out there, with more coming
along, and in many cases, the pills are based on legitimate science
about how exercise affects the body. That said, I am no fan of these
concoctions, as you’ll see, except perhaps for people who are so
sick or disabled that exercise is completely impossible.

That’s it. I hope you enjoy reading this book as much as I
enjoyed writing it.



CHAPTER 1

Aging

WHY DO WE AGE?

Aging is one of the deepest mysteries of the universe. After all,
what’s the point? Once you’ve passed your genes on to the next
generation, why stick around? Why take up space and use food and
other scarce resources? It’s the young who need those things to live
to reproductive age. So why do old animals even exist? Or old
people?

Evolution has no reason to favor long life, Steven Austad, a
former lion tamer and now a bio-gerontologist at the University of
Alabama at Birmingham, points out. Quite the contrary, he says:
“Evolution favors early, copious reproduction at the expense of
later life survival.”

S. Jay Olshansky, a bio-demographer at the University of
Illinois, Chicago, puts it this way: “We age because Mother Nature
turns her back on us once we’re in the post-reproductive region of
the life span. Natural selection didn’t build in a program to make us
fall apart later in life.”

And yet here we are, a world with growing numbers of old
people, even very, very old people. Was it “supposed” to be this
way? Come to think of it, why is there even such a thing as
menopause? Why do women live 30, 40, even 50 years past
reproduction? (There’s less of a question about old men—some can
produce viable sperm until the day they die, though getting it to its
proper destination can get iffy.)



Perhaps, as one school of thought suggests, aging exists because
old animals—especially females—provide evolutionary
advantages, not to the old animal herself, but to her offspring and
genetic relatives. It’s the so-called grandmother effect.

“If you are a human female and you are taking care of your
grandchild, your act of taking care of your grandchild is a
reproductive act,” at least in the eyes of evolutionary biologists,
says Michael Rose, a professor of ecology and evolutionary
biology at the University of California, Irvine.

Actually, grandfathers are sometimes just as important as
grandmothers because they, too, share food, and sharing is
evolutionarily crucial, says Harvard University evolutionary
biologist Daniel Lieberman. A hunter-gatherer mother requires
enough calories to sustain not just her own body but the bodies of
her children as well, Lieberman notes, which means that hunter-
gatherer females who are lactating and caring for young children
struggle to get enough energy. “But grandmothers and grandfathers
are unencumbered—they can produce a surplus,” he says. “And
that energy goes toward the family. As soon as humans started
sharing, there was a strong selective pressure for longevity.”
(Longevity, as we’ll soon see, is also fostered by “nice”
environments, with lots of food around.)

Among other things, older animals are handy because they know
where to find long-forgotten watering holes or food supplies.
Female postmenopausal killer whales (orcas) are terrific resources
for their tribe—they know where scarce salmon are, and they are
often the ones who lead others to food when supplies are low.

Old female elephants are great resources, too. In fact, elephant
societies are famously matriarchal, with older females helping their
herds survive droughts, food scarcity, poachers, and, of course,
lions.



Some traditional human societies with long-lived men and
women show a similar pattern, says Jared Diamond, a professor of
geography at the University of California, Los Angeles, who for
more than 50 years has studied New Guinea farming societies. To
be sure, he says, nomadic hunter-gatherer societies aren’t always
kind to old people, who may be cast out to die or simply left behind
if they can’t keep up with the group’s wandering. But in sedentary
traditional societies, old folks are valuable. “In traditional societies
without writing, older people are the repositories of information,”
Diamond says. “It’s their knowledge that spells the difference
between survival and death for their whole society in a time of
crisis caused by rare events for which only the oldest people alive
have had experience.”

That’s exactly what happened in 1993, when an outbreak of the
hanta virus triggered a spate of deaths on the Navajo reservation in
the Four Corners area of the American Southwest. The virus,
originally—and unfairly—dubbed the “Navajo flu” and since
renamed the Sin Nombre (No Name) virus, is carried by deer mice.
When the feces of deer mice dry up and become aerosolized,
humans can unknowingly breathe the contaminated dust and come
down with often-fatal pulmonary infections.

When the outbreak hit, scientists from New Mexico’s health
department and the federal Centers for Disease Control and
Prevention flocked to the Navajo reservation to study the virus. But
it was their wise decision to talk with Navajo elders that cracked
the case.

The Navajo elders remembered that twice before in the 20th
century, they had observed a connection between increases in
rainfall, a booster crop of pinyon nuts, and a surge in the deer
mouse population. In 1993, those exact conditions pertained—
unusually heavy rains, lots of snowmelt, huge quantities of pinyon



nuts, a surge in deer mice, and a not-new-after-all epidemic,
deciphered by the oldest folks around.

Clearly, then, there are some benefits for the group as a whole to
have older animals or people around. But this can’t be the whole
story. After all, evolution didn’t “plan” for older people to hang
around because evolution doesn’t “plan” anything. There must be
some other reasons, including genetics, why some creatures live
long past reproductive age.

In the past, some evolutionary biologists thought that animals
might be programmed by “death genes” to age and die right after
reproduction. And there are species, like some fish, that are
programmed to die right after spawning. According to this “death
genes” theory, if an animal lives a long time after reproduction, it
must be that, for whatever reason, death genes just didn’t kick in.

But others argue against this theory. There can’t be “death
programs” in our genes ordering us to age and die, says Olshansky:
“Death programs cannot exist as a direct product of evolution
because the end result would be the systematic demise of all living
things.” Our internal clocks, he says, are “all about life, health and
vigor, not decrepitude and death. They are present to develop and
sustain life, not take it away.”

Besides, if there were pre-programmed signals for aging and
death lurking in our DNA, how would they work? They couldn’t
become activated before reproduction because no one would
reproduce and the species would die out. Any genetic trait that
prevents reproduction eventually would become vanishingly rare.
And if such a death gene became activated after reproduction,
natural selection would no longer be operating. And natural
selection is the driver of evolution.

So, what’s going on? Is aging just one big evolutionary accident?
Actually, yes. It turns out that we are not really like our cars,

whose parts eventually just wear out. Our parts—our cells—can



renew themselves.
Aging, in other words, is what happens when you haven’t died or

been killed off by predators. Yet, aging “is an accidental byproduct
of surviving beyond our biological warranty period, beyond fixed
genetic programs that exist for growth, development and
reproduction.”

Evolutionary biologist Rose puts it this way: We live a long time
after reproduction “because the adverse impacts of the forces of
natural selection take some time to kill us “

Natural selection, of course, is a tricky business. So is genetics.
And things get really complex when it comes to trying to explain
why creatures like humans age, that is, live long past reproduction,
the pivot point for natural selection.

Usually, we think about genes as health-promoting (“good”) or
disease-causing (“bad”), with the former presumably boosting the
odds of a long, healthy life, and the latter messing things up
royally. But it’s not that simple. There aren’t just “bad” genes and
“good” genes, but genes that are a bit of both. Some genes have
multiple effects, that is, they are “good” and “bad” at different
times. This is called “antagonistic pleiotropy,” and it’s one
explanation of why we age.

The theory goes like this: If a gene has a beneficial effect early
in life, but a detrimental effect later on, after reproduction, when
natural selection is irrelevant, natural selection will favor that early
beneficial gene even if the late-life effect is “catastrophic,” as
Austad puts it.

This means that deleterious, late-acting genes can accumulate
generation after generation because they are not weeded out at
reproduction. Eventually, these late-acting “bad” genes wreak
havoc, causing the deterioration that we recognize as aging.

But, of course, genetics is only half the story. The other half is
environment.



Ultimately, long-term survival depends not just on genes but on
the interplay between genes and environment. If you are born into
an environment full of hazards, your chances for long-term survival
are obviously poor, no matter how good your genes. If you are born
into a safer environment, your chances for longer life increase.

And this feeds into the genetics. Over generations, if you grow
up in a safe environment, you can afford to postpone the age at
which you reproduce. This is key because delayed age of
reproduction helps select for genes that indirectly allow for or
encourage longer life.

In other words, the hostility or friendliness of the environment
“determines the time of reproduction, which determines the
duration of life,” Olshansky says.

This is worth pondering.
The link between environment and life span is something that

has fascinated thinkers since Aristotle, thousands of years ago.
Aristotle noticed that large animals like elephants live longer than
little ones like mice. He guessed that some factor in the
environment, maybe moisture, had something to do with it.
Elephants, he figured, simply didn’t dry up as fast as mice.

In truth, moisture has nothing to do with it. But large size does
predict longer survival because of a safer environment: Big animals
face fewer predators. Greater size means that bigger animals can go
longer without food and water. Big animals also tend to live in
clusters with lower population densities, which means they are less
likely to catch contagious diseases. And large size also means that
creatures can withstand cold and heat better.

Austad, the bio-gerontologist, discovered a dramatic illustration
of this reproduction-survival principle years ago while studying
opossums, which typically exhibit accelerated aging. Opossums
don’t live long because they live in an unsafe environment—they
get picked on by owls, coyotes, wolves, feral dogs, cougars,



bobcats, and, in modern times, cars. Their environment is just too
hazardous for long-term survival.

For an animal in such a predicament, it makes no sense to waste
resources on defenses like a good immune system, which would
benefit the animal in the long run. For these animals, there is no
long run. What does make sense is to reproduce as early as
possible.

This made Austad wonder what would happen to opossums’
chances for longer life if they did live in a safer environment with
no predators around. He found an island off the coast of Georgia
that contained opossums. It was perfect for his purposes—too far
from the mainland for opossums to swim (and thus exchange genes
with mainland opossums) and it contained few opossum predators.
If the theory was right, Austad reasoned, opossums on the island
should age more slowly and reproduce later than their cousins on
the mainland.

That’s exactly what he found.
Something similar may be going on right now with humans. All

over the comparatively safe developed world, women are having
children later. In the United States, the average age for the birth of
a first child is now 26.3, up from 24.9 just a few years ago.

Indeed, the ability to stay fertile longer, that is, to be biologically
able to delay reproduction, is one of the most striking features of
America’s oldest old, as data from the Long Life Family Study at
Boston University show. Women whose biological clocks are
ticking slowly enough that they are still capable of having a baby
beyond age 33 are twice as likely to reach very old age as women
who have their last baby at 29.

In other words, much of the increase in human longevity in
recent times has to do with the fact that, in the developed world at
least, we have made our environment safer, not that the process of
aging itself has changed. Despite the horrifying headlines we read



daily, we really do have fewer hostile forces—predators, diseases,
food scarcity—to contend with now.

In the old days of our species, almost everybody died relatively
young. Life was so hard, the environment so harsh, that nobody
had a chance to age.

WHAT IS AGING, ANYWAY?

Aging, says Steve Austad cheerfully, is the “progressive
deterioration of virtually every bodily function over time.”

European researchers make it sound even gloomier: Aging is “a
progressive loss of physiological integrity, leading to impaired
function and increased vulnerability to death . . . the time-
dependent accumulation of cellular damage.”

But is this downward slide really inevitable? Does every creature
on earth face the slow decline that we humans dread?

Surprisingly, the answer is no. In theory, at least, aging is not
inevitable.

“Some animal species don’t show aging—at all,” says
evolutionary biologist Rose. “There is nothing whatsoever in the
basic cellular or organismal biology of animals and plants that
requires aging.”

The truth is that the aging process can be quite different in
different critters. Lots of animals, and plants, die right after they
reproduce.

But others don’t age at all. In sea urchins, for instance, cells just
don’t degrade. Sea anemones don’t age, either. For animals like
these that don’t age, the risk of death does not increase as time goes
on, as it does with humans. It stays the same, all the way along.
Take freshwater hydra—they have an equal chance of dying at age
10 or age 1,000.



And then there are the creatures, like Greenland sharks, that do
age, but do so astonishingly slowly. Danish researchers recently
discovered (by radiocarbon dating the lenses of sharks’ eyes) that
these sharks, who live in very cold water, live for more than 400
years, making them the oldest vertebrates known, second only to
ocean quahogs in longevity.

What these examples show, in other words, is that we can’t
extrapolate from our observation of human aging to the rest of
critter-kind. In reality, there is a striking variety in how—or
whether—living creatures age.

And this huge variety prompts some evolutionary biologists,
among them Michael Rose, to wonder if the physiological process
of aging ever has to stop, or whether aging could just keep on
going, more or less forever.

There’s no reason to assume, says Rose, that “each and every
type of physiological deterioration that has been associated with
aging must continue without remit throughout late adult life.”
Maybe things could plateau in later life, maybe the process of
aging could simply stop.

BOX 1.1 LIFE EXPECTANCY

As we think about aging, it’s important to remember that this
biological process, however long it lasts, is not the same thing
as life expectancy, which is the average of everyone’s age at
death. Life expectancy has been a moving target in recent
decades. For most of human history, life expectancy was
drastically shorter than it is today because many, if not most,
babies died in their first year of life, dragging down the
average.



Worldwide, life expectancy at birth is now 68.6 years, and is
projected to rise to 76.2 by 2050. In some countries, men and
women at age 65 can expect to live at least 20 and 25 years
more, respectively, and by 2020, people aged 65 or older are
expected to outnumber children under age 5. In the United
States, the population aged 65 and older is expected to double
by 2050 from what it was in 2012, thanks to aging baby
boomers.

Women’s life expectancy at birth is generally longer than
men’s. That’s not because they age more slowly, although that’s
possible, but because at any given point in time, they die at
lower rates. Life expectancy at birth for US women in 2016 was
81.1 years; for men, 76.1. Surprisingly, the trend toward
increasing life expectancy has been going backward in the last
several years.

If aging is not absolutely inevitable, the fascinating question then
becomes, can we manipulate it? Could we change the basic
biological mechanisms that, as noted, deteriorate over time?

And what would it mean if we could? What would it mean for us
as individuals if we could live both longer and more healthily?
What if, instead of attacking the major diseases of aging one by
one, as we do now, we pumped the big federal money into slowing
the basic processes of aging themselves?

Some researchers, Olshansky among them, estimate that we
could increase life expectancy by at least an additional 2.2 years,
and that, more importantly, most of these extra years “would be
spent in good health.”

To be sure, delaying aging, and thus increasing the numbers of
older people, would be economically costly in terms of Social
Security and other entitlements. But these costs could be offset by



raising the retirement and Medicare eligibility age. The real goal,
he says, is to “compress both morbidity and mortality into a shorter
period of time at the end of life.”

And how exactly might we do this?
The main thesis of this book is that exercise is the closest thing

we have to a magic bullet against aging. As we’ll see in the
chapters to come, exercise affects the deepest molecular biology of
our cells, tissues, and organs—an array of effects so broad.

No pill is likely ever to match it. Why? Because, in a very real
sense, the ability to exercise and the need to do it is built into our
genes.

Harvard biologist Lieberman puts it this way: We humans
evolved to be “especially well adapted for plentiful physical
activity.”

It’s when we don’t get the exercise that we evolved to get that
things fall apart.

THE MAJOR HALLMARKS OF AGING

So what are these biological processes that underlie aging? What’s
going on at a biochemical, genetic, and physiological level when
we age? What are the molecular “signatures”—clusters of
biological markers—that could be used to predict how well, or
poorly, a person is aging?

Not long ago, it wouldn’t have been possible to give satisfying
answers to these questions. But today, researchers have boiled
down the most important changes to nine “hallmarks” of aging, as
detailed in landmark papers in 2013 and 2016 by a team of
European scientists led by Carlos Lopez-Otin in Spain and Guido
Kroemer in France.

This gets into some heavy-duty cell biology, and we’ll translate
it into plain language in a minute. But for the record, the nine



hallmarks are “genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell
exhaustion and altered intercellular communication”

Don’t panic. This isn’t as off-putting as it sounds. And the good
news, at least in the view of some researchers, is that the beneficial
effects of exercise involve all nine hallmarks of aging.

Each hallmark is a complicated web of biochemical interactions,
and each of the hallmarks is intricately connected with all the
others, making the process of untangling them an ongoing
challenge.

But the take-home message is clear: Each hallmark has
undesirable metabolic consequences. And it’s our “Westernized”
lifestyle—too much food and too little exercise—that accelerates
this downward slide.

Among the most pronounced of the nine hallmarks are
epigenetic changes, which can be measured by the so-called
epigenetic clock. This is a biological metronome that “is literally an
age estimate for any cell type, tissue type or organ,” says Steve
Horvath, a professor of human genetics and biostatistics at the
University of California, Los Angeles.

Epigenetics consists of the changes to DNA that influence which
genes are active but don’t alter the DNA itself. It’s a link between
nature (the DNA we’re born with) and nurture (what we encounter
in the world around us). The key is that epigenetic changes affect
which specific genes are “turned on” and when, not changes in
DNA itself.

The epigenetic clock is actually one of a number of clocks that
keep track of time and control what happens in the body. When
should we get hungry? When should we sleep? When should we
conceive babies? The most familiar of these is the one that keeps
track of day and night—the circadian clock. But all these clocks are



essential to life. “We could not exist without them,” says
Olshansky. It is these built-in genetic programs, he says, that
“transform a fertilized egg into a teenager capable of
reproduction.”

But the epigenetic clock stands out because of its surprisingly
strong relationship with chronological age. Metaphorically, it’s like
counting tree rings to estimate the age of a tree, says Horvath.

One of the chief epigenetic changes is a process called DNA
methylation. This happens when a chemical structure called a
methyl group latches on to certain stretches of DNA. Depending on
where on the DNA the methyl group lands, it can control the
expression of particular genes. As we age, some sites on the DNA
molecule gain methyl groups, while others lose them.

Scientists know that enzymes (methyl transferases) attach methyl
groups to the DNA. But what triggers DNA methylation in the first
place—and how the enzymes “know” where, exactly, to attach the
methyl groups—remains a mystery.

Still, the fact that the epigenetic clock works in chimpanzees,
and that similar clocks can be defined for mice and dogs, suggests
that these processes were “decided” by evolution hundreds of
millions of years ago.

One of the most dramatic illustrations of the link between
exercise and DNA methylation came in 2014, when researchers
from Sweden’s Karolinksa Institute asked a group of healthy young
men and women to subject themselves to muscle biopsy tests, then
ride bikes in the lab using only one leg four times a week for 45
minutes for three months.

Then the muscle biopsies were repeated. The scientists found
that more than 5,000 sites on the genome of muscle cells had new
methylation patterns, with some sites showing more methylation,
and some less. The fascinating thing was that these changes
showed up only in the exercised leg, not in the other leg, which



served as a control. Horvath has recently shown that exercise does
seem to slow the epigenetic clock, possibly by keeping weight
under control.

One of the most stunning things scientists have learned from
studying epigenetic clocks is that, at the molecular level, we don’t
all age at the same rate, as we all intuitively know from going to
high school reunions.

In fact, as Horvath’s research shows, not only can two people of
the same chronological age be quite different in biological age, but
different ethnic groups age at different speeds, too.

In a 2016 study, Horvath’s team studied DNA methylation in
more than 4,500 people from seven ethnic groups: two African
groups, African-Americans, Caucasians, East Asians, Latinos, and
indigenous people from Bolivia called the Tsimane. Latinos age
more slowly at the molecular level than other ethnic groups. And
the Tsimane age even more slowly than Latinos.

Men age faster than women, too. Even more fascinating—not to
mention theoretically puzzling—different organs and tissues in the
same person age at different rates. The heart can be 50 years old
while the lungs are only the equivalent of 30 years old.

Breast tissue, for instance, is biologically older than many other
tissues, possibly because the breast matures and differentiates faster
during adolescence, pregnancy, and lactation. In obese people, the
liver ages faster than other organs. In fact, the higher a person’s
body mass index, the higher the age of his or her liver. Infections
like HIV accelerate the epigenetic clock. So does Down syndrome.

DNA methylation can actually predict all-cause mortality,
regardless of chronological age. In one 2016 study, for instance,
Horvath’s team looked at the DNA of more than 13,000 people
from the United States and Europe. The epigenetic clock was able
to predict the life spans of Caucasians, Hispanics, and African-
Americans “even after adjusting for traditional risk factors like age,



gender, smoking, body-mass index, disease history and blood cell
counts.”

Other researchers, too, have also found that DNA methylation
predicts all-cause mortality—independent of health status, lifestyle
factors, and known genetic risks. In fact, some data suggest that
there is a 35 percent increase in the risk of death for each five-year
increase in DNA methylation age.

In centenarians (people over 100 years old), DNA methylation
shows a youthful pattern, suggesting that these very old folks are
biologically significantly younger than their chronological age.

Another hallmark of aging involves telomeres, tiny bits of DNA
on the ends of chromosomes. Telomeres are like the caps on the
ends of shoelaces. They keep the ends of chromosomes from being
misidentified by the cell as damaged DNA, which can trigger a
DNA repair process that can fuse chromosomes together, tangling
up cell division. With aging, telomeres naturally get shorter,
ultimately becoming unable to keep DNA in good enough shape
for the cell to divide.

For about a decade, scientists have known that an enzyme called
telomerase can restore missing bits of telomeres, thus allowing
chromosomes to stay long and keep functioning. Although many
mammals continuously make telomerase, most human cells make
very little telomerase, which is why telomeres in people get shorter
over time.

The question of whether exercise helps keep telomeres long (and
sedentary behavior hastens their shortening) is a contentious one,
as we’ll see in Chapter 13. Diet does seem to play a role in
telomere health, with a Mediterranean diet (fruits, veggies, olive
oil, and not much red meat) possibly slowing the rate of telomere
shortening.

But here’s a curious thing: Telomere shortening does not seem to
correlate with the epigenetic clock. If all the biological clocks in



the body were tightly linked, one would expect the telomere clock
and the epigenetic clock to be in sync. But a number of studies
have shown that telomere length is not correlated with epigenetic
age.

And even cells whose telomeres are well maintained by the
enzyme telomerase continue to age according to the epigenetic
clock. It’s possible that telomeres and the epigenetic clock are
independent markers of aging. But overall, these studies show that
it’s not possible to stop or reverse aging by reversing the telomere
clock alone, says Horvath: “Rather, a comprehensive anti-aging
strategy needs to find ways of slowing the epigenetic clock as
well.”

Another key hallmark of aging is genomic instability. This
means that our DNA has become damaged over time and has lost
the ability to repair itself. DNA damage is a constant—scientists
estimate that the DNA in each human cell is damaged a million
times a day, though in young, healthy cells, a number of processes
kick in to detect and repair this damage.

Telomere shortening can be considered a specific type of
genomic instability. But there are others, and they, too, are
disruptive to the basic functioning of cells. One of these is a
phenomenon called “jumping genes.” These are rogue bits of DNA,
technically called transposons, that leave their normal place on the
DNA strand and insert themselves elsewhere, where they are not
“supposed” to be. Transposon activity rises with age.

Loss of proteostasis, another aging hallmark, means that the
normal process by which cells recycle protein goes awry. In a
normal, healthy cell, proteins are routinely synthesized, folded into
the right shapes, and when they become old and damaged,
recycled. This recycling process is called “autophagy,” or “self-
eating,” and it’s crucial for preserving the fitness of cells from the



inside. (Research on how autophagy works won a Japanese
scientist the Nobel Prize in 2016.)

But if autophagy breaks down, as it does with aging, damaged
proteins clump together, messing up cell function. Alzheimer’s
disease, which is characterized by plaques and tangles of clumped-
together proteins, is an example of proteostasis failure. The good
news is that exercise is a powerful stimulator of autophagy.

Another hallmark of aging involves the failure of an organism’s
system for detecting the availability of food in the environment.
This process, called nutrient sensing, is key to survival, but with
aging, it becomes deregulated.

The availability of food and the “decision” by an animal to
reproduce are tightly linked. Indeed, the ability to sense nutrients
evolved because animals had to find a way to tell when there was
enough food around to support reproduction; if food supplies were
scare, an animal had to “know” to hold off on making babies until
things got better.

Delayed reproduction, as we saw with the opossums, is
associated with longer life span. “When nutrients are abundant,
animals, including humans, grow and reproduce—the evolutionary
imperative,” in Austad’s words. When food is scarce, accurate
nutrient sensing allows animals to spend their precious energy on
maintenance and repair, not reproduction.

Discovering exactly how the nutrient sensing system works, and
how it fits in with aging, is a fascinating story, and it happened in a
roundabout way. Years ago on Easter Island, also known as Rapa
Nui, scientists discovered an antifungal agent (now a drug) that
they dubbed “rapamycin,” named after the island. (Considerable
research is now focused on rapamycin as an anti-aging drug, as
we’ll see in Chapter 14.)

Rapamycin, they discovered, acts on an enzyme that they named
“mTOR,” for “mammalian target of rapamycin.” This enzyme is a



nutrient sensor, a chemical that detects the presence of amino acids.
“When we eat food, the proteins from the food are broken down

in the gut to amino acids,” explains geneticist Matt Kaeberlein of
the University of Washington. “When there are a lot of amino acids
around, that means there are a lot of nutrients, which turns mTOR
on,” he says. Once turned on, mTOR sends chemical signals to
other enzymes that “tell a cell it’s a good time to divide or grow.”
In other words, more mTOR, more growth.

On the other hand, when there are no amino acids around,
mTOR shuts down, telling an organism not to reproduce until food
supplies are up again. Since delayed reproduction is associated
with longer life span, the mTOR–aging link goes like this: Low
mTOR is “good” because it is linked with slower aging, and high
levels are “bad” because they are linked with accelerated aging.

There’s another wrinkle here. A major reason that scientists are
intrigued by mTOR is that it is also part of a pathway by which
insulin and a hormone called IGF-1, or insulin-like growth factor,
act. Insulin regulates cell metabolism, while IGF-1 triggers cell
growth, differentiation, and tissue repair, all potentially “good”
things.

But IGF-1 can also be “bad” because it turns on mTOR,
potentially accelerating age-related diseases, stimulating smooth
muscle growth in atherosclerosis, and even boosting cancer cell
growth.

Exercise fits into all this, too. Exercise increases both IGF-1 and
mTOR. In theory, this could potentially have adverse effects. But—
and it’s a big “but”—the exercise effect is short term and localized
to specific tissues. The danger only comes if IGF-1 and mTOR are
chronically, not temporarily, increased.

Yet another hallmark of aging involves mitochondria, little
organelles inside cells often dubbed “powerhouses” because they



are the factories that produce energy for everything from basic
metabolism to running marathons.

Mitochondria have their own DNA, distinct from the DNA in the
cell’s nucleus and inherited differently (only through the mother).
Like the DNA in the nucleus, mitochondrial DNA can become
damaged and fail to be repaired, which becomes a significant
contributor to aging. Mitochondrial dysfunction in fact is a major
driver of aging and age-related diseases. The good news, as we’ll
see in Chapter 5, is that exercise is a powerful way to keep
mitochondria from becoming dysfunctional.

Cellular senescence, another hallmark, means that cells, though
still alive, can’t reproduce anymore. Scientists think cells become
senescent when they are damaged or when their telomeres become
too short, and are in danger of becoming cancerous, and thus need
to be controlled.

Senescent cells contribute to the aging process by pumping out
cytokines, substances that influence how cells “talk” to each other.
Among other things, cytokines promote inflammation, which in
turn contributes to aging. Scientists are working on ways to get rid
of senescent cells with drugs that nudge the cell to commit
“suicide.” In lab experiments with mice, this technique extends the
life span of mice by more than 20 percent.

Stem cell exhaustion is yet another hallmark of aging. Stem cells
are undifferentiated cells that give rise to many more cells. With
aging, the reservoir of stem cells becomes depleted. Some
researchers have been able to reactivate aging, adult stem cells with
a gene called “NANOG.” Others have injected cardiac stem cells
from young rats into the hearts of older rats, which seems to slow
cardiac aging. Rapamycin may also be able to boost stem cell
function.

The final hallmark of aging is altered intercellular
communication. This means that the signals, including hormones,



that allow one cell to “talk” to another become dysregulated.
Among other things, this tangled-up communication tends to
increase inflammation.

HOW WE AGE: COMPETING THEORIES

Despite the deepening understanding of the hallmarks of aging,
there seems to be no one master gene or mechanism running the
whole aging process, no “hallmark” so powerful that it drives all
the others. The messy truth is that aging is a mélange of interacting
processes that ultimately bring down the entire biological system.

There are several theories about all this, and one of the most-
studied involves caloric restriction, that is, a diet that supplies
essential nutrients but is drastically reduced in calories.

In 1935, a Cornell University team observed that limiting the
food intake of rodents while keeping their diets rich in vitamins and
minerals allowed the males to live 75 percent longer than their
better-fed controls. Follow-up research showed the effect in
females, too.

Since then, other scientists have tested the idea extensively—in
worms, insects, even primates. In a recent human trial, the first of
its kind, caloric restriction did not show the same metabolic
changes as in some animal studies, and the participants were not
able to cut calories as much as researchers had wanted. Even so,
caloric restriction did have a positive impact on some age-related
diseases and on life-span markers such as blood pressure,
cholesterol, and insulin resistance.

Overall, the bottom line is clear: Caloric restriction—limiting
calories by roughly 30 percent—is a spectacularly effective way to
increase the average and maximum life spans in a range of
creatures, and to delay the onset of age-related diseases. It is one of



the only proven ways to retard the aging process, though the drug
rapamycin is promising as well.

But precisely how restricting calories slows aging is the subject
of many theories. Maybe, as some researchers have proposed, it’s
because caloric restriction lowers body temperature. Or maybe it’s
that reducing energy intake triggers a “biphasic” phenomenon
called hormesis. This is a process by which the body responds
favorably to low levels of biological stressors that would be
harmful at high or chronic levels.

Other researchers think caloric restriction boosts cell survival by
activating a gene called SIRT (more on this in Chapter 14). Other
theorists think caloric restriction promotes longevity by damping
down mTOR. Caloric restriction may also preserve genome
function by reducing DNA damage, specifically the damage caused
by “jumping genes.” Caloric restriction may also work by
activating autophagy.

But other theories explain aging on the basis of “aging genes.”
Back in the 1980s, scientists discovered a gene they dubbed

“age-1” in a worm called C. elegans. Worms with a particular form
of this gene lived longer than others. Since then, scientists using
this gene have created worms that can live 10 times longer than
their non-modified cousins.

In his lab at Massachusetts General Hospital in Boston,
molecular biologist Gary Ruvkun has discovered that when worm
insulin or a similar hormone called IGF binds to a receptor called
daf-2, the age-1 gene is activated.

It’s a complicated pathway, but the bottom line is that low levels
of insulin are a great way to extend the life span. In fact, when
Ruvkun suppresses the insulin signaling pathway, his worms act
sick and stop, or at least postpone, reproduction. And delayed
reproduction—as we saw with Austad’s opossums—favors longer
life.



Other aging-related genes have also caught scientists’ eyes.
Scientists have identified dozens of genes that, when altered,

lengthen the life span in mice. Still other scientists have bred fruit
flies (Drosophilia) for longevity by allowing only older flies to
reproduce, thus creating “Methuselah” flies with dramatically
extended life spans. They have even found a longevity gene dubbed
Indy, which stands for “I’m not dead yet.”

Another gene, FoxO, is important, too. A particular form of
FoxO may account for the strange life of the hydra that we
mentioned earlier, those jellyfish-like creatures that don’t age, but
do die. Among other things, this gene seems to work by preventing
stem cell exhaustion.

But, of course, the real goal is to understand the genes
underlying long, healthy life spans in humans, and not surprisingly,
a variant of the FoxO gene is present in long-lived humans, too.

Other genes are at play, too, in exceptionally long-lived people.
Centenarians are endowed with specific genetic profiles, Boston
University researchers have found. Indeed, 90 percent of 801
centenarians in the team’s New England Centenarian Study fit into
one of 27 genetic profiles. These folks do what many of us wish we
could do: pack sickness and disability into a very short period at
the end of a very long, healthy life.

Yet another theory of aging involves the “cross-linking” of
proteins, DNA, sugar, and other molecules. Cross-linking means
that molecules that shouldn’t stick together do, literally gumming
up the works.

This is especially important when cross-links occur via sugar. In
this process, called glycosylation or glycation, glucose molecules
stick to proteins, forming permanent chemical bonds that prevent
the proteins from functioning normally. Cross-linking is partially
responsible for wrinkling of the skin and cataracts in the eye.



And when glucose attaches to collagen, it forms cross-links that
make collagen less flexible. In arteries, glycosylated proteins lead
to atherosclerosis (hardening of the arteries). Glycation also
contributes to the formation of beta-amyloid, a protein that clumps
together in the brains of people with Alzheimer’s disease.

When attached to proteins, glucose also causes “browning,”
what chemists call the Maillard reaction. Just as meat turns brown
when it is cooked, the same chemical reaction—glucose attaching
to proteins—creates a yellow or brown product in our bodies.
Browning turns out to be a major part of the aging process. In
diabetics, when glucose attaches to hemoglobin (a protein), it
creates chemicals called AGEs (advanced glycosylation end-
products), which have damaging effects. Unfortunately, we form so
many AGEs over a lifetime that no single test can detect the degree
of glycation in the organism as a whole.

Other scientists have theorized that aging is related to metabolic
rate, hypothesizing that animals with higher metabolic rates simply
wear out sooner than slower-paced creatures. Known as the rate-of-
living theory, this idea has morphed into the popular notion that all
animals are born with a certain number of heartbeats and when
those are used up—game over.

But the facts have tarnished this theory. Parrots, for instance,
have crazy-fast heart rates—600 beats a minute—yet live longer
than many other animals with more leisurely heartbeats.

Another theory—the free radical theory of aging—holds that we
age because of damage to DNA, cell membranes, blood vessel
walls, and other body parts caused by free radicals (toxic forms of
oxygen). “When iron is oxidized, we generally call the result rust,”
writes bio-gerontologist Austad. “When bronze is oxidized, as on
ancient bronze sculpture, we call the green film patina. When we
are oxidized, we call it aging.”



But the free radical theory, popular several decades ago, has lost
credibility for lack of evidence. True, the destructive power of free
radicals (called oxidative stress) is enormous. But animals,
including people, are also genetically endowed with defenses
against free radicals, specifically, genes that make antioxidants
such as superoxide dismutase, glutathione, glutathione peroxidase,
and catalase. In some species, at least, extended life does appear to
be linked to good antioxidant defenses.

And then there’s the ultimate rebuttal of the free radical theory of
aging, an ugly little animal called the naked mole rat. These critters
have high levels of oxidative damage and low levels of
antioxidants, but still live 10 times longer than similar-sized lab
rats. In fact, naked mole rats, which live underground and don’t
have much sex, don’t seem to age at all, at least not the way most
creatures do: They have the same risk of death throughout their
entire lives. For reasons that still mystify scientists, naked mole rats
appear to be “non-aging mammals,” even though they eventually
do die.

Yet another theory of aging is the idea that our cells are
programmed to have only a fixed number of cell divisions, the so-
called Hayflick limit. When that number—supposedly 40–60 cell
divisions—is reached, the theory goes, aging (cell senescence) and
death ensue. But this theory, too, has run into trouble.

Some cells, notably cancer cells, never stop dividing—they can,
unfortunately, keep dividing forever. And think of those telomeres
and the enzyme telomerase, which keeps restoring telomere length,
thus enabling a cell to keep dividing.

But enough theory!

WHERE EXERCISE FITS IN



That’s what the rest of this book is all about. But here’s a quick
look ahead.

As evolutionary biologists have confirmed, we evolved to run, to
behave much as our hunter-gatherer ancestors did more than 600
generations ago. Exercise and physical activity are normal human
behavior, from an evolutionary point of view. Sloth and gluttony
are not.

Many, if not most, of the chronic diseases we now suffer from
come from what Lieberman calls a “mismatch” between our genes
and our environment. “We evolved to be athletes—you couldn’t
survive [as a hunter-gatherer] without being active. It’s only since
the Industrial Revolution that we could have survived without
physical activity. In essence, we are Paleolithic creatures,
genetically programmed to run around and eat modest amounts of
food, transplanted into an environment conducive to too much
sedentary behavior and too much food”

We are, quite literally, built to run—with good feet, lots of sweat
glands to maintain healthy body temperature, pretty good balance
in motion, and relatively long legs.

As bipedal creatures, we may not be able to run as fast as, say,
lions, but our advantage is that we are capable of running at
moderate speeds for very long periods of time. In fact, it’s this
endurance capacity that allowed our ancestors to develop
“persistence hunting”—chasing an animal until it drops dead from
exhaustion or overheating. Humans, says Lieberman, are actually
“among the best long-distance runners in the mammalian world.”

“Exercise promotes longevity,” he adds. “There’s no question
that people who exercise more live longer and with less disability.
There’s nothing to debate. Removing exercise from our
environment is like removing air: You get sick.”



CHAPTER 2

Run for Your Life

It seems so obvious now: Physical activity is a key—some would
say the key—to a longer, healthier life, a magic bullet, a hedge
against the many ills of humankind.

We know without a doubt, for instance, that exercise lowers the
risk of heart disease, some cancers, premature mortality, and even
all-cause mortality. We know it lowers blood pressure and reduces
dangerous blood clots. We know it helps prevent diabetes,
improves brain function, and spurs muscles to make hormones that
dampen chronic inflammation—and much more.

But it wasn’t always so obvious.
It wasn’t until the late 19th and early 20th centuries that a few

scientifically minded souls began exploring what effect exercise
might have on health and longevity. One of the clues came from an
early study comparing the life spans of highly fit oarsmen from
England’s historic Oxford and Cambridge Universities to those of
the rest of the population. The oarsmen lived significantly longer.

To be sure, a handful of ancient physician-philosophers—
Hippocrates and Galen come to mind—had suspected that a lack of
physical exercise was detrimental to health. During the
Enlightenment, a perspicacious Italian physician had observed that
runners (chiefly, fleet-footed messengers) were healthier than
sedentary tailors and cobblers, whom he urged to exercise on
holidays to counteract the harm done by many days of sedentary
life.



But it wasn’t until 1915 that the US Surgeon General began
putting things together, documenting, among other things, that
manual laborers were less likely to get degenerative heart, kidney,
and blood vessel problems than less active workers. A few years
later, in 1922, Minnesota researchers similarly showed that people
in physically demanding jobs lived longer than those in sedentary
jobs. In 1939, Philadelphia researchers, too, found that the risk of
death from cardiovascular disease was higher for white-collar
workers than for laborers.

At the time, though, few people were paying attention, as the
world rushed to forget the horrors of World War II. Most were all
too eager to embrace spiffy new labor-saving devices and to
exchange physical labor for cushier, more prestigious, sedentary
jobs.

But by the end of the 1940s, attitudes began to change when a
Scottish physician-epidemiologist named Jeremy N. Morris
published dramatic findings from his London Transport Workers
Study. Morris compared the cardiovascular health of conductors on
the city’s double-decker buses, who climbed up and down stairs all
day taking tickets, to that of the sedentary bus drivers. The
conductors’ heart health was significantly superior. Morris found
the same pattern when he compared the fate of active postmen with
that of sedentary telephone operators.

Even so, physical activity was a tough sell. Most doctors still
pooh-poohed Morris’s findings. But he and a handful of other
British researchers stuck to their guns, eventually recruiting more
than 200 pathologists to examine the hearts of people after death:
The worst heart damage occurred in the most sedentary people.

Morris then dropped an even bigger bombshell when he claimed
that physical activity wasn’t linked just to better cardiovascular
health, it was linked to a lower risk of all-cause mortality as well.



BOX 2.1 AN INSPIRATIONAL TALE: THE “ANTIQUE”
SKIER

“I am an antique,” says Trina Hosmer, 73, a passionate cross-
country skier who has won 46 gold medals in age-group
competitions in Masters World Championships and still runs,
does yoga every day, and bikes 30–50 miles every other day—at
least until serious training starts in the fall.

At that point, she cranks up her already intensive training—
venturing outside of her Stowe, Vermont, home when there’s
enough snow to ski on, or inside on a Nordic ski exercise
machine when there’s not.

Hosmer and her husband, David, retired together 14 years
ago from their jobs as statisticians at the University of
Massachusetts in Amherst. “The writing was on the wall,” she
says. “It was obvious we wanted to keep skiing and we got tired
of two places. So we moved full time to Stowe.”

They met in 1966 at the University of Vermont, where they
kept bumping into each other in math classes. He was captain of
the ski team and she was soon tagging along, driving the men to
competitions and bringing food. There was no women’s team in
those pre–Title IX days, though David often brought ski
equipment for her, just in case she decided to ski.

The fateful day came one weekend at the start of a 50-
kilometer race.

“I was just watching everybody warming up,” she recalls. “I
said to myself, ‘It can’t be that hard.’ Three hours later, I was
still going round and round at the back of the pack. I was
supposed to feed the guys, but I forgot. I was hooked.” She soon
started training and racing with the men’s team.



In 1970, she made the first US women’s team for an
international competition in Czechoslovakia. “I didn’t know
how to ski that well,” she says, “but I had been a pretty good
runner and I was in good shape.” She made the 1972 team for
the Olympics in Sapporo, Japan, too, and the team for the 1974
Nordic Skiing World Championships.

A year later, while out jogging, she went into labor with her
son. Three years later, her daughter was born. Juggling kids and
work for years until the kids went to college, she barely missed a
day’s workout. She is, of course, still at it.

In 2016, at the Masters World Cup in Finland, she not only
won all three races for her age group, but her times were so
good that a coach, suspecting that she was under 70, asked to
see her passport to check her age.

Now that she is over 70, competition rules dictate that she has
to race “in the old lady division, where the distances are cut in
half,” she told the Wall Street Journal.

“But that just means I can go fast the entire time.”

THE FRAMINGHAM HEART STUDY

As Morris was slowly building his case for the benefits of physical
activity, a handful of US researchers from the federal government
—specifically, at the National Heart, Lung and Blood Institute—
and Boston University embarked on what would become the
grandfather of all longitudinal research, the Framingham Heart
Study. It would become pivotal in establishing the exercise–
longevity link.

Launched in 1948, this observational study was designed to
follow thousands of people over their entire life spans to see who
lived the longest and healthiest lives, and more specifically, to see
what factors were linked to cardiovascular disease and deaths.



For the record, an observational, that is, correlational, study like
this is different from an interventional study, in which people are
randomized to get or not get a specific intervention such as a drug,
diet, or exercise program. There’s a built-in chicken-and-egg
problem in studies that just show correlations: They can’t prove
cause and effect, just an association. You can’t tell from
correlational studies whether exercise really makes people
healthier, or whether the people who exercise are healthier to begin
with. After all, people who exercise also tend not to smoke, to have
healthier diets, and to be more educated. And exercise, of course, is
not the only thing that can help us live longer, healthier lives. Solid,
nurturing relationships can, too.

At the outset, the Framingham study recruited 5,209 healthy men
and women aged 30–62 from the town of Framingham,
Massachusetts, and asked them to come in every two years for
extensive physical exams and lifestyle interviews. The researchers
kept records of participants’ height, weight, diet, drinking habits,
reported exercise patterns, blood tests, and even variables such as
whether a person went to church regularly, had close friends, or
was depressed or worried.

Over the years, the study grew. In 1971, the team enrolled 5,124
more people who were the adult children of the original
participants and their spouses. In 2002, to great fanfare, the
researchers added a third group, the grandchildren of the original
participants.

As medical science became more sophisticated, the Framingham
study did, too, adding tests to track cognitive function, genetic
information, and other variables. Instead of just asking people to
report on their exercise, the team also began giving participants
accelerometers (devices like Fitbit) to document actual activity
levels.



The payoff has been stunning. The Framingham team, which
invented the term “risk factor,” has now published more than 1,200
scientific papers on their findings. In the early days, emerging data
from Framingham didn’t show much correlation between physical
activity, fitness, and cardiac risk factors, probably because most
initial participants were quite sedentary.

But today, the take-home message is clear, says cardiologist Dr.
Jerome Fleg, medical officer at the National Heart, Lung and Blood
Institute, which runs the Framingham study. More physical activity
and more fitness are both associated with reduced cardiovascular
events and often with greater longevity, he says. The risks of cancer
and other diseases are also reduced by regular exercise. And the
main reason for greater longevity in people who exercise is that
they get less cardiovascular disease.

Indeed, the Framingham team has shown not just that exercise is
a powerful preventer of cardiovascular disease, but also that lack of
exercise is a major risk factor for developing it.

LONGSHOREMEN AND HARVARD MEN

As the Framingham study was getting underway, another scientist,
Dr. Ralph S. Paffenbarger, also became intrigued by the link
between physical activity and heart disease.

In 1951, Paffenbarger, an epidemiologist and marathon runner
himself, began the California Longshoreman Study. He enrolled
6,351 longshoremen aged 35–74 whose jobs demanded that they
perform a range of strenuous, moderate, and light tasks. He
followed them for 22 years, until their 75th birthday, or death,
whichever came first.

By 1975, his results, published in the New England Journal of
Medicine, were indisputable: Men who did the most strenuous
work had significantly fewer coronary events than those doing light



or moderate work. Repeated bursts of high energy output
established what Paffenbarger called a “plateau of protection”
against coronary mortality. (Studies in Finnish lumberjacks and US
railroad workers would come to similar conclusions.)

Paffenbarger kept at it. In the early 1960s, he began tracking a
different group: nearly 17,000 male Harvard University alumni, to
whom he mailed detailed questionnaires. He queried the Harvard
men about their physical activities and augmented their answers
with information from college records on their athletic activities
during their student years. He followed up with more studies in
1972, 1988, and 1993.

To nail things down, Paffenbarger created a numerical index for
various physical activities, assigning each activity a score based on
how much energy it required. Sports such as bowling, baseball,
golf, and light housework were categorized as needing “light”
energy expenditure; more strenuous sports such as basketball,
running, swimming, and tennis were assumed to require more
energy expenditure. He then estimated how many calories each
man expended in exercise each week.

The results were striking: The risk of a first heart attack was
inversely related to how many calories a man spent per week in
exercise—the more calories expended, the lower the risk. Men who
expended fewer than 2,000 calories a week in exercise had a 64
percent higher risk of heart attack, a pattern Paffenbarger went on
to document again and again. And there was bad news for college
jocks who abandoned their athletic ways: Men who had been
varsity athletes in college retained their lower risk of heart disease
only if they kept exercising as alums.

THE BALTIMORE LONGITUDINAL STUDY



Other researchers, too, began documenting strong links between
exercise and health. In 1958, gerontologists embarked on the
Baltimore Longitudinal Study on Aging, a massive, decades-long
project. The study was not explicitly focused on exercise, but on a
more basic question: What happens in normal, healthy aging?
Researchers soon discovered that their original question crossed
paths with research on exercise.

To be sure, even normal, healthy bodies change with age, even in
exercisers, notes Dr. Jeffrey Metter, a former medical officer of the
Baltimore study. As people age, they tend to exercise less overall
and less vigorously. These declines in both total and high-intensity
physical activity are independent predictors of all-cause mortality.

But the more important—and good—news from the Baltimore
study is that many of the changes once presumed to be an intrinsic
part of the aging process—such as hypertension, diabetes, and
dementia—are the result of specific diseases, not an inevitable part
of aging. Indeed, as other research has since confirmed, the bodies
of some physically active older adults resemble those of younger
people, sometimes having a “fitness age” 25 years less than their
chronological age.

Like the Framingham study, the Baltimore study is ongoing and
evolving, along with exercise science. So far, more than 3,000
people have participated. All pledge to show up for testing at
regular intervals for the rest of their lives. To the delight of the
Baltimore researchers, many people are aging so well that the team
has started a project to study “exceptional aging” among people 80
or over with no health problems.

Many factors, of course, not just exercise, contribute to healthy
aging. But exercise, the Baltimore research has found, is a
cornerstone of a longer, healthier life. It’s the people who exercise
at moderate- to high-intensity levels who have a better chance for
longer, healthier lives.



In fact, in an analysis of people aged 70–79, the Baltimore
researchers have shown that, regardless of their genetic makeup,
people who exercise are less likely to develop mobility problems
than those who do not. Even people who don’t start exercising until
their 60s and 70s can still develop healthier hearts, including
improved heart function, lower resting heart rates, larger heart
mass, and stronger heart pumping action.

Study by study, the evidence for exercise, even in later life, has
piled up. In fact, Honolulu researchers documented this
dramatically. They followed 8,006 Japanese men for an average of
23 years and found that middle-aged men who were more
physically active had a lower risk for coronary heart disease and
death. That link held up much later in life, too. The Honolulu team
found that older men who walked more than two miles a day had
half the mortality of men who walked less than a mile a day.

THE REAL GOAL: FITNESS

As important as these large epidemiological studies have been for
documenting a link between exercise and longevity, the more
important question for scientists is whether physical fitness was
tied to health and longevity. It’s an important distinction. Physical
activity is a behavior that can be reported and tracked. Physical
fitness is a physiological state that must be measured in the lab, is
partly determined by genetics, and can be improved by physical
activity. (For a quick, noninvasive way to gauge your fitness, go to
https://www.worldfitnesslevel.org/#/.)

Back in the early 1970s, preventive medicine specialist Kenneth
Cooper began to explore all this, setting up the Aerobics Center
Longitudinal Study, now called the Cooper Center Longitudinal
Study. Cooper recruited his first patient in 1970, putting his notes
on index cards and storing them in a shoebox. Today, the database

https://www.worldfitnesslevel.org/#/


for the Cooper study includes records for nearly 100,000
individuals. It’s Cooper who planted the word “aerobic” in our
national lexicon, and Cooper who established 10,000 steps as a
daily exercise goal. Indeed, it was the work of Cooper and his
colleagues that led to our current national exercise
recommendations.

Cooper thought big, realizing that, to make the case for fitness,
he would need data from thousands of people, so he gave
questionnaires to 13,444 men and 3,972 women aged 20–87. Like
Paffenbarger, he and the Dallas team tallied how many calories
each person expended per week in physical activity. They
concluded that most people could achieve cardiorespiratory fitness
by walking briskly for 30 minutes almost every day.

By the late 1980s, one of Cooper’s colleagues, Steven N. Blair, a
physical activity epidemiologist who is now at the University of
South Carolina, pushed fitness research even further. In one study,
Blair studied 10,224 men and 3,120 women, assessing their fitness
by a treadmill stress test and following them for eight years. Like
Morris, Blair was interested in all-cause mortality—deaths not only
from heart disease, but also from cancer, the second leading cause
of death, and other conditions as well.

His findings electrified the medical world.
Among the least-fit men, Blair found that all-cause mortality,

that is, the rate of dying from any cause, was 64 per 10,000 person-
years. In the most fit men, it was 18.6, a whopping difference. For
women, the all-cause mortality rate was 39.5 for the least fit, versus
8.5 for the most fit. These results held true even after statistical
adjustments for age, smoking, cholesterol level, blood pressure,
blood sugar level, and family history of heart disease. Maintaining
or improving fitness, Blair’s team concluded, is linked with lower
all-cause and cardiovascular mortality even with no change in body
weight.



But here is Blair’s most important finding: Even just getting out
of the least-fit category—that is, merely becoming moderately fit—
has a huge beneficial effect on all-cause mortality.

Going from unfit to moderately fit over a 4.9-year period was
linked to a 44 percent lower mortality risk. Physical activity, Blair
found, not only reduces the incidence of stroke, high blood
pressure, type 2 diabetes, metabolic syndrome, breast and colon
cancer, excessive weight gain, injurious falls, depression, and lower
cognitive function, but also can lead to better sleep and better
quality of life.

BOX 2.2 AN INSPIRATIONAL TALE: THE AGELESS
MARATHONER

Ed Whitlock, the legendary marathoner, was 85 in October 2016
when he set his latest distance running record: finishing the
Toronto Waterfront Marathon in 3 hours, 56 minutes, 34
seconds. He is the oldest person to run 26.2 miles in under four
hours.

Whitlock, who died in March 2017, has long awed doctors,
one of whom noted that Whitlock is “about as close as you can
get to minimal aging in a individual.” Unlike many
marathoners, Whitlock had no coach, didn’t adhere to any
special diet, didn’t keep track of his mileage, didn’t lift weights.
The Toronto running star used to be a mining engineer. He had
an astounding VO2max, the standard measure of the maximum
amount of oxygen that muscles can use during exercise. His
VO2max was 54, comparable to a college-age recreational
athlete. Unlike many older people, especially sedentary ones,
Whitlock barely lost any muscle mass since his 20s.



After his 2016 race, he told the New York Times that he
didn’t feel a runner’s high and did not run for health. “The real
feeling of enjoyment,” he said,” is getting across the finish line
and finding out that you’ve done okay.”

EXERCISE: HOW LITTLE, HOW MUCH?

Even very moderate exercise is better than nothing. If you’re a
runner, just 5–10 minutes a day at relatively slow speeds (less than
six miles per hour) is linked to a markedly reduced risk from all-
cause and cardiovascular mortality. Interestingly, a 5-minute run is
as good as a 15-minute walk. But even a brisk walk for 15 minutes
a day reduces all-cause mortality and provides an extra three years
of life expectancy. Astonishingly, just one hour of running can add
seven hours to your life.

All you really have to do for better health and increased
longevity is meet the US government’s—and the World Health
Organization’s—minimum activity guidelines: 150 minutes a week
of moderate exercise, or 75 minutes a week of vigorous activity.
Even “weekend warriors,” who pack those total minutes of exercise
into one or two long runs or other vigorous activity on the
weekends, lessen their risk of premature death almost as much as
people who do shorter workouts all week long.

But fewer than half of American adults get even this minimal
exercise. And an estimated 31 million older Americans don’t do
any exercise at all beyond the minimal movements needed for daily
life.

In general, more exercise is better than less, up to a point. The
biggest longevity benefits correlate with the biggest doses of
exercise, with the maximum benefit occurring with exercise at
three to five times the 150 minutes a week minimum. At this point,
the benefits plateau, though they don’t decline.



Overall, there’s no excess risk of harm, even at 10 times the
recommended level of exercise. But there are some caveats.
Ultrasound studies done at the end of marathons have shown
changes in both left and right ventricles of the heart (the former is
the main pumping chamber; the latter, the chamber that supplies
blood to the lungs). These changes are usually transient but could
lead to problems, especially in inadequately trained middle-aged
runners.

Certain biomarkers (such as troponin and brain natriuretic
peptide) may be elevated, too, suggesting possible, though usually
transient, heart damage in some marathon runners right after a race.
Atrial fibrillation (an irregular rhythm in the top chamber of the
heart) is also five times more likely in middle-aged men who are
endurance athletes.

That said, a 2012 analysis of 10.9 million marathon runners
showed a low overall risk of cardiac arrest and sudden death. When
cardiac arrest does occur during long-distance running events, it
does so rarely in half marathons (13.1 miles), but more often in full
marathons (26.2 miles).

But most of us exercise much less intensely than marathoners.
And for us, even when studies lump together several lifestyle
variables—smoking, exercise, weight, and so on—exercise turns
out to be the most important factor for health and longevity.

In a 2013 study, Blair found exactly that. He looked at smoking,
body mass index, cardiorespiratory fitness, and diet in 11,240 men
and women and followed them for an average of 12 years.
Avoiding both smoking and low fitness would have prevented 13
percent of the deaths in this group, he found. But it was low fitness
that turned out to be the more important variable, beating out
smoking as a risk factor.

In other words, the case for exercise is now irrefutable. A 2008
review of 33 studies involving more than 883,000 adults showed



that people who exercise have 35 percent less cardiovascular
mortality and 33 percent less all-cause mortality. This translates
into an extra year or two of life. A 2009 meta-analysis of studies
involving 102,980 participants similarly showed that better
cardiorespiratory fitness (as opposed to physical activity) was
associated with lower all-cause mortality.

And a 2011 analysis of 80 studies involving more than 1.3
million adults nailed the case: Higher levels of physical activity
were linked to lower all-cause mortality, with the biggest benefit
linked to the most vigorous activity. A 2015 analysis of middle-
aged and older Australians came to the same conclusion.
conclusion.

BOX 2.3 AN INSPIRATIONAL TALE: THE BMX BIKING
GRANDMA

Kittie Weston-Knauer, her gray hair shaved close to her scalp, is
the oldest female BMX bike rider in America. She was 69 when
last I checked, racing hard despite having had both knees and
both hips replaced. Eyes focused straight ahead, helmet with the
big chin guard locked in place, orange racing suit clinging to
her limbs, Weston-Knauer looks very much the champion she is
in the 2017 photograph in Bicycling magazine.

For 33 years, the article in Bicycling explains, she was a
high school principal in Des Moines. Now she travels all over
the country to compete in bike races. She got into the sport in
the late 1980s when her son Max, then 11, urged her to try. At
age 40, she tried it, using Max’s helmet, gloves, and bike. She
was hooked. When she’s not training or competing, she told
Bicycling, she’s at the gym five days a week, doing strength
training and core exercises. She says her proudest moment came



not during her many wins, but after a crash that paralyzed her
from the shoulders down in the early 1990s, when she defied her
neurosurgeons, who told her she’d never walk again. She did,
and then some.

“So I am 69, big deal,” the grandmother known on the track
as “Miss Kittie” told an interviewer. Racing is “fun, more fun,
and even more fun.”

“I’m in great shape and I want to stay that way,” she added,
noting that she often has to race against men and teenagers
because there aren’t many women racers her age.

“I do this because I’m having a blast and who would ever
think that as an older woman you can have a blast out there
racing with younger people.”

THE 90+ STUDY

Even among the very old—people aged 90 or older—exercise pays
off—big time. Way back in 1981, 14,000 residents of a retirement
community in California called Leisure World filled out lengthy
questionnaires about their diets, activities, vitamin intake, and
medical histories, a collection of data that would turn out to be a
researcher’s dream.

That researcher was Claudia Kawas, a neurologist at the
University of California, Irvine. Realizing what a treasure trove
these data were, she set out in 2003 to follow up on those among
the initial 14,000 people who were still alive, a project that became
known as the 90+ Study.

To her delight, Kawas discovered that more than 1,600 were still
alive and doing remarkably well in their 90s. Several factors, she
found, were especially important. People who drank alcohol
moderately (up to two drinks a day) lived longer than those who
abstained. So did people who drank coffee (one to three cups a



day). Socializing and staying intellectually engaged were also
linked to longevity.

And exercise? Physical activity had a profound “dose effect” on
longevity. Even as little as 15 minutes of exercise a day, she found,
was linked to a significant reduction in mortality, though 45
minutes was the best.

GENETICS: THE UN-EQUALIZER

Overwhelming as the evidence for exercise is, there’s a wrinkle.
Exercise isn’t as effective in some people as in others—the same
amount of exercise benefits some of us a great deal more than
others.

In 1992, Claude Bouchard, an exercise physiologist and
geneticist, started the Heritage Family Study with colleagues at five
institutions in the United States and Canada. The idea was to see
which genes might underlie the differences in response to exercise.
So far, Bouchard’s project has produced more than 160 published
papers, with more in the pipeline.

Bouchard began by recruiting 742 healthy, sedentary people
aged 17–65, testing them on cardiovascular and other variables. His
trainers put them through an exercise program for 20 weeks, then
retested them. The participants included whites and blacks, men
and women, and parents and children from the same families.

Some people showed a big improvement in “VO2max,” a
measure of aerobic capacity, that is, the body’s ability to use
oxygen efficiently. But others did not. The difference, which
ranged from zero to 50 percent, was linked to genetics.

Moreover, even if a person shows impressive gains in VO2max,
this didn’t necessarily mean that the person would show equally
large improvements in other measures, such as blood pressure or
HDL, the “good” cholesterol. In fact, concluded Bouchard and his



team, one set of genes seems to influence a person’s baseline
aerobic capacity, while a different set of genes influences how
much that person responds to exercise training.

Other researchers have confirmed the role that genetics plays in
responsiveness to exercise. The bottom line? Many of the
differences in response to exercise are associated with genetic
factors. For any given person, exercise may act on all, or just a few,
of these factors.

THE TAKE-HOME MESSAGE

It’s precisely because exercise acts on so many different bodily
processes—blood pressure, body fat, lipid profile, insulin,
inflammation, to name but a few—that it is so important.

In the next few years, researchers funded by the National
Institutes of Health expect to know in much greater detail why
physical activity is so beneficial. The massive $170 million, five-
year project (un-poetically called Molecular Transducers of
Physical Activity in Humans) aims to identify the exact biological
molecules that change in response to exercise.

Those ancient philosophers who intuited how powerful exercise
could be for health and longer life couldn’t have known how right
they were. But we do now.

“Nothing—no pill, no other lifestyle measure—has so many
multifaceted consequences as exercise,” says Bouchard. “Exercise
will not prevent you from getting older. But it will maintain your
fitness, protect your flexibility and balance, protect your respiratory
fitness, normalize or improve your cardio-metabolic profile and
play a big role in preventing cognitive decline.”

“Exercise is unique.”



CHAPTER 3

Sitting Kills

It’s not just that physical activity is good for you. It’s that a
sedentary lifestyle, as a totally separate variable, is seriously bad.
Sitting too much—all by itself—can raise the risk of disease and
premature mortality, even if you dutifully exercise. In fact, many
well-educated people do exercise, but they’re also more likely to
have desk jobs.

A large 2012 study of 240,819 healthy American adults, for
instance, showed that more time spent sitting was linked to
premature death from heart disease and cancer. Even among people
who exercised more than seven hours a week, watching TV for
more than seven hours a day was linked to a 50 percent greater risk
of all-cause mortality and a twofold greater risk of cardiovascular
mortality.

You may be able to offset this somewhat with activity. But to
wipe it out completely, you have to work out hard for an hour or
more every day, as a 2016 study in The Lancet showed. That study,
a meta-analysis of 13 studies involving more than 1 million people,
showed, as expected, that people who sat for 8 hours a day and got
almost no exercise had higher mortality rates than people who sat
less and were very active. The good news was that sitting for 8
hours a day was not associated with higher death rates if people
were very active—meaning 60–75 minutes of hard exercise a day.

Put bluntly, sitting kills. If you want a short, sickly life, just sit
there, for 13 hours a day, like the average American. (In Western



countries overall, adults spend 55–70 percent of the day—9–11
hours—just sitting.)

Before you give up in despair, though, contemplate this.
Replacing just two minutes of sitting every hour with a bit of
moving around helps mitigate the risks of sitting. Better yet, don’t
sit for more than 30 minutes at a stretch. The main idea here is that
sedentary behavior is not just the absence of physical activity, but a
distinct behavior with its own health risks. In fact, “sedentary
physiology” is now considered a separate field of research from the
long-established field of “exercise physiology.”

Technically, sedentary behavior is defined as any waking
behavior characterized by an energy expenditure less than or equal
to 1.5 times the resting metabolic rate while in a sitting or reclining
position. (Scientists measure activity in METs, or metabolic
equivalents. One MET is the amount of energy it takes to sit still;
moderate activity burns three to six METs; vigorous activity burns
more than six.)

That’s different from physical inactivity, which is defined as not
reaching the recommended 150 minutes per week of moderate-
intensity exercise. Physical inactivity, in fact, is believed to be “the
biggest public health problem of the 21st century,” says Steven N.
Blair, a professor of exercise science and epidemiology/biostatistics
at the University of South Carolina.

Indeed, physical inactivity causes as many deaths a year globally
as smoking.

There’s a caveat here: Some research studies, unfortunately, fail
to differentiate between sedentary behavior and physical inactivity.
And some studies simply ask people how much they sit. More
rigorous studies track sedentary behavior objectively with
accelerometers like Fitbits and smartphones that measure steps
taken. Some even track activity with “magic underwear” that
contains motion sensors.



BOX 3.1 AN INSPIRATIONAL TALE: THE “BUBBIE” WHO
NEVER SAT DOWN

Bessie Kaplan Kemler, aka “Bubbie,” my husband’s
grandmother, lived to be 98. My husband can’t remember her
ever sitting down.

A first-generation immigrant from Lithuania, Bessie was born
in New York City in 1888. She stopped school after eighth grade
to work as a bookkeeper, married at 21, and spent the rest of her
life cooking, cleaning, and taking care of other people. She and
her husband raised four sons and a daughter and might have
looked forward to an easier life.

But when her daughter’s husband died suddenly at 39 in a
furnace explosion, Bessie, by then in her 60s, immediately took
in her devastated daughter and took on the job of raising her
two grandchildren: my husband, then 9, and his sister, 5.

My husband says his grandmother never sat down, though his
sister says Bessie might have sat a little to watch the Lawrence
Welk show. The powerhouse of the family, she did even the
heaviest household chores, changing storm windows, raking
leaves, and shoveling snow, on top of the endless scrubbing,
vacuuming, and sweeping.

In her later years, she lived in a third-floor walk-up until
three months before she died, when she moved to a nursing
home. This sturdy woman, who would not have comprehended
the term “sedentary behavior,” died peacefully in her bed, just
two years shy of her 100th birthday.

THE RISKS OF SITTING



A sedentary lifestyle not only raises the risk of getting many
chronic diseases, but increases the severity of these diseases and
the risk of dying from them as well.

We’ll get to the details of why sitting is so harmful in a minute.
The quick version is that sitting triggers a cascade of unhealthy
metabolic events. It tends to increase visceral fat. Visceral fat is not
an inert blob of tissue, as once thought, but an active organ that
pumps out chemicals that lead to chronic systemic inflammation.
This leads, among other things, to insulin resistance (a precursor of
diabetes), atherosclerosis, and neurological degeneration.

It gets worse. A sedentary lifestyle is also linked to high
cholesterol, metabolic syndrome, gallstones, asthma, chronic
obstructive pulmonary disease, some cancers, cognitive
dysfunction, dementia, osteoarthritis, low back pain, frailty,
decreased functional independence, constipation, muscle weakness,
chronic inflammation, depression, less healthy levels of
triglycerides, HDL (high-density lipoprotein, or “good”
cholesterol), and C-reactive protein (a marker for inflammation).

Perhaps most important, sitting too much raises the risk of heart
disease, and the more prolonged the sitting, the bigger the risks. In
fact, sitting for more than 10 hours a day increases levels of a
protein called troponin, a marker for damage to cardiac cells that is
normally seen in heart attacks. Sitting too much also raises the risk
of blood clots.

Physical inactivity, including sitting, is so lethal—and so
common—that it now accounts for an estimated 5.3 million deaths
worldwide, according to a landmark 2012 study. That’s 9 percent of
premature mortality (death before a person’s statistical life
expectancy), 6 percent of coronary heart disease, 7 percent of type
2 diabetes, 10 percent of breast cancer, and 10 percent of colon
cancer. If inactivity were decreased just a bit, by 10 or 25 percent,
more than 1.3 million deaths could be averted worldwide.



Sitting and inadequate activity are also very expensive.
According to a 2015 analysis, 11.1 percent of healthcare
expenditures in the United States were associated with inadequate
exercise. This could well be an underestimate since the researchers
looked only at inadequate activity, not sedentary behavior per se.
Worldwide, an analysis of 142 countries showed that physical
inactivity cost a whopping $53 billion in 2013. This, too, may be an
underestimate, because it tracked only physical inactivity, not
sitting.

Even just standing—not exercising, but simply not sitting—
would reduce premature deaths from all causes, a study of 16,586
Canadian adults showed. (Sadly, there’s little evidence that
standing desks help much.)

The case for the lethality of sitting has been building for
decades. Way back in 1955, when President Dwight Eisenhower
had a heart attack, his physician, Paul Dudley White, stunned
fellow doctors and laypeople alike by telling Ike to get out of bed
and move instead of spending the traditional six months in bed. It
worked—vigorous cardiac rehab is now the order of the day.

Intrigued by Eisenhower’s recovery, other doctors began
documenting the dangers of bed rest. By 1965, they had shown that
continuous bed rest was linked to postural hypotension (low blood
pressure when standing up), tachycardia (rapid heart rate), kidney
stones, loss of skeletal muscle, muscle weakness, pressure ulcers,
osteoporosis, constipation, deep vein thrombosis, blood clots in the
lungs, pneumonia, and difficulty with urination, among other
things. Even short-term bed rest has now been linked to adverse
changes in blood lipids, increased blood pressure, and impaired
function of tiny blood vessels—and that’s in healthy people. Bed
rest for nine days has even been linked to adverse changes in the
body’s ability to produce mRNA (messenger RNA), which affects
many biological pathways.



On the heels of the Eisenhower story, Texas researchers
embarked in 1966 on what is still one of the most dramatic studies
on the perils of sitting, the Dallas Bed Rest Study. The researchers,
from the University of Texas Southwestern Medical Center, asked
five healthy 20-year-old men to spend three weeks in total bed rest
—no getting up at all, even to use the bathroom. The initial idea
was to use bed rest as a model for weightlessness in space. The
researchers kept track of many variables, including changes in
VO2max, a measure of aerobic capacity measured in milliliters per
kilogram of body weight per minute.

Thirty years later, the Texas researchers, among them Benjamin
Levine, rounded up all five of the men. Levine is now director of
the Institute for Exercise and Environmental Medicine at Texas
Health Presbyterian, Dallas, and professor of medicine and
cardiology at the University of Texas Southwestern.

The men, by then aged 50 or 51, were still remarkably healthy.
Once again, they were put through numerous tests, including
exercise treadmill tests and VO2max. The astounding conclusion?
The three weeks of bed rest in 1966 caused a greater deterioration
in cardiovascular and physical work capacity than 30 years of
aging. Still curious, the Texas researchers studied the men again 10
years later, when they were aged 59–60. Again, the researchers
concluded: The decline after 40 years of aging was comparable to
that experienced after three weeks of bed rest at the age of 20.

“Much of what we think is an inevitable consequence of aging,”
says Levine, “is actually due to deconditioning.”

BOX 3.2 AN INSPIRATIONAL TALE: THE SWIMMER WHO
FLUNKED RETIREMENT



On June 17, 2017, Pat Gallant-Charette, a 66-year-old retired
nurse and full-time caretaker of three young grandchildren,
became the oldest woman to swim the English Channel.

It was just one of the open water world records for Gallant-
Charette, who left Dover, England, at 4:55 a.m. and stood up on
the sandy beach 18 hours later in Cap Blanc, France.

As we chat, she cheerfully rattles off her six world records as
the oldest woman swimmer in marathon swimming events: the
English Channel, North Channel between Northern Ireland and
Scotland, Molokai Channel in Hawaii, Lake Ontario, Catalina
Channel in California, and the Tsugaru Strait in Japan.

She’s got one swim left in the “Oceans 7,” the Holy Grail for
open water swimmers: Cook Strait, a 14-mile swim in New
Zealand. After that, her next challenge is the Still Water 8, said
to be the eight most challenging swims in the world.

She’s still surprised at becoming a champion swimmer later
in life.

“I was a spectator mom for years,” says Gallant-Charette,
who grew up in Maine, one of eight kids. She married at 21 and
had two children. “The years went by. I got my bachelor’s
degree and worked as a nurse. I didn’t have any dreams. I was
just so busy, caught up in life.”

Then, when she was 46, her adored younger brother, Robbie,
died suddenly of a heart attack at age 34. Soon afterward, her
16-year-old son, Tom, announced that, to honor Robbie, he was
going to do the 2.4-mile Peaks to Portland swim across Casco
Bay.

“Tom, that’s so sweet! I wish I could do the same,” she told
him.

“Ma, you can, if you try,” he answered.
“That was a turning point in my life. I was filled with much

self-doubt,” she recalls. “I hadn’t been swimming for nearly 30



years.” But she started training. It took her a year to qualify.
But at 47, she attempted the swim.

“I was overwhelmed, intimidated by the whole thing. I had a
fear of ocean swimming. All these young athletes were ahead of
me. Then something clicked. Casco Bay was beautiful, seeing
the sky, the seagulls, a lobster boat going by.”

She was hooked. She soon realized that she was blessed with
an unusual ability to recover quickly from big races, snagging
better and better times. She began having the strongest swims of
her life.

Two years ago, though, she retired from nursing, eager to
relax and finally do the arts and crafts she’d been putting off for
years. It was a disaster.

And an epiphany.
“I did that for a week, sitting almost that whole week. I felt

like I aged overnight. It was an eye-opener. Here I am, this great
endurance swimmer, and I’m sitting there. After one week of
arts and crafts I felt like a 100-year-old woman walking across
the kitchen. You can’t sit for eight hours knitting or sewing or
reading. You have to get up and move.”

The famous Texas bed rest study piqued interest in sedentary
behavior among researchers around the world.

In the 1992 Copenhagen Male Study, Danish researchers
followed 4,999 men aged 40–59 for 17 years, assessing their
fitness, physical activity levels, and mortality. If a man was very fit
but also sedentary, the team found, he was not protected against
ischemic heart disease and all-cause mortality.

In 2009, American and Canadian researchers studied 17,013
Canadians aged 18–90. After 12 years of follow-up, they found a
direct link between time spent sitting and death from all causes, as



well as deaths from cardiovascular diseases. This link held up even
after accounting for sex, smoking status, body mass index, and
physical activity level.

A 2010 study of 53,440 American men and 69,776 American
women came to the same conclusion after 14 years of follow-up.
Sitting for more than six hours a day was linked to higher total
mortality, regardless of physical activity level. A 2012 study of
more than 200,000 adults similarly showed that prolonged sitting
raised the risk of all-cause mortality, independent of physical
activity.

In a whopping 2013 study, an international team pooled the
results of six studies involving 595,086 adults. Again, more sitting
was linked with more all-cause mortality, even after taking physical
activity into account.

In an even larger 2014 study involving 800,000 people,
sedentary folks had a 50 percent higher risk of dying prematurely.
Not surprisingly, the risk of being sedentary is just as true—if not
more so—for women and for blacks.

Finally, in 2015, a huge University of Toronto review and meta-
analysis of 47 studies found that greater sedentary time was linked
to an increased risk of all-cause mortality, cardiovascular disease
mortality, cancer mortality, cardiovascular disease incidence,
cancer incidence, and type 2 diabetes incidence, regardless of
physical activity.

The take-home lesson is unmistakable: Unless you work out
really hard for an hour or more a day, you can still be at risk of bad
health outcomes and increased risk of death if you sit for the rest of
your waking hours.

WHY SITTING IS SO DANGEROUS



To be honest, it’s not fully clear exactly why sedentary behavior is
so unhealthy, partly because, while researchers have been studying
exercise physiology for decades, they have only recently begun
probing the effects of sitting still.

But there are already some clues. For starters, think evolution.
Obviously, we did not evolve to sit in cars, at desks, or to hunt

and gather in supermarkets. We evolved walking around on two
feet and chasing bison over cliffs.

Yet we still have the genes of our active ancestors. Which means
that today, with our sedentary lifestyles, we expend much less
energy every day than they did. Even the few remaining hunter-
gatherers today expend at least 600 calories a day more than the
average sedentary American.

The most visible consequence is the rise of obesity, defined as
having a BMI, or body mass index, of 30 or more. Currently, 35
percent of adult men and 40.4 of adult women are obese. Kids are
fat these days, too—among children aged 2–19, 17.0 percent are
obese and 5.8 percent are extremely obese.

Sitting makes us fat because it lowers the amount of food that is
converted into energy. This excess body fat then raises the risk of
heart disease, diabetes, arthritis, and some cancers in multiple
ways.

So let’s look at some of those pathways.
Scientists have long known that obesity is the main driver of

diabetes, especially type 2 diabetes, the most common form in
adults. Diabetes now afflicts more than 100 million Americans.

The key actor here is fat. Fat tissue, especially the deep belly fat
called visceral fat, doesn’t just sit there. It is metabolically active,
pumping out chemicals called adipokines that trigger inflammation
and suppress insulin pathways. The result is that the body becomes
less responsive to insulin, a condition called insulin resistance or



insulin insensitivity, which can lead to diabetes. Put bluntly,
visceral fat triggers insulin resistance and, ultimately, diabetes.

It’s worth pausing for a moment on insulin. Insulin, which is
made in the pancreas, is one of the most crucial hormones in the
body. Its basic job is to take sugar out of the blood and escort it into
muscle and other cells where it is needed. But insulin also does
something else: It shuts off the ability of the liver to make glucose
when glucose is not needed in the circulation, notes C. Ronald
Kahn, a senior investigator at Boston’s Joslin Diabetes Center.

The system works like this: To get glucose (sugar) out of the
blood and into each cell, it has to be conveyed across the cell’s
membrane. This is done by proteins called glucose transporters.

But not all glucose transporters are alike. Some, like those on
liver and pancreas cells, are passive; they simply let glucose flow
in freely. Others, like those on fat and muscle cells, only let glucose
into a cell if insulin binds to nearby insulin receptors. This binding
then signals the glucose transporter to release its glucose into the
cell.

If a person fails to make enough insulin or if insulin receptors
become insensitive to insulin, blood sugar rises. Things get
particularly nasty when insulin resistance occurs in muscle, fat, and
liver cells. This happens when fatty acids and triglycerides, which
are triggered by excess visceral fat, are high.

Here’s the cool part.
Exercise makes muscles more sensitive to insulin, which in turn

reverses insulin resistance and lowers blood sugar levels. The
really interesting thing is that exercise allows glucose to enter
muscle cells even when there’s no insulin around, a major way in
which exercise combats high blood sugar and diabetes. It’s almost
as if exercise were insulin.

By contrast, sitting around and not exercising pushes the system
the other way, triggering the loss of insulin sensitivity in skeletal



muscles and the body as a whole. Indeed, physical inactivity is one
of the most important proximal behavioral causes of insulin
resistance.

An Australian study illustrates the point. In that study, 67 men
and 106 women without diabetes wore accelerometers (activity
monitors) on their trunks and shoulders during all their waking
hours for seven consecutive days. They were also tested for blood
sugar levels. The results? The more time they spent sitting, the
more their blood sugar levels rose. In a Finnish experiment with 10
pairs of identical male twins in which one twin exercised regularly
and the other did not, researchers found significantly better glucose
metabolism in the active twins.

It’s a shockingly sensitive system. Even in studies of superbly
trained men with excellent insulin sensitivity, that sensitivity drops
after as few as 38 hours without exercise to the levels of sedentary
people. In fact, even just one day of sitting—in young, healthy, fit
men and women—can lead to insulin dysregulation unless caloric
intake is reduced to match reduced physical activity.

Sitting is even bad for thin folks—sitting after a meal leads to a
spike in blood sugar. Getting up after a meal can cut such spikes in
half. Indeed, standing up and walking around just a little can
double energy expenditure within minutes.

In many other ways, too, sitting and moving around activate
quite different metabolic pathways. Sitting leads to negative
changes in artery function and structure, for instance, while
physical activity remodels blood vessels in a healthy direction.

Not surprisingly, sitting has some of its worst effects on muscles,
just as, inversely, exercise exerts some of its best effects via
muscles. Prolonged sitting, for instance, can make muscles so weak
that you get a painful curvature of the back. Sarcopenia, or muscle
wasting, is another major risk of sedentary behavior. (So is winding



up in a nursing home if your leg muscles get so weak that you can’t
get on and off the toilet seat by yourself.)

Sitting too much also means that you miss out on some of the
most important benefits from using your muscles. Just as visceral
fat is now known to be a metabolically active organ, muscles, too,
are now seen as busy chemical factories, pumping out hormones
called myokines that have powerful anti-inflammatory effects. (See
Chapter 6.) Altered myokine function, in fact, is a major link
between sedentary behavior and chronic diseases.

The list of woes goes on. Sedentary behavior is linked to a
failure of mitochondria, the tiny energy factories inside cells. (See
Chapter 5.)

BOX 3.3 THE TRAGIC TOLL OF TOO MUCH TV

Among the biggest contributors to sitting too much are those
ubiquitous screens—for TV, video games, and computer work.

In 2008, Australian researchers reported on a study of 2,031
men and 2,033 women, all of whom met the recommended
guidelines for physical activity, spending at least 2.5 hours a
week in moderate to intense exercise. But many also spent a lot
of time watching TV. Result? There was a linear association
between TV watching and increasing waist circumference,
systolic blood pressure, blood sugar levels, and other variables.

Indeed, a strong association between too much TV and all-
cause mortality has since been shown over and over. Too much
TV has also been linked with some cancers.

Interestingly, sitting around watching TV may be worse than
sitting at work, perhaps because people eat and smoke more
while watching TV than while working. In one Harvard study,
each two-hour increase in TV watching was associated with a



23 percent increase in obesity and a 14 percent increase in
diabetes, while each two-hour increase in sitting at work was
associated with only a 5 percent increase in obesity and a 7
percent increase in diabetes.

In Hawaii, researchers tracked 61,395 middle-aged men and
73,201 middle-aged women of different ethnicities for an
average of 13.7 years. For women of all ethnic groups (except
Japanese), time spent sitting in front of the TV was linked to
overall and cardiovascular mortality, while sitting at work was
not. For men, this link did not hold up, possibly because men
and women behave or snack differently while watching TV.

It may also affect telomeres, which are powerful markers of
health and longevity. (See Chapter 13.) Telomeres are tiny regions
of DNA that sit on the ends of chromosomes, like the caps on the
ends of shoelaces. Their job is to keep DNA from unraveling
during cell division. As we age, it’s normal for telomeres to get
shorter and shorter.

But sedentary behavior may have an adverse effect on telomeres.
In a recent Swedish study, researchers recruited a group of
sedentary, overweight men and women, all aged 68, and took blood
samples. They then told half the group to start a modified exercise
program and to sit less. The other half was told to try to lose weight
and generally be healthy. Six months later, both groups went back
for blood tests.

The group that had begun exercising and had reduced sedentary
time showed remarkably longer telomeres than six months earlier.
Telomeres in the control group got shorter. But here’s the
fascinating part. It didn’t seem to be exercise per se that held the
magic. It was sitting less. Within the exercise group, people who



simply stood up more often appeared to show the most beneficial
effect on telomeres.

A 2015 University of Mississippi study involving 6,405 people
compared telomere length and “screen time.” For every hour
increase in sedentary screen time, there was a 7 percent increase in
the likelihood of having the lowest telomere lengths. Sedentary
behavior was also linked to shorter telomeres in other studies.

There are, of course, many other mechanisms by which
sedentary behavior accelerates the deterioration of our bodies. But
for now, it’s time to move on.

In the chapters to come, we will focus on more positive things—
the many and varied ways that exercise changes our organs, tissues,
cells, genes, and molecules in a healthy direction, offsetting at least
some of the downward slide of aging.

So hang in there. The best is yet to come.



CHAPTER 4

The Heart of the Matter

SUPERSTARS

Katherine Beiers was 85 when I spoke with her not long ago from
her home in Santa Cruz, California. She cheerfully admitted that
she looks her age.

But she sure doesn’t act it. Beiers has run 41 marathons since her
first at age 51 in 2003. She’s run the last 10 in a row, including a
horrifying finish that didn’t count in 2013 when the bombs went off
at the Boston Marathon.

“My son was running it, too, two and a half hours ahead of me,”
she recalled. “I could see the finish line, I almost got there. But the
runners were coming toward me. I realized something big had
happened, there were sirens, helicopters, and runners crying and
upset.”

Like many runners from that marathon, Beiers immediately went
back the next year, and the next, and the next. In 2017, at 84, she
was the oldest runner in the event, finishing in 6:04:07, a time she
remembers precisely and that the Boston Athletic Association,
which organizes the race, confirms. There were six guys over 80 in
that race, too, but they were all 83 or younger.

It takes grit to run a marathon at any age, but especially as one
gets older. Then again, no one would ever accuse Beiers of lacking
grit.

She was 29 and living in France with her husband, an Air Force
physician, when he was killed in a plane crash. Suddenly a widow



with three kids under age four—the youngest was just nine days
old—she gathered up the kids and moved back to live with her
sister in Los Angeles.

After a few years, she hungered for a small town in which to
raise her kids, and drove around California looking for the perfect
place. She found it—Santa Cruz. A former children’s librarian in
Brooklyn, New York, she began working on a Master’s in Library
Science, soon landing a job as a librarian at the University of
California, Santa Cruz.

The Santa Cruz campus was “so beautiful, a national park,” she
told me. In her mid-40s, she started going out for a run on her
lunch hour. “It took me three months to run a mile without
stopping,” she laughed. “I never thought I’d do two miles. But five
other runners took me under their wing. I knew so quickly that this
was what I was looking for. I had energy in the afternoon. I felt
good about myself. I had something other than work and kids.”

She went on to become second in command at the library, mayor
of Santa Cruz, and, of course, a marathoner. These days she walks
up the hills, but still runs five or six miles four days a week, except
in pre-marathon season, when she cranks it up to a couple of 20-
mile runs a week. “I can run 10 miles and play bridge that night
with people a lot younger,” she says. I could almost hear her grin
over the phone.

In 2017, after running Boston, she flew to Paris the next night,
met a friend, and hopped on a train to Spain, where she spent the
next 36 days walking the Camino de Santiago, 15 miles a day for
500 miles. She was the oldest person. No problem.

“I was in really good shape.”
Beiers, of course, is not the only older athlete to be not just

inspirational, but proof that the human body is capable of a lot
more than we typically expect. True, Beiers and other geriatric
superstars are statistical outliers, the extreme end of the fitness



curve. But the sheer fact that such highly fit older people exist
shows that decrepitude isn’t nearly as inevitable as we often
assume.

Harriette Thompson, for instance, a runner from North Carolina
who has cancer and didn’t even take up running until her 70s,
finished the 2015 San Diego Rock ’n’ Roll marathon in an
unofficial time of 7:24:36. She was 92, the oldest woman to run
competitively for 26 miles 385 yards. Two years later, at 94,
Thompson became the oldest woman to finish a half-marathon.

Cincinnati marathoner Mike Fremont has also battled cancer. In
fact, when he was 70, he thought he had just three months to live.
But he changed his diet, hung on, and in 2017, at age 95, was still
going strong. In fact, he holds the world record for his age group in
both the half and full marathons.

And of course, there’s Boston’s Johnny Kelley, a legendary
figure for years. There’s now a statue downtown entitled “Young at
Heart,” depicting Kelley as a 27-year-old winning his first Boston
Marathon and at 84, crossing the finish line for the last time. In all,
he ran 61 Boston Marathons, and at age 65, quipped to the New
York Times, “For me, the race these days is to try to beat the girls to
the finish and to wave to all my old friends along the course.” He
died at age 97.

BOX 4.1 SHOULD FITNESS BE A VITAL SIGN?

Cardiorespiratory fitness is defined as the ability of various
organs in the body—including the lungs, heart, blood vessels,
and muscles—to take oxygen from the outside world and get it
to the mitochondria, especially in muscle cells, to perform
physical work. Cardiorespiratory fitness is the most powerful
predictor of survival.



Fitness can be, and usually is, measured as VO2max, as
gauged by walking or running on a treadmill. VO2max is the
maximum amount of oxygen the heart and lungs can efficiently
supply the muscles. In general, VO2max declines 8–10 percent
per decade, with women’s decline slower than men’s; the decline
accelerates after age 70.

But exercise helps offset this decline. In distance runners
aged 60–80, for instance, VO2max is 30–40 percent higher than
in non-exercisers the same age. Other studies agree. But
genetics counts, too, accounting for as much as 47 percent of a
person’s VO2max response to exercise.

Fitness can also be expressed in METs, or metabolic
equivalents. One MET is the oxygen cost of sitting quietly; 10
METs involves expending 10 times the energy needed at rest.

The gold standard test to measure fitness is running on a
treadmill, but this is a fairly expensive method. Medical staff
must be present to monitor vital signs and must be ready to
intervene if the patient has a heart attack. A cheaper method is
to calculate fitness from non-exercise algorithms. A doctor can
estimate fitness, for instance, by timing how long it takes a
person to walk 400 meters, or, better yet, a longer distance like
a mile or two.

But here’s the catch. Many physicians do virtually nothing to
test patients’ fitness, a fact that infuriates exercise scientists,
among them Jonathan Myers, an exercise physiologist and
health research scientist at the Veterans Affairs Palo Alto Health
Care System. Many doctors, he says, were quick to embrace
statin drugs to lower cholesterol, a pharmacological fix. But
many fail to prescribe exercise, despite overwhelming evidence
that even small increases in fitness are linked to 10–30 percent
less risk of cardiovascular problems.



Some professional groups have tried to change this. The
American College of Sports Medicine has a vigorous campaign
called “Exercise is Medicine.”

And in 2016, the American Heart Association made a big
splash when it announced that fitness should be considered a
“vital sign,” like body temperature, heart rate, respiration rate,
and blood pressure. And, to be fair, that idea is taking hold in
some places, including the Kaiser Permanente health system in
California. But overall, fitness is still the only major risk factor
not routinely assessed at medical checkups.

A little push at the annual physical wouldn’t hurt, given that
only half of Americans over 18 meet the government’s minimum
guidelines for exercise, a dismal fact that has economic, as well
as health, implications. Inadequate exercise is linked to 11.1
percent of all healthcare expenditures.

FITNESS SAVES LIVES

Surprising as it may seem, older runners are actually the fastest-
growing segment in the running world and, not surprisingly, they
are a pretty fit bunch. And it’s not just runners who are surpassing
expectations, but Masters swimmers, hardy cyclists, champion
rowers, on and on.

How can so many older athletes like Beiers defy the odds so
strikingly? It’s not rocket science: They work out, hearts pumping,
legs churning, often for the sheer joy of it, day after day, decade
after decade. To be sure, many older people have exercise
limitations because of musculoskeletal injuries, not cardiovascular
problems.

Still, of all the beneficial things that exercise, especially aerobic
exercise, can do for the body—and we have seen many in previous
chapters—the most important is its effects on the cardiovascular



system. That’s because cardiorespiratory fitness is the biggest
single contributor to a lower all-cause risk of death.

You can think of this the other way around, too. Poor
cardiorespiratory fitness is a more important risk factor than
hypertension, obesity, smoking, high cholesterol, or diabetes in
raising the risk of death. Put starkly, among both healthy people
and those who already have coronary artery disease, the least fit
have more than four times the risk of dying from any cause than the
most fit. And, of course, there’s a vicious cycle at work here, too.
People who are healthy to begin with are precisely those who can
exercise and thereby keep protecting their health, while the less
healthy can’t.

Researchers are careful, as we’ll see in a minute, to separate two
things. One is physical activity, which is usually measured by
people’s self-reports of how much exercise they do or, in more
recent years, objective studies by accelerometer devices such as
Fitbits. The other is cardiorespiratory fitness, which is measured by
specific, medical tests. Fitness is a better predictor of all-cause
mortality. But fitness and physical activity usually go together, and
both count. Both are strongly, and independently, linked to
decreased heart disease.

The reason is obvious, says I-Min Lee, an exercise
epidemiologist at the Harvard T. H. Chan School of Public Health.
Heart disease is the leading cause of death in the United States,
killing more than 600,000 adults a year, with stroke killing an
additional 140,000. Exercise, she says, is powerful precisely
because “it can prevent the largest killer.”

Other epidemiologists and cardiologists agree, among them
Arthur Leon, a professor in the school of kinesiology at the
University of Minnesota. “The biggest reason exercise boosts
longevity is because of its beneficial effects on the heart,” he says,
adding that epidemiological studies for 50 years have consistently



shown an inverse association between coronary heart disease and
regular physical activity or cardiorespiratory fitness.

That’s because exercise has a favorable effect on virtually all risk
factors of cardiovascular disease. In other words, exercise affects
all those things that doctors test to see how our hearts are doing.
That includes blood pressure, heart rate, glucose and insulin, lipids
such as high- and low-density lipoprotein and triglycerides, and
inflammatory markers such as C-reactive protein.

Exercise increases cardiac output and leads to faster recovery
from physical work. It protects the lining of blood vessels. It makes
blood vessels and the heart bigger and stronger. It prevents the
accumulation of proteins that have become stuck together because
of excess sugar in the blood. It slows inflammation that leads to
atherosclerosis.

To be sure, as we hit our 40s and 50s, “things go south—our
hearts and arteries start to shrink and stiffen, which makes hearts
less able to pump blood to the muscles,” says Benjamin Levine,
director of the Institute for Exercise and Environmental Medicine
at the University of Texas Southwestern Medical Center.

Once you hit 65, even a year of vigorous training can’t fully
reverse the structural damage from cardiac stiffening, though
exercise can make the heart function better. “Structure is hard to
change,” says Levine, who himself has been training regularly for
40 years.

On the other hand, lifelong training at the level of competitive
Masters athletes—people who have trained for at least 25 years six
or seven days a week with at least 30 minutes a day of vigorous
activity—completely prevents cardiac stiffening, Levine says.
“That level of training keeps the heart and large blood vessels
youthful.”

Most of us, of course, don’t do that level of exercise, or even
aspire to. But even modest amounts of exercise (four or five



exercise sessions a week throughout life) can prevent some cardiac
stiffening. And high-intensity interval training (see Box 4.4) can
actually “reverse decades of sedentary aging,” Levine says

Indeed, after more than five decades of research, the data on the
cardio-protective effects of fitness are now so vast, and so
compelling, that we need only hit a few highlights here.

To wit:



In 1989, as we noted in Chapter 2, exercise epidemiologist Steven
Blair, now at the University of South Carolina, reported on his
research involving 10,224 men and 3,120 women. After eight years of
follow-up, Blair found that higher levels of physical fitness, as gauged
by treadmill tests, clearly delayed all-cause mortality. But the most
stunning finding? That just getting out of the least-fit category was
key. Since that pivotal study, Blair and his colleagues have kept at it,
documenting over and over the powerful link between fitness and
lower risk of mortality.

Exercise physiologist Myers has, too. Among more than 6,000 men
who were undergoing treadmill testing to detect potential heart
problems, Myers found that the best predictor of an increased risk of
death (aside from age) was performance on the treadmill test. In fact,
he found, every 1-MET increase in treadmill performance was
associated with a 12 percent increase in survival. In another study, this
one in men aged 65–90, Myers showed that exercise capacity was an
independent predictor of all-cause mortality, even in later life.

This pattern has been shown by now in thousands of men and
women, with the protective effect of fitness holding up regardless of
age, ethnicity, weight, smoking status, alcohol intake, and many other
health conditions.

The large meta-analyses clinch the case. In one meta-analysis of 33
studies involving more than 100,000 people, researchers showed that
each increment of fitness was linked to a 13 percent lower risk of all-
cause mortality and a 15 percent lower risk of cardiovascular disease.
Another huge analysis of a 160 randomized controlled trials similarly
showed that exercise dramatically raised fitness and other biomarkers
of health.

BOX 4.2 10,000 STEPS?

Have you ever wondered where that widely touted goal of
getting 10,000 steps a day came from?



It wasn’t science, says Harvard T. H. Chan School of Public
Health epidemiologist I-Min Lee, who does 13,000 steps a day
herself. “It came out of thin air,” she says. “The Japanese
character for 10,000 looks like a man walking, that’s where the
number came from.”

In reality, getting just 7,000–8,000 steps a day is enough to
meet the government guidelines of 150 minutes of exercise per
week. “You can even begin to see benefits at half of that, 3,500
steps a day,” Lee says.

PHYSICAL ACTIVITY COUNTS, TOO

As with fitness, the link between physical activity and longevity is
also beyond debate, buttressed by hundreds of studies, many
involving thousands of people followed for many years. Taken
together, the studies show that more aerobic exercise is better than
less, and more vigorous exercise is better than less vigorous; in
other words, there’s a clear “dose-response” effect.

Again, a few highlights.
In 1989, a study of more than 3,000 American railroad workers

followed for 20 years showed that those who did the most leisure-
time physical activity had the lowest risk of death from coronary
disease and all other causes. In 1996, Finnish researchers followed
more than 1,000 men for up to 10 years and found that those who
expended fewer than 800 calories a week exercising had almost
three times the risk of all-cause mortality as men who expended at
least 2,100 calories a week in exercise.

In 2008, German researchers did a meta-analysis of 33 studies
involving 883,372 people. Regular physical activity was linked to a
33 percent reduction in all-cause mortality and a 35 percent
reduction in cardiovascular mortality. That amounts to a year or



two of additional life. In 2009, a different German meta-analysis of
38 studies also showed a dose-response effect.

In 2017, a huge study of 130,843 people in 17 countries (poor
countries as well as rich) found that people who were physically
active at work or play had a 28 percent lower risk of death and a 20
percent lower risk of heart attack or stroke. The more exercise a
person did, the lower the risk of death.

Finally, the icing on the cake.
Harvard epidemiologist Lee asked 16,741 older women to wear

a high-tech accelerometer (fancier than a Fitbit) for at least 10
hours a day for at least four out of seven days. (The device,
ActiGraph GT3X+, is worn on the hip and is sensitive enough to
pick up movement in all directions.) The results were astounding.
As expected, the women who did more physical activity a day had
lower mortality rates than those who did less.

But what was dazzling was the size of this effect. Self-report
studies, in which people simply try to recall how much exercise
they’ve done, generally show a 20–30 percent reduction in
mortality risk with moderate to vigorous exercise. This
accelerometer study showed a whopping 60–70 percent mortality
risk reduction. Interestingly, light physical activity like slow
walking did not reduce mortality rates, a finding that fits with some
other research.

BOX 4.3 CUT MORTALITY RISK BY 31 PERCENT

The best way to increase cardiorespiratory fitness is aerobic
exercise that involves major muscle groups—in other words,
things like running, jogging, cycling, swimming, and dancing in
a continuous, rhythmic fashion.



Ideally, exercise should be of moderate to vigorous intensity
and should be done at least five times a week for 30–60 minutes
each time. But it can also be spread over multiple sessions of 10
minutes or more a day. The government’s guidelines call for 150
minutes a week of moderate to vigorous exercise, or 75 minutes
a week of intense activity, or some combination that expends as
much energy as either regimen alone.

The good news is that even as few as 5–10 minutes of running
a day at a 10-minutes-per-mile pace, or 15 minutes a day of
moderate-intensity exercise, yield significant cardiac and
longevity benefits. The government’s minimum guidelines are
enough to lower mortality risk by 31 percent. Doubling or
tripling the minimum lowers mortality risk by 37 percent. The
maximum benefit comes at three to five times the minimum.
After that, adding more exercise has diminishing returns, though
there’s no harm at even 10 times this amount.

FOR HEART DISEASE, TOO?

It’s not just healthy people who can extend their life span with
exercise. People with cardiovascular disease can, too, though
extreme exercise, like hard workouts every day, may pose a risk.

A 2004 British meta-analysis of 48 studies involving 8,940
people with coronary heart disease, for instance, found that
exercise-based cardiac rehabilitation was linked to lower all-cause
and cardiac mortality.

In 2008, Montreal Heart Institute researchers studied more than
14,000 people with suspected or proven heart disease and found
that after almost 15 years of follow-up, people who said they
exercised the most had the lowest rates of all-cause and
cardiovascular mortality. In 2016, an international research team



reviewing 66 studies involving 14,486 participants also found that
cardiac rehabilitation reduced heart disease deaths.

And in 2017, a large international team studying 15,486 people
with stable coronary heart disease in 39 countries similarly found
that more physical activity was linked with lower mortality, a
finding echoed by still other researchers.

Exercise may actually be better for people with clogged arteries
than surgically implanted stents, although stents have recently been
shown not to be very effective anyway. In a German study of 101
men with blocked arteries, those randomized to 12 months of
exercising for 20 minutes a day had fewer hospitalizations and
repeat stent procedures than those only given stents. The cost was
less, too.

As for heart failure, there’s a strong beneficial effect of healthy
behaviors, including exercise, for this, too. Heart failure happens
when the heart isn’t pumping enough to supply oxygenated blood
to the rest of the body. The result is fatigue, shortness of breath,
and an inability to do normal activities like climbing stairs. People
with heart failure may also have a low ejection fraction—the
volume of blood that the heart can spurt out with each beat.

It’s clear that being physically fit lowers the risk of getting heart
failure in the first place, partly by improving VO2max and
endothelial function and lowering levels of stress hormones.

In a large study of heart failure risk, Swedish researchers
followed roughly 34,000 men and 31,000 women aged 45–83 for
13 years. Being physically active for more than 150 minutes per
week, along with not smoking, having normal weight, and eating a
modified Mediterranean diet, dramatically reduced the risk of heart
failure. Even taken one by one, each of these healthy behaviors
significantly reduced heart failure risk.

A team of American and British researchers, who followed more
than 4,000 men and women for 21.5 years, came to similar



conclusions. So did researchers studying 18,346 Finnish men and
19,729 Finnish women. Researchers studying 84,537 women as
part of the Women’s Health Initiative agreed.

BOX 4.4 HIIT AND THE HEART

In recent years, many, though not all, studies have shown that
HIIT (high-intensity interval training) may lead to greater
beneficial changes in cardiorespiratory fitness than moderate-
intensity continuous training.

In 2012, Danish researchers studied more than 5,000 healthy
women and men aged 21–90 and found that it was the intensity
of cycling, not the duration, that had the most benefits for
reducing all-cause and coronary heart disease mortality.

The American Heart Association says that both HIIT and
longer, more moderate regimens can be effective in increasing
cardiorespiratory fitness in healthy people and people with
cardiovascular disease.

Some cardiologists are conservative about recommending
HIIT for people with preexisting cardiovascular disease lest it
trigger adverse events. But a number of studies show that even
in people with coronary artery disease, congestive heart failure,
metabolic syndrome, and obesity, HIIT can improve
cardiorespiratory fitness at least as well as, and often better
than, continuous, moderate-intensity training.

The big advantage of HIIT training is that it boosts fitness
significantly, despite a much lower time commitment than
longer, more moderate workouts. HIIT training may also burn
more calories than traditional workouts, especially in the two-
hour post-exercise recovery period.

(For more on high-intensity interval training, see Chapter 5.)



HOW EXERCISE WORKS

Exercise produces its cardiovascular effects through a variety of
mechanisms. In fact, exercise affects so many bodily systems that
affect the heart that we can only focus on the main ones here:
autonomic tone, platelets and blood clotting, heart rate variability,
endothelial function, blood pressure, heart and artery size,
inflammation, atherosclerosis, lipids and cholesterol, obesity,
glycation, and diabetes.

Granted, this sounds daunting. But this is the heart of the book
(pun intended), so let’s start with my favorite inspirational tale,
about diabetes. Diabetes, as has long been documented,
significantly raises the risk of heart disease. Fortunately, diabetes is
also one of the diseases most amenable to prevention and treatment
by exercise.

BOX 4.5 AN INSPIRATIONAL TALE: NO ORDINARY
MORTAL, THE IRONMAN TRIATHLETE

Jay Handy is 55 now, handsome and oozing energy. He bounded
into a popular Harvard Square restaurant in Cambridge,
Massachusetts, recently to meet me, giving me a strong,
enthusiastic hug. We hadn’t spoken in years since I interviewed
him for my weekly health column for The Boston Globe in 2004.

Handy was in town for a reunion with his Harvard Business
School buddies and I seized the opportunity to connect with him
again. As I set up my laptop, Handy started patting his arms. “I
have to give myself insulin,” he said, chatting all the while. He
had an insulin pump attached to his left arm, but he had to move
it to different places on his body every three days, so it took a



moment for him to remember where it was. He glanced at his
blood sugar monitor (the size of a cell phone), then hit a button
on a device that told the pump to inject insulin.

It had been 13 years since I first interviewed Handy for my
column, which began like this:

“For ordinary mortals, just finishing an Ironman Triathlon is
almost unimaginable. You swim 2.4 miles, dodging hundreds of
other adrenaline-crazed swimmers, then hop on your bike to
pedal for 112 miles, then don running shoes and run, jog or limp
your way through an entire 26.2-mile marathon. If you actually
want to win, you do this in roughly nine hours.”

Jay Handy, at that time 41, not only did all this, he did it with
type 1 diabetes, which he had had since age 13. During the
race, he had to check his blood sugar every hour, then eat
carbohydrates or inject insulin, depending on whether his sugar
was too high or too low. He had rigged his bike so that he could
prick his finger, dab a drop of blood onto a test strip, and put
the strip into a monitoring device taped to his handlebars—all
with one hand. Handy finished that marathon, as he put it,
“dead last, but still alive.”

Back then, Handy was only the third person with diabetes
ever to race an Ironman. He has now done four Ironmans, and
told me that 3,500 other people with diabetes have now done the
race.

Today, Handy works out every day, runs marathons with his
wife, still works in finance, and started a biotech company
dedicated to curing diabetes with gene therapy. He also meets
one-on-one with young diabetic athletes, coaching them on how
to manage their diabetes and still compete.

“That’s the best,” he says, grinning,” helping kids learn that
they can thrive with diabetes, and that exercise holds the key.”



DIABETES

“Why is diabetes so bad?” Timothy Church, an adjunct professor at
the Pennington Biomedical Research Center in Baton Rouge,
Louisiana, asks rhetorically. “It’s a pretty fundamental concept.
When you have a stroke, it’s in your brain. When you have a heart
attack, it’s in your heart. When you have cancer, it’s in one organ.
When you have diabetes, it’s in your whole body. Diabetes is
basically a failure of the body to control blood sugar.”

Cells need sugar, of course. “But high levels of sugar in the
blood are toxic to every cell, every system in the body,” Church
says. “If you have diabetes and don’t control your blood sugar, you
are poisoning every system in the body.”

Diabetes, of course, is a serious enough problem in its own right,
but it packs an extra punch because of its effects on the
cardiovascular system. At least 68 percent of older people with
diabetes die from some form of heart disease, and 16 percent die of
stroke. Adults with diabetes are two to four times more likely to die
from heart disease than adults without diabetes.

“Being diabetic is so bad that in the clinic, we consider someone
with diabetes to have the same risk as someone who has already
had a heart attack,” says Harvard epidemiologist I-Min Lee.

Among other things, people with diabetes do not make as much
nitric oxide, the beneficial blood vessel dilator, as people without
diabetes. People with diabetes are also subject to increased
oxidative stress that can damage the cardiovascular system. And
diabetes raises the risk of potentially fatal blood clots.

All of this is exacerbated with age and lack of exercise.
As we age, we face an increased risk of insulin resistance, the

precursor to diabetes. In fact, insulin resistance itself is a predictor
of cardiovascular disease, though exercise mitigates this risk.



Insulin is the hormone, made in the pancreas, whose job is to
take sugar out of the blood and escort it into muscles and other
cells where it is needed. Insulin also does something else: It shuts
off the ability of the liver to make glucose when it’s not needed in
the circulation.

(For the record, there are two main types of diabetes. Type 1,
juvenile diabetes, is a failure of the pancreas to make insulin
because the immune system mistakenly attacks insulin-producing
cells in the pancreas. In type 2, which is manageable with exercise,
weight loss, and medication, the problem is insulin resistance.)

If a person fails to make enough insulin or becomes insensitive
to its effects, blood sugar levels rise. In that sense, diabetes is a
disease of muscles, the largest consumers of blood sugar in the
body. When muscles are “happy and chewing up blood sugar all
day long, it’s great,” says Church. “When muscles are not happy,
they ignore insulin and sugar stays in the blood. That’s ‘insulin
resistance.’ ” And when muscles can’t draw sugar from the blood,
and blood sugar gets too high, nerves and blood vessels become
damaged.

Both aerobic and resistance training can increase glucose uptake
in muscle cells, thereby reducing insulin resistance. (By contrast,
not exercising pushes the system other way, triggering loss of
insulin sensitivity. Being both diabetic and unfit is truly dangerous
—these folks have twice the mortality risk of people who, though
still diabetic, are physically fit.)

Exercise helps by making muscles more sensitive to insulin.
Exercise can even allow glucose to enter muscle cells when there’s
no insulin around, notes C. Ronald Kahn, chief academic officer at
Boston’s Joslin Diabetes Center. Among other things, exercise
helps sugar get into muscles by increasing levels of a carrier
protein called GLUT-4. Exercise also increases production of a



protein called AMPK, which helps break down fats that can
interfere with glucose transport molecules.

Not surprisingly, highly fit people have been consistently shown
to have better blood sugar control than less fit people. In an
Australian study, for instance, 67 men and 106 women without
diabetes were asked to wear specialized accelerometers (activity
monitors) for seven consecutive days. They were tested for blood
sugar levels. The more time they spent sitting, the more their blood
sugar levels rose.

It’s a shockingly sensitive system. Some data suggest that even
in superbly trained men with excellent insulin sensitivity, that
sensitivity drops to the levels of sedentary people after as few as 38
hours without exercise. In fact, just one day of sitting—and this is
in young, healthy, fit people—can lead to insulin dysregulation
unless caloric intake is reduced to match reduced physical activity.

And ponder this: Sitting around after a meal triggers a spike in
blood sugar. But getting up after a meal can cut such spikes in half.
In other words, it pays to get up and wash the dishes or walk the
dog.

OBESITY

There’s no way to say this nicely. The United States is a fat, fat, fat
country, with 70.7 percent of Americans now officially obese or
overweight, according to government statistics. Obesity is defined
as a body mass index (BMI) of 30 or more. Overweight is defined
as a BMI between 25 and 30. And we’re not alone in our excess:
Obesity is now the fifth leading risk factor for mortality worldwide.

The exact physiological causes of obesity are complex and
interwoven, as are the ways that obesity affects the cardiovascular
system, says Church.



But the basic culprit is a no-brainer: too much food and too little
exercise = energy imbalance. (For the record, you can lose weight
by reducing the former, or increasing the latter, but the math is
against you if you try to do it all by exercise. A 160-pound person
walking at a 20-minute per mile pace burns just 255 calories in an
hour—the calories in one small muffin!)

In biochemical terms, excess body fat is a metabolic disaster.
People think of fat as an inert blob of tissue, but the opposite is
true. Fat is metabolically active, a genuine endocrine organ that
constantly pumps out molecules called cytokines and adipokines.
Adipokines shut off normal glucose metabolism, with the result
that glucose does not get into cells and stays in the blood, forcing
blood sugar up.

“Obesity not only increases CHD [coronary heart disease]
directly,” write exercise epidemiologists Kokkinos and Myers, “but
also enhances it indirectly through its adverse effects on several
established risk factors, including insulin resistance and
hypertension.” Both visceral fat and lack of exercise can trigger
insulin resistance.

Indeed, obesity, especially excess abdominal fat, is a major
hallmark of metabolic syndrome, a cluster of problems including
hypertension, poor lipid profiles, and insulin resistance. About 27
percent of Americans now have “metabolic syndrome,” which
raises the risk of coronary artery disease. Exercise improves all of
the components of the syndrome.

It’s not just that exercise combats obesity by burning off excess
calories. Vigorous exercise suppresses the hunger hormone,
ghrelin, and increases the appetite-suppressing hormone, peptide
YY.

GLYCATION



Sugar (glucose) binds to many proteins throughout the body, with
often terrible effects. When proteins or fats are exposed to sugar in
the blood, the sugar bonds to these molecules, creating so-called
advanced glycation end-products, or AGEs. Exercise can reduce
AGEs. AGEs affect almost every cell in the body, playing a major
role in aging and in direct damage to blood vessels from diabetes.
This process, called glycation, “pretty much damages everything it
touches,” notes Pennington scientist Church.

When sugar binds to collagen, for instance, it leads to “cross-
links” between molecules, which results in stiffening of connective
tissue and blood vessel walls. When LDL (low-density lipoprotein)
particles become glycated, they stick around too long, which is
dangerous. And when HDL (high-density lipoprotein), the “good”
cholesterol, becomes glycated, it shortens the half-life of HDL,
making it less protective against atherosclerosis.

Sugar molecules can also attach to hemoglobin. High levels of
glycosylated hemoglobin, a hallmark of diabetes, are directly
linked to cardiovascular disease, as well as to damage to the retina
and nerve pain. Glycosylated hemoglobin is measured with a test
called A1C. Hemoglobin is the protein in red blood cells that
carries oxygen. Typically, red blood cells live for three months,
which is why A1C tests can reflect blood sugar levels over the
preceding three months. Each increase of 1 percent in A1C is
linked to a 28 percent increase in mortality risk, while each
percentage point drop in A1C is linked to a 35 percent reduction in
damage to small blood vessels.

AUTONOMIC TONE

The autonomic nervous system regulates involuntary functions
such as heart rate and smooth muscle tone in the intestines. It has
two parts, the sympathetic nervous system, which generally revs



things up—speeding up heart rate, constricting blood vessels, and
increasing blood pressure—and the parasympathetic system, which
calms things down, slowing heart rate and relaxing sphincter
muscles. Good autonomic tone is a healthy balance between the
two.

But chronic imbalance—especially over-arousal of the
sympathetic system, which keeps the body in a constant, revved-up
“fight-or-flight” state—is a powerful risk factor for adverse
cardiovascular events. Exercise helps reverse this. With exercise,
the heart contracts more forcefully, increasing blood flow through
the arteries, which nudges the system toward a lower resting heart
rate, lower blood pressure, and greater heart rate variability.
Improved autonomic tone reduces the risk of sudden death with
exercise.

PLATELETS AND BLOOD CLOTTING

When a blood vessel is cut or injured, it triggers the activation of
tiny platelets, which change from their normal, round conformation
to a spiny shape. This allows them to stick to each other and to
blood vessel walls.

Platelets then hook up with other proteins to form fibrin strands
that form a net. This net catches more platelets along with blood-
clotting factors that produce a molecule called thrombin, which
helps attach the clot firmly to the vessel wall. Once the blood
vessel heals, this process is reversed.

Obviously, blood clotting is a life-saving mechanism. Otherwise
we’d bleed to death. But it has a dark side as well. Heart attacks
can be triggered when a blood clot breaks off an artery wall and
travels to the heart, blocking coronary blood flow. Platelet
activation also triggers inflammatory molecules that contribute to
atherosclerosis. Although acute exercise sparks an increase in



platelets and clotting factors, this acute response goes back to
normal within hours; regular exercise helps prevent over-activation
of platelets.

HEART RATE VARIABILITY

Heart rate variability is controlled by the constant flow of
hormones from both the sympathetic and parasympathetic nervous
systems. Having high variability in heart rate is a good thing. It
means that the heart is able to slow down more quickly after
exercise. Overall, people who exercise regularly have higher heart
rate variability, fewer adverse cardiac events, and lower all-cause
mortality. In contrast, low heart rate variability is powerful trigger
of life-threatening arrhythmias.

ENDOTHELIAL FUNCTION: BLOOD VESSEL LININGS

Although it sounds frightening, one of the major things that
exercise does is create “shear stress” inside blood vessels. It’s the
perpendicular force of increased blood flow against vessel walls
that causes this stress on the walls, which in turn temporarily
increases the risk of cardiac events during exercise, especially in
sedentary people.

In the long run, though, there’s a beneficial response: the release
of nitric oxide (NO), which dilates blood vessels. (If you have
trouble remembering the importance of nitric oxide, think Viagra:
It’s nitric oxide that makes Viagra work, by dilating blood vessels
in the penis, allowing more blood in, creating stiffening.)

The improved ability of blood vessels to dilate allows blood
vessels to be more elastic, that is, to expand and contract with
blood pressure and blood flow. This in turn allows blood to get
more readily to skeletal muscles and to the heart. Nitric oxide also



makes platelets less sticky, thus less likely to clump together in
clots.

“Exercise doesn’t physically change the endothelial lining of
blood vessels,” exercise physiologist Myers says, “but it allows
blood vessels to react to stress in a more healthy way.” This benefit
holds up even in people who already have coronary artery disease.

BLOOD PRESSURE

More than 70 percent of older people have age-related stiffening of
the larger arteries, which leads to hypertension, or high blood
pressure. Hypertension is a powerful risk factor for stroke, heart
failure, coronary problems, and kidney disease. In fact,
hypertension is a leading risk factor for death, accounting for
almost 13 percent of total deaths in the world.

The risk of death doubles with every 20-millimeter mercury
increase above 115 in systolic (the top number) blood pressure, and
with every 10-millimeter increase above 75 in diastolic (the bottom
number). (In 2017, the American College of Cardiology and the
American Heart Association announced a new definition of
hypertension—130/80—instead of 140/90, putting nearly half of
US adults into the high blood pressure category.)

The good news is that regular aerobic exercise, in older as well
as younger people, decreases the stiffness in blood vessels and
triggers nitric oxide, which leads to better blood flow and lower
blood pressure. Even low-intensity exercise such as walking can
reduce blood pressure somewhat. Large prospective studies have
shown that fitness is strongly linked to less hypertension,
regardless of body weight.

One way exercise accomplishes this is by lowering levels of
catecholamines—stress hormones such as adrenaline and
noradrenaline. These hormones increase the contractility of the



heart, increase cardiac output, and increase the stroke volume (the
amount of blood pumped with each heartbeat). These stress
hormones go up during exercise, then drop down afterward.
Resistance training also reduces systolic and diastolic blood
pressure, but not as dramatically as aerobic exercise.

BIGGER, STRONGER HEARTS AND ARTERIES

Exercise increases the flow of blood to the heart by making
coronary arteries bigger. It also increases the number of tiny blood
vessels (capillaries). In rats, for instance, exercise increases the
number of capillaries for each heart muscle from one to three.

Like blood vessels, hearts get bigger with exercise. In trained
athletes, the wall of the left ventricle, the main pumping chamber,
gets thicker, though this benefit disappears if the athlete stops
training. (The enlargement in athletes’ hearts is different from, and
healthier than, thick heart walls in people with heart disease.) In
fact, athletes’ enlarged hearts do not lead to long-term cardiac
disease—quite the contrary. Older athletes who have trained
intensively all their lives have hearts and blood vessels as big and
wide open as healthy 30-year-olds.

INFLAMMATION

One of the most important things that exercise does is reduce
inflammation all over the body, including in the cardiovascular
system. (See Chapter 11.)

Doctors measure inflammation with a marker called CRP (C-
reactive protein), which goes up with inflammation. Elevated CRP
and inflamed arteries are associated with a higher risk of heart
attack, stroke, and death in both healthy people and those with
cardiovascular disease. In fact, people with the highest CRP have
three times the risk of death as people with the lowest.



Exercise can lower CRP significantly, often by as much as 20–30
percent. In one study, people in the most-fit group had 80 percent
lower levels of CRP than people in the least-fit group. This pattern
held true regardless of weight and other cardiovascular risk factors.

An acute bout of strenuous exercise temporarily increases CRP,
probably due to joint and muscle inflammation, but regular,
sustained exercise suppresses it. Exercise also reduces body
weight, insulin resistance, and LDL, all of which, if too high, can
trigger higher CRP.

In a study of runners training for a marathon, nine months of
training yielded a decrease of 31 percent in CRP. Other research
shows that people who exercised five or more times a week had 37
percent lower CRP levels than those who exercised once a week or
less. In a study of data collected from nearly 14,000 people on a
government database, the most active people had CRP levels
almost 50 percent lower than sedentary people. Even in people
undergoing cardiac rehabilitation, three months of exercise lowers
CRP.

ATHEROSCLEROSIS

Atherosclerosis, the buildup of plaque in artery walls, is now seen
as a disease of inflammation, also called a “response to injury”
process.

The idea is that some factor, often a pathogen or LDL, migrates
to the inside of artery walls (the endothelium). As LDL builds up,
free radicals (toxic forms of oxygen) land on it. This “oxidized”
LDL “looks” like foreign tissue to the immune system, which then
attacks it. In this inflammatory reaction, white blood cells called
macrophages try to destroy the oxidized LDL by engulfing it, a
process that creates so-called foam cells.



The foam cells then become filled with fat and form
atherosclerotic plaques, which obstruct blood flow. Plaques lead to
clogged arteries to the heart, as well as to clogged arteries in the
neck, arms and legs, and kidneys.

Exercise works in part by reducing oxidation of LDL by free
radicals. It also decreases triglycerides, a fatty molecule that
contributes to plaque. In animals, exercise can actually reverse
atherosclerosis. In people, with the exception of a few studies,
including research by preventive medicine guru Dean Ornish, it’s
proved harder to show this effect.

Blocked blood vessels can also cause peripheral artery disease
(PAD), which causes pain in the legs during walking. Exercise
increases the amount of walking a person can do before calf pain
from poor blood flow sets in.

LIPIDS AND CHOLESTEROL

The two best-known types of fats (lipids) in the blood are little
packages made of fat on the inside and proteins on the outside—the
lipoproteins. They come in two flavors, LDL, the “bad”
cholesterol, and HDL, the “good” cholesterol. (The body makes its
own cholesterol, which is needed to produce hormones and vitamin
D, and we also get cholesterol from the diet.)

LDL is considered “bad” because it deposits cholesterol on the
walls of arteries, where, as we just saw, it can be oxidized. The
higher the level of LDL, the greater the chance of heart disease.

In a randomized controlled trial of 217 men and women,
Japanese researchers asked half the group to exercise and improve
their diets, while the other half did not. After almost a year and a
half, the exercise-diet group had better cardiorespiratory fitness and
beneficial changes in LDL.



By contrast, HDL is “good” because it takes cholesterol away
from arteries into the liver, where it is metabolized and excreted or
used for digestion. The net effect is a reduction of cholesterol in
blood vessel walls. HDL levels above 60 milligrams per deciliter
are linked to reduced risk of heart disease.

Here’s the important part: Regardless of age, race, or sex,
exercise is linked to beneficial effects on blood lipids, in part by
boosting HDL, although how big a benefit you get depends partly
on genetics.

In one meta-analysis involving more than 1,400 people, aerobic
training yielded significant increases in HDL and total cholesterol,
regardless of whether people lost weight or not, though the
question of whether just raising HDL alone has a causal effect on
cardiovascular health is controversial.

In a different meta-analysis, Japanese researchers found that
every 10-minute increase in exercise time yielded a measurable
increase in HDL; interestingly, in this study, it was the duration of
exercise, more than its intensity or frequency, that made the
difference. Other researchers have come to similar conclusions.

IS INTENSE EXERCISE EVER BAD FOR THE HEART?

Yes, but only in rare cases. (Sex can count as intense exercise, too,
by the way. In a study of 4,557 cases of cardiac arrest, only 34
incidents occurred during or within one hour of sex.)

The incidence of a major cardiovascular problem, including
sudden cardiac death during aerobic exercise, is very rare in
healthy people, and even in endurance athletes like Olympic
marathoners or Tour de France cyclists.

And for most of us, the dutiful joggers of the world? Not to
worry. In a study of Rhode Island joggers, the estimated risk is one
death during jogging for every 7,620 male joggers per year, or, put



differently, one death per 396,000 man-hours of jogging. In a 12-
year study of 21,48 male physicians, the risk of sudden death after
vigorous activity was also low—one death for every 1.42 million
episodes of exercise. For light exercise, the risk was truly
miniscule, one death per 23 million person-hours.

Not surprisingly, the risk is higher in people with heart disease,
but it’s still low: During outpatient cardiac exercise programs, for
instance, it’s one death in 60,000 participant-hours. (Overall, of
course, cardiac rehabilitation lowers the risk of mortality by 25
percent.)

To be sure, there has to be some level at which harm occurs.
Researchers don’t yet know where that line is, but they do known
that the danger zone is way beyond what most people do. (They
also know that the risks vary by sport. In triathlons, which include
swimming, biking, and running, most sudden deaths and cardiac
arrests occur during swimming, while most trauma-related deaths
occur during biking.)

In a 2015 study that followed nearly 38,000 healthy, fit people
for an average of 11.5 years, researchers could find no upper limit
to the mortality benefit of intense exercise. On the other hand, a
different 2015 study involving 1.1 million healthy women followed
for nine years found that while moderately active women did have
fewer coronary events, women who did daily strenuous activity had
a higher risk of coronary heart disease.

That doesn’t totally surprise cardiologists like Missouri’s James
O’Keefe, who put it this way to The New Yorker in 2014: “Darwin
was wrong about one thing. It’s not survival of the fittest but
survival of the moderately fit.”

Still, the net result of exercise, by and large, is a good thing. The
fitter you are, the less likely you are to die of anything, including a
heart attack. As Benjamin Levine, the Texas exercise researcher,
writes, “Although it would be foolish to argue that extraordinary



endurance training can never be harmful, it is equally inappropriate
to frighten individuals who wish to undertake competitive
endurance training.”

It’s true that about one-third of marathon runners experience
dilation of two chambers of their hearts, as well as increases in
cardiac enzymes and patches of damaged, fibrous tissue in heart
muscle, changes that could be an underlying cause of arrhythmias
and even sudden death. But many such changes go back to normal
without causing problems.

In young people who die during intense exercise, the chief worry
is undiagnosed, inherited cardiac abnormalities. With older people,
there’s concern about atherosclerosis, though there’s little evidence
that intense exercise accelerates risk, except in people with
advanced atherosclerosis who undertake high-intensity training.
Atrial fibrillation (a fast, irregular heartbeat in the two upper
chambers of the heart) is also a potential concern for older athletes.

But here’s the take-home message: In terms of sudden death
during exercise, it’s being sedentary, then abruptly exercising like
crazy, that’s the problem. Overall, regular exercisers have less than
half the risk of sudden death during exercise as sedentary folks who
suddenly exercise.

To be sure, it’s not a great idea to exercise if you’re in a rage. A
2016 study of 12,461 people found that the combination of hard
exercise and emotional upset or anger can raise the risk of heart
attack.

But all that means is this: Calm down, then exercise. Regularly.



CHAPTER 5

The Energy-Converting Machine

THE TRACK STAR AND THE MUSCLE TWITCH

Olga Kotelko, a Canadian track and field superstar with more than
30 world records and 750 gold medals to her credit, didn’t even
start training until she was 77. One of 11 children born to
Ukrainian parents who immigrated and ran a farm in
Saskatchewan, Kotelko played baseball as a kid, but wasn’t a
serious athlete. She married young, but the marriage broke up
while she was pregnant with her second daughter, after her husband
took a knife to her throat.

As a single mom, she earned a college degree at night and taught
in a one-room school. When she retired from teaching, she took up
slow-pitch softball for a while, but gave up her spot on the team to
a 55-year-old.

That’s when she got serious, taking up track and field. She kept
at it, decade after decade, racking up medals into her 90s, pooh-
poohing her osteoporosis and a cancerous tumor (of unknown
origin) in her right lung. In 2010, she carried the torch in the
Vancouver Olympics, and was still competing a month before her
death from a brain hemorrhage in 2014. She was 95.

But what is even more astounding to scientists who study aging
and exercise is the strength of Kotelko’s mitochondria, the tiny
organelles inside cells that pump out energy. Normally, after age
65, people have at least some defective mitochondria.



Not Kotelko. Researchers at McGill University in Montreal took
a biopsy of Kotelko’s muscle tissue and examined roughly 400
muscle fibers. They couldn’t find a single defect—testimony, quite
likely, to the power of exercise to beef up and protect our
mitochondria.

And to think it all starts with a muscle twitch.
The second you move a muscle—whether starting your morning

run, hoisting your toddler onto your hip, or just scratching your
head—that one contractile motion starts a remarkable cascade of
chemical signals that, ultimately, make you stronger and healthier.

To be sure, this “muscle-centric” view of the world may seem a
bit startling. It appears to relegate the stuff we’ve always regarded
as primary—like the heart and lungs—to second-class status, mere
“service functions” whose main role is to supply contracting
muscles with the necessary fuel and oxygen.

But in truth, it is contracting muscles—and their voracious
metabolic needs—that actually drive the show.

So, that muscle twitch. Right from the get-go, there’s a fork in
the road. If you’re lifting weights—resistance training—your body
goes down one fork, which ends with your muscles getting visibly
larger and stronger. (That’s the focus of the next chapter, Chapter
6.)

If you take the other fork—endurance exercise like running,
walking, or swimming—your body goes down the other trail,
which ends up with something invisible to the naked eye but no
less important: a dramatic blossoming of mitochondria, the
“powerhouses,” or energy machines, inside cells that allow you to
turn food and oxygen into the energy needed not just for big
movements like walking around, but for every cellular function in
the body, from breathing to thinking to digesting food to making
babies.



Of course, as with everything else in the body, it’s a bit more
complicated than that. It’s not even clear yet exactly how a muscle
cell “decides” whether to go the mitochondria (energy) route or the
bulking up (hypertrophy) route.

“Everyone in the world is trying to understand that, to
understand how endurance exercise leads to mitochondrial
biogenesis while exercise with fewer, more intense muscle
contractions against resistance leads to hypertrophy,” says Dr.
Mark Tarnopolsky, a mitochondrial disease specialist at McMaster
University.

What is clear is that there is some chemical “cross-talk” between
the molecular pathways that lead to bigger muscles and those that
lead to more mitochondria. Running, for instance, is mostly an
endurance activity, but running uphill brings a bit of resistance into
the equation. Similarly, lifting weights is mostly a process of
muscle enlargement, or hypertrophy, but if you lift weights fast,
that adds an endurance component to the training.

“For most people,” says Christopher Gillen, a biology professor
at Kenyon College, “there’s probably an overlap between resistance
and endurance training—their exercise is neither pure resistance
nor pure endurance.”

You don’t have to be a physiologist to see the different methods
at work. Just look at bodybuilders and marathoners. The
bodybuilders have obvious, bulging muscles. By comparison, the
marathoners, though equally or even more fit, look skinny, even
cadaveric. But if you could peek inside their muscle cells, you’d be
astounded. All those training miles create cells teeming with
healthy mitochondria.

We’ll get to the specifics of how mitochondria multiply (a
process called mitochondrial biogenesis) in a minute. But first, a
basic question: Where do mitochondria come from in the first
place?



A TINY LIFE FORM GETS EATEN

A freakish thing happened one day, roughly 1.5 billion years ago in
the galaxy we call home.

A tiny life form got eaten. Unceremoniously, so far as we know,
nothing too violent. Just one little life form quietly swallowed up
by a bigger, fancier cell. It’s believed that this portentous meal
happened only once in all of evolution. The rest is history—the
history of us, even of life itself.

That tiny life form, a bacterium, was a primitive little thing. It
was a genuine cell, but it didn’t have much inside it except a small
circle of DNA. Originally the DNA consisted of 1,300 genes, but
almost all were “lost,” sliding into the cell’s nucleus over
evolution, leaving a handful of only 13 genes (depending on what
counts as a gene) coiled tightly in a circle. But the bacterium that
got eaten on that fateful day had a special trick. It could use oxygen
—which had been in the atmosphere for about 3 billion years—to
make energy from food.

Once this bacterium was swallowed by the bigger cell, it became
the organelle (or tiny organ) that we call a mitochondrion, a kind of
immigrant guest-worker earning its keep in its new country. It was
a happy arrangement—the engulfed bacterial cell was able to rely
on the protective environment of its new host, and the bigger, host
cell got to use oxygen, by this time abundant in the environment, to
make energy.

For more than 100 years, scientists had suspected the ancient
origins of this foreign DNA inside our cells. But it was
evolutionary biologist Lynn Margulis who fleshed out the story in
stunning detail, earning her the National Medal of Science. Her
hypothesis is known as the endosymbiotic theory. Other scientists
have since fine-tuned the theory.



Among other intriguing things about mitochondria, the
mitochondrial genetic material is inherited in all offspring, male
and female, only from the mother’s egg cells. (Egg cells are
crammed full of mitochondria.) That’s why, when evolutionary
biologists trace human origins back to “Mitochondrial Eve,” who is
believed to have lived about 200,000 years ago, the genes they
track all follow the female line. (There are mitochondria in sperm,
too. In fact, that’s what gives sperm the energy to swim toward
their encounter with an egg, but the sperm mitochondria don’t get
into the egg at the time of fertilization.)

Mitochondria get passed on when a cell divides—some of the
mitochondria wind up in one daughter cell and some in the other,
whereupon the mitochondria immediately start making copies of
themselves to boost their numbers in their new cellular homes.

But, like all immigrants, mitochondria cling to bits of their own
history and maintain a degree of independence inside their host
cells. They keep their own biological rhythms, dividing when they
“feel” like it, usually when a signal from the host cell raises the
alarm that oxygen levels are low. In other words, mitochondrial
division is independent of the host cell’s cell division cycle.
Mitochondria reproduce in their own ways, too: Sometimes they
fuse with one another to make one bigger organelle; sometimes
they divide in two by fission.

It’s a busy life—mitochondria are almost constantly dividing,
fusing, and changing shape. They are at their busiest in cells, like
muscle cells, that need a lot of energy. In fact, as we’ll soon see, it’s
precisely when a muscle cell contracts that mitochondria “know”
they’d better rev up their activity and replicate themselves to
produce more energy.

Mitochondria, which are found in differing amounts in different
types of cells (liver cells have thousands; red cells, none), are best



known for making energy, and we’ll get to how they do that in a
moment.

But mitochondria also do other important things for the cells
they live in, including passing chemical messages around, helping
control the cell’s life cycle, and, when they sense through
molecular signals that the time is right, telling the cell to commit
suicide, a process known as apoptosis. They also secrete proteins—
including a handful dubbed “SHLP” (pronounced “schlep”)—that
seem to protect against diabetes and help kill cancer cells.

Like people, mitochondria can get sick. In fact, abnormal,
dysfunctional, or damaged mitochondria are a cause of a number of
serious illnesses, including cancer and Alzheimer’s and Parkinson’s
diseases.

Not surprisingly, mitochondrial diseases are most severe when
the damaged mitochondria are in muscle, brain, or peripheral nerve
cells because these cells need more energy than other types of cells.
In fact, one of the chief hallmarks of aging—sarcopenia, or muscle
loss—is due in part to deleterious mutations in mitochondrial
DNA.

Sick mitochondria, as we saw in Chapter 1, are a major hallmark
of aging. “In fact, the thinking now is that the demise of
mitochondria is responsible for our demise,” says mitochondria
expert Darrell Neufer, who directs obesity and diabetes research at
East Carolina University.

As we age, mitochondria change their normal shapes, becoming
rounder; their numbers also decline. Luckily, as Olga Kotelko’s
example shows, exercise can dramatically offset this decline.

For most of us, mutations in mitochondrial genes eventually pile
up with age. And because mitochondrial function is so tightly
involved in important chemical signaling pathways in cells, when
mitochondria begin to fall apart, life span itself can be affected. In
fact, there’s talk that doctors may soon begin testing the



mitochondrial content of our cells (the so-called bioenergetic health
index) to see how healthy, and how old, we actually are.

The good news is that when mitochondria do get sick or
damaged—or even when a cell just senses that there are too many
mitochondria around—cells have developed an efficient way to get
rid of them: garbage disposal, or more elegantly, quality control.
The process by which damaged or malfunctioning mitochondria are
eaten up is called mitophagy, part of the general process of
autophagy. It’s the failure of this mitochondrial garbage disposal
process that is a major hallmark of aging.

BOX 5.1 AN INSPIRATIONAL TALE: A SECRETARY, AGE
50, MAKES THE OLYMPIC TRIALS

In December 2017, Molly Friel, a 50-year-old legal secretary,
qualified for the 2020 Olympic Marathon Trials. This made her
the second oldest woman ever to qualify for the trials. (The
oldest was Sister Marion Irvine, who qualified in 1985 at age
54, though the qualifying time then was six minutes longer than
it is today.)

Though Friel had qualified twice before, in 2004 and 2016,
her recent qualifying time—2:43:57, well under the 2:45 cutoff
—made headlines around the world because of her speed as
well as her age.

But it wasn’t until she heard her husband yelling, “You’re
going to do it!” in the last few blocks of the race that she
realized she’d make it, as Runner’s World magazine noted.

Almost more impressive than her qualifying time was her
steadiness. She averaged 6 minutes, 15 seconds a mile, mile
after mile, over the 26.2-mile race, slowing only by 9 seconds at
one point. Though she runs 90–100 miles a week preparing for



a big race, she doesn’t sweat the small stuff. She hates stretching
and cross-training. If her husband isn’t around, she admitted to
Runner’s World, “I eat a lot of crap. I like junk food. I like
candy. I like cookies.” She also admits to getting nervous before
races, often asking herself, “Why are you doing this to yourself
again?”

Despite training, she works 20 hours a week in a law office.
On the day after her Olympic trials qualifying run, she was back
at work as usual. Her boss, not a running aficionado, asked
about her race that weekend and wondered aloud if she was
sure it was 26 miles.

“Well, actually, it’s 26.2,” she told him.
“Are you sure?” he asked again.
“Yeah,” she told him. “I’m sure.”

THE LITTLE ENGINE THAT COULD

Before we get to the cool stuff—how exercise leads to massive
increases in mitochondria—let’s have a brief tour through the
basics. Granted, this is a little technical, but stay with me. It’s awe-
inspiring to realize that all this energy-producing magic in our
human cells came about through evolution.

So, for starters: A muscle cell has three routes—metabolic
pathways—to convert the food we eat into the chemicals, that is,
the energy, we need to move around.

At any given moment, there’s always a small amount of ATP
(adenosine triphosphate, the energy molecule) sitting around in the
fluid of the cell. There’s not a lot of it, just enough to power “a
second or two of exercise,” notes biologist Gillen. (By contrast,
during a 2-hour run, muscles may potentially consume as much as
132 pounds of ATP!)



Within seconds of a nerve telling a muscle to contract, the
muscle cell uses a goodly chunk of this stored ATP. That means the
cell must act quickly to re-synthesize its ATP stores. The first thing
the cell tries is a process called the phosphagen system. It’s
anaerobic; that is, it does not involve oxygen.

At virtually the same time, the second system, glycolysis, kicks
in. This involves the breakdown of glucose for fuel. Like the
phosphagen system, it is anaerobic. The production of ATP by
glycolysis takes place outside the mitochondria in the gel-like stuff
(cytoplasm) of the cell. This gives us enough energy for 30 seconds
to two minutes of exercise—not a lot, but enough to get us started.
It also produces lactic acid, which can make muscles sore.

Them comes the big gun, the third, and most powerful, energy-
producing system—the aerobic system, which does use oxygen and
takes place inside the mitochondria.

This three-part system is remarkably adaptive. Let’s say you’re
walking slowly to your car. That’s aerobic, but it’s so mild you
don’t need to breathe hard and your heart doesn’t need to speed up
very much. In fact, you could probably keep this low-level aerobic
exercise up almost forever.

Then suddenly, you decide to sprint to your car. For this, you
need a big uptick in energy to get you through this “rest-to-work”
transition. Your heart rate goes up. You breathe harder. Your blood
starts transporting this freshly inhaled oxygen to the mitochondria.

But this takes time.
“There’s a disconnect between what the aerobic system can

supply at this point and what the actual demand is,” explains
Martin Gibala, a professor of kinesiology at McMaster University.
Energy has to come from somewhere, and in a hurry. So the
phosphagen and glycolysis systems come to the rescue,
anaerobically, to temporarily fill the energy gap.



Finally, as the heart and lungs get lots more oxygen to the
mitochondria, the aerobic energy system cranks up for real. The
need for more energy drives the system, or, as Neufer, the East
Carolina University mitochondria expert, puts it, “As soon as
demand goes up, the mitochondrial wheel turns faster.”

It’s a beautiful thing, when you think about it, this intricate
energy-conversion system. Without such an elegant system, we
could not survive, much less run marathons. And at the heart of it
are these tiny organelles, the mitochondria.

Every mitochondrion in the body is built the same. It has a fatty,
skin-like outer membrane, a bit of space, then, deeper inside, a fatty
inner membrane that is curled up like rotini pasta. The many folds
of the inner membrane provide lots of surface area for the
machinery of energy production to work.

Embedded in each stretch of the inner membrane are five
“protein complexes.” Each of these protein blobs, awkwardly
shaped like a Nestle’s “Chunky,” straddles the membrane in such a
way that one part of each “Chunky” sticks out on one side of the
membrane and the other part sticks out on the opposite side.

Lined up in single file, the five protein complexes comprise the
electron transport chain. It’s a biological assembly line Henry Ford
himself would have been proud of. (As mystery buffs may know, it
doesn’t take much to bring this entire assembly line to a grinding
halt—a single dose of cyanide will do the trick.)

In this assembly line, electrons (negatively charged particles) are
passed hand to hand, like the baton in a relay race, from one
Chunky complex to the next. As this happens, protons (positively
charged particles) slip into the space between the two
mitochondrial membranes. The protons then flow back across the
inner membrane, driving an enzyme called ATP synthase to make
ATP. This process is so efficient that the chemical energy from one
molecule of glucose is turned into 32 molecules of ATP. But it’s a



delicate dance, keeping the electron chain humming along. Things
can go wrong at any step along the way.

BOX 5.2 FROM CANDY BARS TO ENERGY

In slightly more detail, here’s how it actually works.
Start with, say, a candy bar, although all three major types of

food—carbohydrates, fats, and proteins—can be used for
energy.

The sugar in the candy bar is first taken apart in a 10-step
process—that’s the glycolysis system we mentioned earlier. The
result is a substance called pyruvate. Like a player on a chess
board, pyruvate has two possible moves once it’s formed. It can
head to a mitochondrion to propel the process of aerobic
metabolism. Or it can go on a different pathway and be
converted to lactate; this happens when the demand for oxygen
is greater than the supply. (The terms “lactate” and “lactic
acid” are used interchangeably, even though they do not exactly
describe the same molecule.)

For now, let’s assume the pyruvate is headed for the
mitochondria. It is first transported into the mitochondrion, then
chemically transformed into a substance called acetyl CoA,
which kicks off the famous Krebs cycle, also known as the citric
acid cycle or the TCA cycle.

Compounds produced by the Krebs cycle are then transported
to the electron transport chain, which works by passing
electrons along from one complex to the next. Oxygen is needed
to react with the electrons as they move through the chain. The
process is called oxidative phosphorylation.

If there is not enough oxygen around—which happens if
you’re exercising so hard that your body can’t supply oxygen



fast enough to meet the demand for energy—it needs to rely
more on anaerobic sources. This point is reflected in the so-
called anaerobic or lactate threshold, the point at which lactate
levels start to rise exponentially in the blood.

At this point, the other pathway for pyruvate kicks in. Instead
of pyruvate going into the Krebs cycle, the cell uses the pyruvate
to produce lactate. It’s kind of a rescue mission. When there’s
not enough oxygen to make ATP the normal way, the cell uses
its pyruvate anaerobically. You can’t fail to notice this
development when you’re exercising at your max—you’re
gasping for air, everything hurts, and your “perceived exertion”
is extreme, as Gillen notes. Despite its bad reputation among
athletes, lactic acid is actually a fuel.

Acute endurance exercise is fueled primarily from the
oxidation of fats and carbohydrates. With lower-intensity
exercise, the body uses mostly free fatty acids. As the intensity of
exercise goes up, the body relies increasingly on intramuscular
glycogen, the predominant fuel for exercising at more than 65
percent of VO2max.

The other important thing that happens during normal,
aerobic energy production is that free radicals, toxic forms of
oxygen, are produced. Chronically elevated levels of free
radicals are bad—they lead to a number of neurological
disorders, as well as DNA damage and other problems. But if
free radicals are stimulated in a pulsed fashion—as happens
with exercise—this leads to production of natural anti-oxidants,
which is good.

One implication is that, because pulsed production of free
radicals is good, antioxidant supplements are not a good idea
because they offset many of the benefits of exercise!



EXERCISE MASS-PRODUCES NEW MITOCHONDRIA

I’m up on the starting block, staring at the Harvard University pool.
The stands go quiet. It’s the annual US Masters Regional swim
meet. I’ve been training hard for months. Glory—and the chance to
go to Nationals—all depend on how fast I can swim 1,000 yards, a
bit more than half a mile.

“Swimmers, take your mark!”
The gun goes off. I fly off the block, dolphin kick like mad

underwater, surface, right arm starting the stroke as it breaks the
water. I churn through the water, settling into my pace. I’m
breathing hard but rhythmically, not gasping, flipping my turns at
the wall. It seems to take forever, then, suddenly, the race is over.

I did it! I’m not even too tired! How did this happen?
A tiny, but important, molecule I had not even heard of at the

time—PGC-1 alpha—made me a champ.
PGC-1 alpha was discovered about 20 years ago by Bruce

Spiegelman, a professor of cancer biology at Harvard Medical
School. It is the coordinator of a cascade of chemical reactions
inside muscles that runs the process called mitochondrial
biogenesis, the creation of new mitochondria.

It’s this creation of new mitochondria, which is induced by
endurance training, that allowed me to swim so hard and long
without serious fatigue.

“Flies that can’t make PGC-1 alpha can’t fly because flight is so
energy demanding,” notes Spiegelman, a runner who presumably
has loads of PGC-1 alpha himself, not just from running, but from
weightlifting and kickboxing, too.

To be sure, none of this was obvious until the mid-1960s, when
John Holloszy, a physiology professor at Washington University in
St. Louis, began wondering exactly what was going on inside the
muscle cells of rats running their little hearts out on tiny treadmills.



Before then, scientists had a general idea that endurance exercise
was good for you for many reasons, including getting more blood
to tissues and strengthening the cardiovascular system.

But what Holloszy saw under his microscope was astounding.
As he wrote in a breakthrough paper in 1967, Holloszy found

that, compared to rats who lolled around all day, rats who ran
strenuously on treadmills had lots more mitochondria in their
muscle cells. Because of all these mitochondria, the running rats
were able to produce more energy, that is, more ATP. Interestingly,
as Holloszy discovered, this explosion of new mitochondria only
happens if the rats run long, hard, and regularly, not if they just do
mild exercise.

Holloszy kept at it. In 1984, he showed that as a consequence of
greater numbers of mitochondria induced by endurance exercise,
muscles in trained animals are better able to use blood glucose and
glycogen (a stored form of glucose) and to rely on fat for energy
when they need to.

Since Holloszy’s groundbreaking work, other scientists have
taken up the challenge of piecing together the exact molecular steps
between endurance exercise and the creation of new mitochondria.
Among these molecular sleuths is muscle physiologist David Hood
of York University in Toronto.

What happens, explains Hood, is this: A signal from a nerve
causes a muscle cell to “depolarize,” that is, to change voltage
across its membrane. This depolarization then causes the muscle
cell to release a flood of calcium from its hiding place in a structure
called the sarcoplasmic reticulum. In turn, this flood of calcium
causes the muscle to contract. (High-intensity exercise in particular
boosts this process.)

All of this happens very fast. Literally within milliseconds of
being released, calcium is sucked back into the sarcoplasmic
reticulum. This happens again and again, with each flood of



calcium triggering the mitochondria to start working harder. The
very first muscle contraction triggers all the steps that eventually
lead to the creation of more mitochondria. (A grisly little tidbit: If
calcium didn’t flow in and out of the sarcoplasmic reticulum but
stayed in the fluid of the cell, the cell would be in a hyper-
contracted state all the time—exactly what happens with rigor
mortis when a person dies.)

But here’s the thing: New mitochondria are only created in
muscles that you use—if you pedal a bike with just one leg, the
muscles in your other leg won’t get new mitochondria. This makes
sense, notes Hood, given that “mitochondrial adaptations produced
by exercise are initiated by stimuli within the contracting muscle.”

What’s really cool is how a muscle cell figures out when it’s
time to crank its mitochondria up a notch. What happens is that, as
muscles contract, mitochondria wake up and go on high alert,
“sensing” (chemically) that they need to work harder. They do this
by “noticing” a change in levels of one cellular chemical relative to
another.

This change in the chemical balance is an alarm bell. It tells the
cell that there is “an energy crisis, a threat to homeostasis. Cells
don’t like to lose energy—it’s a metabolic stress,” says McMaster
University mitochondrial disease specialist Tarnopolsky. The
change in chemical balance then triggers an important chemical
called AMPK.1,2

AMPK (along with another chemical called p38MPK) kicks off
mitochondrial biogenesis by revving up yet more molecules, most
importantly, the one that made me a champ in the pool: PGC-1, the
central player in orchestrating the body’s adaptation to exercise.3
PGC-1 alpha is a kind of genetic galvanizer: It tells genes—both
genes in the cell’s nucleus and those in mitochondrial DNA—to
start making those Chunky protein complexes for the electron



transport chain. It’s an awesome process, managing moment-to-
moment coordination of the two separate genomes, nuclear and
mitochondrial.

Both genomes have to be involved because each protein complex
in the electron transport chain is a hybrid, made up of proteins from
genes in the cell’s nucleus and proteins made from the genes of
mitochondrial DNA. It’s no mean trick for a cell—making proteins
from two different genomes at the same time. A mistake at any step
in the process can lead to a defective electron transport chain and
thus the failure to make sufficient energy.

Yet we do it every day.
Once the newly synthesized proteins are formed into protein

complexes, the complexes are plunked gently into their proper
places in the inner mitochondrial membrane, ready to start
churning energy through the electron transport chain. (Exercise is
the major way to stimulate new mitochondria, but in the lab,
scientists can use electrical stimulation of muscle cells to do the
same thing. Exposure to cold temperatures also stimulates PGC-1
alpha, but sitting naked in a freezer might be less attractive, even to
non-exercisers, than going for a walk or a run.)

PGC-1 alpha is such an important player in all this that when
scientists artificially ramp up PGC-1 genes in mice, the animals
become ultra-endurance champions. Compared to normal mice,
they have vastly more mitochondria and can run twice as far before
needing to rest.

In fact, PGC-1 alpha can be induced by a single bout of exercise.
In general, however, it takes six to eight weeks of hard exercise to
generate 30–100 percent more mitochondria. Interestingly, there’s
some evidence that having a nice massage right after exercise may
speed up this process.

The evidence for the benefits of abundant mitochondria is
overwhelming.



Muscles with a lot of mitochondria are much slower to fatigue.
Contrarily, mitochondrial density is much lower in sedentary
people, one reason their muscles fatigue easily.

Indeed, muscle cells loaded with mitochondria can offset many
of the effects of aging and muscle disuse. Adopting or resuming an
active lifestyle can improve mitochondrial function enough to
significantly improve endurance and boost muscle mass.

The implication is obvious: Healthy, abundant mitochondria are
a must for health and longevity. So now, the question becomes,
what’s the best way to get more of them?

HIGH-INTENSITY INTERVAL TRAINING (HIIT)

You can tell at a glance that Mark Tarnopolsky, the physician and
mitochondria expert at McMaster University, and his fellow
McMaster researcher, kinesiologist Martin Gibala, practice what
they preach.

Tarnopolsky is 54, though he looks years younger. Slender, with
the taut, coiled energy of a greyhound, he leans back in the chair in
his office and ponders a personal question.

“How much do I run? Well, let’s see. I exercise seven days a
week. On three days a week, I run for an hour or 70 minutes—
before and to work. On two other days, I bike for 75–80 minutes.
On Saturdays and Sundays, I do two hours of running or cross-
country skiing or three hours of biking. Then, every day, I do 200
push-ups and 200 sit-ups. I’ve done this for 35 years.”

His VO2max, the gold standard of fitness, is a phenomenal 70.
“When I was young,” he adds, a tad ruefully, “it was over 80, at its
highest, 87.”

A short walk across campus, Martin Gibala, 48, seems barely
able to contain his abundant energy. He jumps up and effortlessly
demonstrates the deep squats he tells his 83-year-old mother to do



every day to stay fit enough to avoid a nursing home. His eyes
sparkle when he leaps up again and again to draw diagrams on his
white board, illustrating how mitochondria produce energy.

Gibala and Tarnopolsky are among the world leaders in the study
of how endurance exercise boosts mitochondrial metabolism and in
the hot new specialty of high-intensity interval training—workouts
in which you alternate very short but extremely hard, all-out effort
with low-intensity exercise or rest.

The goal of interval training is to get the benefits—including
increased mitochondria—that you would get from, say, 45 minutes
of moderate intensity effort in as few as 10 minutes, and maybe
from as little as one minute of exercise.

(Beyond mitochondria creation, if your goal is burning up
calories, interval workouts help with that, too. Although you do
burn more calories in a 50-minute moderate workout than in a 10-
minute interval workout, take heart: You actually burn lots of
calories in the recovery period after the interval session, too.)

To say high-intensity interval training is revolutionizing exercise
science is an understatement. The main reason people give for not
exercising is lack of time—high-intensity interval workouts solve
that problem. So long as interval workouts are intense enough, the
shorter, harder workouts can be just as effective, and perhaps even
more so, than longer, less intense workouts.

Even running just 5–10 minutes a day at relatively slow speeds is
linked to markedly reduced risks for death from all causes and
cardiovascular disease. (See Chapter 4 on high-intensity workouts
for people who already have heart disease.)

In 2012, when Gibala and colleagues wrote a review article on
high-intensity interval training for the Journal of Physiology, a
prominent scientific publication, the field—and the lay press—
went wild. As word spread, Gibala’s paper became the most
accessed paper in the journal in 2015. Since then, Gibala’s string of



impressive findings have been featured prominently in major
newspapers and TV outlets across the country, prompting exercise
enthusiasts—including me—to take up the challenge.

Recently, Gibala has been pushing the envelope, trying to see
how low he can go, that is, how short an intense workout can be
while still keeping the benefits. It’s no accident that his 2017 book
is titled The One-Minute Workout.

Before we delve deeper, we need a quick definition of HIIT,
high-intensity interval training, and a variant called SIT, for sprint
interval training. In general, HIIT is defined as “near maximal”
efforts performed at an intensity that is about 85–95 percent of
maximal heart rate; SIT involves efforts performed at “all-out” or
supramaximal heart rates. The key is that exercise be intense
enough that the body perceives it as stressful, so you get the really
big benefits.

In lay terms, moderate intensity means things like walking fast,
doing water aerobics, biking on level ground, and playing doubles
tennis; vigorous activity means jogging or running, swimming laps
fast, cycling fast or uphill.

Protocols vary, but the most famous is the Wingate test,
developed in the 1970s in Israel. It calls for a 30-second all-out
effort, followed by four minutes of recovery. This pattern is
repeated four to six times during one workout session. This
amounts to three to four minutes of hard exercise per session with
three sessions a week for two to six weeks.

Don’t skip the rest period, by the way, not that you’d really be
tempted to.

“The recovery period is important,” says Gibala. “If you allow
recovery, the subsequent effort can be done at a higher work load.
If you just train as a single block of exercise, the adaptations are
not as good as if you give breaks, go hard, then take another break.
You get more mitochondrial biogenesis if you do intervals than if



you work out at a moderate rate continuously. Brief bursts of
intense exercise are remarkably effective.”

So, I gave HIIT a try. It was exciting, but tough. Okay, full
disclosure: It was miserable. For what it’s worth, Tarnopolsky
agrees.

He prefers longer, more moderate-paced endurance workouts:
“You couldn’t pay me enough to do Wingate sprints four times a
week in the gym and give up running. For me, it’s running and
biking. I see the city, the country, the environment, whereas sitting
on a bike in a gym is just yuk.” Some research affirms
Tarnopolsky’s view, finding that, outside of a gym, it’s tough to
make HIIT feasible.

But Gibala loves his daily high-intensity 30-minute interval
workouts. And he’s also backed up by research, including studies
suggesting that some people actually do find HIIT more enjoyable
than continuous moderate running.

Recently, exercise physiologists have developed modifications of
HIIT that can be easier to tolerate. The easiest to remember—and
least miserable—is the “10-20-30” routine. You run, bike, swim,
row gently (at about 30 percent effort) for 30 seconds, increase
your pace to moderate (about 60 percent effort) for 20 seconds,
then go as hard as you can (90–100 percent effort) for 10 seconds.
Rest, walk slowly or barely at all, for two minutes, then repeat. Do
this pattern four or five times. It takes only 12–15 minutes.

BOX 5.3 AN INSPIRATIONAL TALE: THE SPEEDY, VERY
HEALTHY 103-YEAR-OLD FRENCH CYCLIST

A French centenarian cyclist, Robert Marchand, recently was
tested in a lab at the University of Evry-Vald’Essonne by
exercise scientist Veronique Billat.



At 101, Marchand had set the one-hour record for riders aged
100 or older, a feat that attracted not just cycling enthusiasts,
but Billat as well. She invited him to her lab and began
tweaking his rather leisurely workout program. She tested his
VO2max, which in most people begins to decline at 50, even
with exercise. His scores were impressive, to say the least.

Then Billat got him to do about 80 percent of his weekly
workouts at an easy pace, and 20 percent at a very difficult
intensity. He had to increase his pedaling speed to between 70
and 90 revolutions per minute, way more than his usual 60. The
result? By two years later, at 103, his VO2max had increased 13
percent, the aerobic equivalent of a healthy 50-year-old. He
went on to record an even faster time at his next event, at age
103.

The impressive thing, in terms of fitness benefits, is that this
alternation between higher-intensity and lower-intensity activity
even works with simple walking, and even in people who are
unhealthy to begin with.

In 2013, Danish researchers reported on a study of people with
type 2 diabetes. They randomized the people into three groups. One
group, the controls, did no walking exercise. The second and third
groups both walked five times a week for 60 minutes, expending
roughly the same amount of energy. The second group walked
continuously—at a moderate rate—for the whole 60 minutes while
the third group, the interval walkers, alternated three-minute
repetitions of walking at low and high intensities.

The VO2max scores in the interval group improved significantly
over the four-month study; scores for the control group and the
steady walkers did not improve. Only the interval walkers lost body



mass and visceral fat. And this is just walking, not cranking like
mad on an exercise bike.

As we’ll see in the following chapters, good things happen all
over your body when you do HIIT and exercise hard.

But since our interest in this chapter is mitochondria, here’s the
take-home lesson: HIIT is wonderful for increasing production of
new mitochondria. The metabolic signals for mitochondrial
biogenesis depend less on how long you work out than on how
hard. For mitochondrial biogenesis, it’s intensity that counts most,
not duration.

The evidence for this has been pouring out of research labs,
particularly Gibala’s and Tarnopolsky’s labs. They’ve shown that
sprint interval training doubles endurance capacity; that sprint
interval training and traditional exercise are comparable in their
ability to boost muscle oxidative capacity, even though the sprint
protocol takes much less time; that HIIT doubles levels of PGC-1
alpha. That even just one minute of all-out intermittent exercise
three times per week delivers significant increases in the oxidative
capacity of muscle cells.

In a particularly clever experiment, Gibala and MacInnis asked
volunteers to train on exercise bikes with one leg performing HIIT
and the other, traditional, less-intense cycling. The HIIT leg
muscles wound up with significantly more mitochondria.

I could go on, but I won’t. The message is abundantly clear:
Healthy, abundant mitochondria are a key to longer, healthier life.
And while all endurance exercise can boost mitochondria, for the
biggest gains in the shortest amount of time, HIIT can’t be beat.

1. AMPK is 5' adenosine monophosphate-activated protein kinase.



2. AMPK is normally triggered by exercise, but it can also be triggered
by a drug called AICAR. Interestingly, AMPK from muscles also seems to
explain why even the skin of endurance exercisers looks healthier and
younger.

3. PGC-1 alpha is peroxisome proliferator-activated receptor gamma
coactivator 1-alpha. There are actually at least two forms of PGC-1, alpha
and beta, and the beta form may be even more responsive to exercise.



CHAPTER 6

Bigger, Better, Stronger

THE OTHER ROAD TAKEN

Remember that fork in the road at the beginning of the last chapter,
the point at which a muscle had to “choose” between producing
more energy or becoming stronger and more buff?

Well, we’re back at that same fork again, only this time, we’re
going down the other path. In the last chapter, we focused on how
endurance exercise forces muscles to build more mitochondria, the
tiny organelles inside cells that burn food to produce the energy
that moves us around.

This time, we’re focusing on how muscle cells get bigger, a
process called hypertrophy, which is triggered most often by
resistance exercise. (It can be triggered by genetic mutations, too,
such as the rare one that made a five-month-old baby so strong he
could do the iron cross, a gymnastics maneuver that involves
suspending oneself by the arms between two rings. Stay tuned—
we’ll come back to him.)

In the last few years, scientists have been teasing apart the
differences between the mitochondrial biogenesis and hypertrophy
pathways, and the differences are astounding. At the basic levels—
genetic, molecular, and cellular—the pathways for hypertrophy are
surprisingly distinct from those that make more mitochondria.
From a practical standpoint, it’s abundantly clear that resistance
training is better than endurance training for maintaining gains in
strength and muscle mass.



Right up front, a major point: Resistance training (colloquially
known as weightlifting) doesn’t make muscle cells increase in
number. That would be hyperplasia, which is a hallmark of cancer,
not hypertrophy. But it does make each muscle cell that is
exercised—and only those that are exercised—grow in size and
strength. (Sadly, and just as with endurance exercise, the process is
reversible. If you stop resistance exercise, your muscles shrink
back again, but, contrary to popular opinion, they do not turn into
fat cells.)

Strong muscles are not just a vanity issue or an obsession for
bodybuilders. Healthy muscles are important for everybody, and
increasingly so, the older we get. As we age, muscles normally get
weaker and smaller, a problem called sarcopenia. It’s serious. If
you don’t have the muscle strength to get out of bed or off the toilet
seat by yourself, you raise the risk of falling, becoming disabled,
and, all too often, heading for a nursing home.

Beyond those basics, skeletal muscle mass is also an important
“sink” for glucose, that is, for holding glucose and helping
maintain lower and steadier blood sugar levels. Without sufficient
muscle mass, you can develop insulin resistance, a precursor to
diabetes. Skeletal muscles are also important for maintaining body
temperature—that’s why we shiver when we’re cold. In extreme
conditions like starvation, muscle tissue can even break down into
substances that you can use for fuel.

In recent years, scientists have discovered that muscles are also
endocrine organs—little hormone factories. They crank out
chemicals called myokines that travel through the bloodstream to
distant parts of the body to boost the immune system, make bones
grow, and help repair damaged tissues, among many other things.
Myokines also act on nearby muscle cells and even on the very
muscle cell that produced them in various beneficial ways.



All of this means that resistance exercise, which for years has
played second fiddle to endurance in exercise guidelines, is hugely
important. After all, as we’ll see in a minute, resistance exercise
can do some of the same things, like combatting depression, that
endurance exercise can. It can even have effects, at least according
to one study, that you might never have imagined—like potentially
making kidney dialysis more effective if you lift weights during the
procedure.

The main mission of the roughly 650 skeletal muscles in our
bodies is to convert the chemical energy from food into motion and
work. Unlike the smooth muscles in organs like the bladder and
blood vessels, and cardiac muscles in the heart, skeletal muscles
are under voluntary control—we can “tell” them to make us smile
or frown, lift weights, or run from predators.

To do this, they have only two choices: contract or relax. They
work in pairs—when one of the pair contracts, the other extends.
When your biceps muscle (the flexor) contracts and pulls your
lower arm up toward your shoulder, its opposite partner, your
triceps (the extensor), relaxes. To get your arm straightened out
again, your biceps has to relax and your triceps must contract.

BOX 6.1 RATCHETING UP

A skeletal muscle is composed of individual, cylindrical muscle
cells called muscle fibers. Picture a nice, long chunk of rigatoni,
the hollow, tube-shaped pasta. That’s a muscle fiber. It’s
surrounded by a membrane called the sarcolemma. Inside the
rigatoni, packed tightly lengthwise like long hair in a ponytail,
are the myofibrils, which contain the actual contractile proteins.

Each myofibril is divided into sections (called sarcomeres)
that are marked by thin, dark, protein-containing lines. The



sarcomeres of adjacent myofibrils line up next to each other.
Each sarcomere is made up of thin and thick filaments. The
thick filaments consist of bundles of the protein myosin. The thin
filaments are composed of the other important protein, actin.

When a muscle contracts, the thick and thin filaments slide
over each other. The “head” of a myosin molecule latches onto
the adjacent actin molecule, hangs on for dear life, and pulls.
It’s like a rower in a shell: The rower reaches forward,
“latches” onto water in the “catch,” which acts like an anchor,
then pulls hard against this pivot point.

In the muscle, this ratcheting process shortens the sarcomere
and thus contracts the myofibril. This makes the muscle fiber
shorten; when enough fibers shorten, the whole muscle
shortens, which pulls on tendons connected to bones, creating
movement.

Muscle contraction is a highly organized event. It starts with an
initial stimulation, triggered by an impulse sent from a motor nerve
(neuron) straight to muscle fibers. When the nerve signal gets to
the muscle, calcium ions are released into the cell fluid, which
triggers the muscle contraction. Together, the motor neuron and the
muscle fibers it innervates are called the motor unit. The bad news
is that with age, the number of motor units declines. But here’s the
good: You can slow this decline. Resistance exercise triggers the
nervous system to “reorganize” itself to recruit more motor units
and improve the synchronicity of motor units at the cellular level.

In a 2010 study at McGill University, for instance, scientists
showed that runners in their 60s had roughly the same number of
motor units as active 25-year-olds; sedentary 60-year-olds,
however, had fewer motor units. In a 2016 follow-up study of 80-
year-olds, world-class octogenarian athletes had far more motor



units than sedentary people the same age. (For the morbidly
curious, or medically minded, drugs like curare can block the
functioning of the motor unit, causing paralysis. The poison
botulinum is even worse. It can be fatal because it blocks the
functioning of motor units in muscles necessary for breathing.)

And in a 2018 study of avid male and female cyclists aged 55–
59, researchers found that, even though cycling is an endurance
rather than a resistance exercise, the thigh muscles of these cyclists
retained their size, muscle fiber composition, and other markers. In
fact, the people who logged the most miles every month had the
healthiest muscles.

BOX 6.2 THE AMAZING RBG

Supreme Court Justice Ruth Bader Ginsburg was 84 not long
ago when a book by her long-time trainer, Bryant Johnson, took
the fitness world, and many of her admirers, by storm.

In his book, The RBG Workout: How She Stays Strong—And
You Can, Too! Johnson notes that Ginsburg came to him in
1999 at the urging of her late husband, after her battle with
colon cancer. At the time, she herself said, “I looked like an
Auschwitz survivor.”

So she hit the gym.
After nearly 20 years under Johnson’s tutelage, Ginsburg can

do 20 pushups in one session. (I can’t!) She hits the Supreme
Court workout room twice a week at 7 p.m. sharp, dressed in
sweatpants or leggings and her “Super Diva!” shirt. Then she
works out, hard, for an hour. First, there’s five minutes on the
elliptical or jogging on the treadmill, a few stretches, then
strength-training, with presses, curls, pull-downs, row, squats,
pushups, planks, and kicks.



In early 2017, a writer for Politico, Ben Schreckinger,
attempted to do the workout Johnson puts Ginsburg through. He
noted dryly that Ginsburg had told him, “I hope he makes it
through.” He barely made it through the one-legged squats. (I
tried, too, and I could only do a few.) Then came pushups.
Ginsburg does real pushups, not from her knees. Schreckinger
grunted his way through the pushups.

Ginsburg does not.

HYPERTROPHY: HOW MUSCLES GET BIGGER AND
STRONGER

So, how do we get these muscles to get bigger? You pick up, say, a
10-pound barbell, or maybe the 20-pound one, or the 50, for a
biceps curl. You bring it slowly up toward your shoulder. You
lower it, then repeat. You keep going until you really can’t lift the
thing, until absolute muscle fatigue sets in. It doesn’t matter
whether you lift light weights lots of times or heavy weights a few
times, so long as you get to fatigue.

Congrats! You’ve just torn your muscles!
And that’s a good thing, because it’s the process of creating

microscopic tears in muscles, followed by a cascade of
inflammatory chemicals that rush in to repair these tears, that
causes muscles to grow in bulk. Much of the growth of muscle
tissue happens after the workout and during sleep.

It’s these tiny tears and the resulting inflammation, not the
buildup of lactic acid, as used to be thought, that cause muscle
soreness a day or two after a workout. The worst soreness, by the
way, comes from “eccentric” exercise, that is, exercise that
involves lengthening a muscle, like running downhill, although
weightlifting involves some eccentric movement, too.



(By the way, you might think that taking anti-inflammatory
medications like ibuprofen could offset this essential muscle repair
and rebuilding process and wipe out all your hard work. Luckily,
that’s not true.)

To build muscle, two things have to happen. You need to eat
protein (especially whey protein), especially right after and up to
24 hours after resistance exercise. The point is to achieve “positive
protein balance,” meaning you are making new proteins faster than
you are breaking them down. And you have to activate tiny cells
called satellite cells, which fuse with muscle fibers to help make
them bigger. It takes what exercise physiologists call “progressive
overload,” that is, increasing resistance, to activate this highly
synchronized process.

Let’s talk first about satellite cells, adult muscle stem cells that
have the capacity to renew themselves and fuse with muscle fibers.

Satellite cells have fascinated muscle physiologists ever since
1961, when a Rockefeller Institute scientist named Alexander
Mauro discovered them in the muscles of frogs’ legs; that same
year, independently, Sir Bernard Katz, a German-born British
biophysicist, discovered the same thing.

As Mauro observed in his groundbreaking paper, when a muscle
is in a resting state, satellite cells nestle so close to the muscle fiber
that Mauro described it as a form of “intimacy.”

Think of it this way, suggests Stuart Phillips, director of the
Centre for Nutrition, Exercise and Health Research at McMaster
University: The muscle fiber is like a skyscraper with a scaffold
around it. When the muscle is resting, nothing much happens—
satellite cells just sit quietly underneath the scaffolding. But when
the muscle “is twisted and stretched and torn by exercise,” Phillips
says, the satellite cells swing into action. (For perspective, the
satellite cells are the size of people working on the scaffold around
the skyscraper.)



Back in the mid-1980s, scientists discovered that they could
kick-start satellite cell activation by putting little chunks of crushed
muscle into a lab dish filled with satellite cells. The crushed,
traumatized muscle pumped out chemical signals that nudged the
satellite cells to swing into action. Since then, a number of
chemical signals have been shown to activate satellite cells.

Chemically, the message from damaged muscle is simple, says
Phillips: “We need help here.” Satellite cells then fuse with the
muscle, adding their material to the fiber.

The interesting thing is that what a satellite cell adds to a muscle
is its nucleus, its most important possession. “The nucleus is like
the brain,” says Phillips. When a satellite cell donates its nucleus to
the muscle, “it’s like adding another brain to the muscle cell,
another control center.”

The reason this is so important is that it’s the nucleus that
contains DNA, the template for RNA, which controls the
manufacture of proteins, including those all-important contractile
proteins, myosin and actin. Unlike other cells, in fact, muscle cells
have multiple nuclei, a fact that allows them to make lots of
protein. By donating their nuclei to muscle cells, satellite cells
essentially give muscle cells extra capacity to make myosin and
actin. Some scientists think that satellite cells may also donate
mitochondria to muscle cells, which might give muscles a new
boost of energy.

The good news is that the pool of satellite cells in humans can
increase in as few as four days after a single bout of exercise. (Of
course, if you stop training, the pool decreases again rapidly.) As
we age, this reservoir of satellite cells decreases, but resistance
exercise can offset this decline.

BOX 6.3 RED, REDDER, WHITE



It wasn’t until the 1960s that curious researchers, using surgical
samples of muscle tissue, identified different types of muscle
fibers in mammals. The three major types are muscles that
contract at three different speeds—slow, medium, or fast—and
in three different colors: really red, red, and white.

The reddest fibers, like those in the flight muscles of ducks,
are “slow twitch” because they contract slowly, can contract for
long periods of time, and are resistant to fatigue. They are red
because they contain a lot of a protein called myoglobin and a
lot of mitochondria. They also store a lot of fat and use it as
fuel, which is why duck breast meat is so greasy. These slow-
twitch muscles are also called type 1. They have a rich blood
supply and are great for endurance—think of those flying ducks
flapping their wings for long distances. The second type, a kind
of slow-twitch muscle, called type 2A, is reddish, but not as red
as type 1.

The third type is type 2B. These muscles are white—like the
breast meat of turkeys. These white muscles twitch fast and
fatigue fast. They respond powerfully and quickly in big spurts
of power, but they don’t have many mitochondria, have a
smaller blood supply, and lack color because they have less
myoglobin. That’s why they’re not good for endurance.

Most people have more or less equal numbers of fast- and
slow-twitch muscles, although long-distance runners tend to
have more slow-twitch muscles—for endurance—while
sprinters have more fast-twitch muscles for immediate, short-
lived power. A person’s ratio of white to red twitch muscles has
a strong genetic component; identical twins are born with
identical fast-to-slow muscle ratios. Critters that need to jump
fast, like rabbits and frogs, are loaded with white fibers.
Interestingly, muscles can switch types to some extent. If you’re



training for an endurance event, your muscles can be
“reprogrammed” to create more mitochondria and a better
blood supply.

THE MOLECULAR CASCADE: HOW IT BUILDS MUSCLE

As the satellite cells are busy fusing and donating their nuclei to
muscle cells, other things also start happening when a muscle
contracts against resistance. In fact, at least two separate chemical
signaling pathways inside muscle cells begin humming along. Both
pathways have the same “goal”: to increase a protein called
mTOR, which, down the line a few steps, leads to production of the
muscle proteins, myosin and actin.

As we noted in Chapter 1 on aging, biologists who study aging
and cancer consider mTOR a “bad” actor in that, among other
things, it can trigger cancer. That’s why the drug rapamycin is such
a hot area of research—the drug inhibits mTOR and thus may
suppress cancer, as well as some of the processes of aging.

For muscle hypertrophy, however, mTOR is a “good” thing
because it powers new muscle protein production. In other words,
when mTOR is selectively activated, that is, only in muscle tissue,
not all over the body, it is highly beneficial.

So, what are those two pathways to muscle protein synthesis?
One involves a protein that many athletes have heard of and even

buy on the Internet: IGF-1, or insulin-like growth factor-1, which
increases with resistance exercise.

IGF-1 is actually one of the later steps in the chemical chain
reaction that leads to muscle hypertrophy. What starts this chain
reaction is the molecule called PGC-1 alpha that we met in Chapter
5. (In that chapter, we focused on its role in triggering formation of
new mitochondria after endurance exercise.)



But it turns out that while the main version of PGC-1 alpha
drives creation of new mitochondria, a different version of this
protein, called PGC-1 alpha 4, drives muscle growth (hypertrophy),
after resistance exercise.

“It’s pretty amazing that two proteins made by a single gene
regulate the effects of both types of exercise,” says Bruce
Spiegelman, who discovered the molecules. Spiegelman is a
professor of cell biology at Harvard Medical School. The two
different versions occur because the mRNA (messenger RNA) that
encodes the proteins can be “spliced,” or put together, in slightly
different ways in the cell.

In the muscle-building cascade, PGC-1 alpha 4 increases levels
of IGF-1 and at the same time suppresses a protein called
myostatin, whose job is to inhibit muscle cell growth. Resistance
training decreases myostatin, adding to muscle growth. It’s a kind
of push–pull system that leads, in Spiegelman’s words, to “robust
skeletal muscle hypertrophy.”

The triggering of IGF-1 then leads, through yet more chemical
steps, to activation of the big gun for muscle protein synthesis,
mTOR.

Now, that second pathway. At the same time that the IGF-1
pathway is buzzing along, the other pathway to mTOR gears up, as
if evolution “wanted” to be sure of redundant ways to get enough
mTOR.

In this second pathway, resistance training triggers an enzyme
called FAK (focal adhesion kinase) that senses how much
resistance the muscle is working against and, through a different
series of steps, eventually activates mTOR. This activation leads to
the synthesis of new myosin and actin, which are then added to the
myofibrils, bulking them up.

Though the signaling cascades can work fast, muscle growth is
actually a somewhat slow process—it can take several weeks or



even months to get visibly larger muscles. It also takes adequate
rest between exercise bouts to get maximum muscle growth. (If
you get discouraged at insufficient muscle growth, take heart. It
may not be your fault: There are significant genetic differences,
and some sex differences, in how muscles respond to training.)

In order for mTOR to make the new myosin and actin proteins
that will be added to muscle cells, the body needs a hefty supply of
protein from the diet to supply the necessary amino acids. For the
record, there are 20 amino acids (some researchers now count 22),
of which 11 are “essential.” This means you have to eat them—
your body can’t make them on its own.

Of these 11, the most important for muscle building is leucine,
an extremely potent stimulator of mTOR. In fact, leucine and
resistance exercise are not just additive, but synergistic, for the
formation of new protein, meaning that consuming leucine, which
is found in whey, is crucial. (Whey is what’s left over from milk in
cheese production.)

In other words, milk is a better protein source than soy because it
contains whey, which raises amino acid levels in the blood faster
than other proteins. Consumption of leucine is important for older
people with sarcopenia (muscle wasting), especially if they are
inactive.

But eating sufficient protein of other kinds is important, too. On
a practical level, this means that if you’re young-ish, you should
consume 20 grams of protein after resistance exercise, and if you’re
older, 40 grams.

While some athletes believe it’s necessary to consume protein
right away, within 20–30 minutes of a workout, scientists say that’s
not necessary. Protein synthesis lasts for about 24 hours after
exercise, so what is important is to consume adequate protein
during this period.



If you eat more protein than you need to make more muscle, it
doesn’t do any good metabolically. (Contrary to popular belief, it
probably doesn’t do much harm, either. There’s no evidence of a
link between protein intake and kidney disease or between protein
and bone loss, so long as you consume adequate calcium and
vitamin D.)

Getting bigger and stronger, though, is not the only thing that
muscles do. As we’ll see in the next section, muscles also do
something that scientists have only begun to appreciate in the last
decade or so.

MUSCLES AS HORMONE FACTORIES

It may sound crazy, but muscles make hormones. In other words,
muscles are actually secretory (endocrine) organs.

Scientists began suspecting the existence of muscle-derived
hormones in the early 1960s. Since then, they’ve been discovering
myokines at what Swiss researchers Svenia Schnyder and
Christoph Handschin call “a breath-taking pace.”

Much of the credit for unraveling the secrets of muscles as
hormone producers goes to Danish researcher Bente Klarlund
Pedersen, who has shown that contracting muscles pump out
hundreds of hormones and hormone-like substances that can travel
back and act on the contracting muscle itself (a kind of self-
stimulating feedback loop), travel a short distance to act on
neighboring muscles, or travel through the blood to distant organs.

In 2003, Pedersen came up with a name for the collection of
chemicals secreted by muscles: “myokines.” These chemical
messengers are quite the communicators—they “cross-talk”
(chemically) to other organs, including the liver, adipose tissue, the
pancreas, the immune system, bone, and brain. This elaborate



network of communication—a veritable gossip fest—helps explain
why exercise has so many effects on so many parts of the body.

One myokine, IL-6 (interleukin-6), is an inflammatory substance
that promotes fever. It’s activated when muscles contract and not
when muscles are just resting. When muscles contract, IL-6 is
released in huge quantities into the bloodstream.

But IL-6 is a Jekyll and Hyde actor. When it’s acting as a pro-
inflammatory, “bad” cytokine, it can lead to chronic, low-grade
inflammation and insulin resistance. When stimulated by exercise,
however, it seems to be a “good” actor by triggering production of
anti-inflammatory cytokines such as IL-1ra and IL-10. (We’ll talk
more about exercise, inflammation, and the immune system in
Chapter 11.)

Contracting muscles also produce IL-8, which promotes blood
vessel growth; IL-15, which shrinks adipose tissue; and BDNF
(brain-derived neurotrophic factor), which helps activate satellite
cells. Interestingly, exercise also acts directly on the brain, which
pumps out its own BDNF, as we’ll see in Chapters 8 and 9.

The effects go on. With exercise, muscles release VEGF
(vascular endothelial growth factor), which lands on receptors on
capillaries and stimulates blood vessel growth, as we saw in
Chapter 4.

Muscles also release myokines, including FGF-2 (fibroblast
growth factor), that stimulate bone growth, as we’ll see in Chapter
7. In fact, a particularly important myokine called irisin not only
stimulates bones, but also helps turn white fat into brown, the fat
that produces heat. And a myokine called cathepsin B, which is
triggered by running, can act on the brain, helping to improve
memory.

And then there’s that intriguing protein called myostatin, which
is also made in muscle cells. Its job—and this sounds
counterintuitive—is to damp down muscle growth. In animals that



lack the gene for myostatin (such as Belgian Blue and Piedmontese
cattle), the animals wind up with muscles that grow to enormous
size.

In the lab, scientists have created “mighty mice” by eliminating
the myostatin gene. Precisely why we humans would have a way of
slowing muscle growth might seem a puzzle, except that, in
evolutionary terms, if we grew too big for the available food
supply, we might not survive.

All of this brings us back to little Liam Hoekstra, the five-
month-old baby we mentioned earlier, with muscles so powerful
that he could do the iron cross. (In the extremely difficult iron
cross, a gymnast hangs with legs straight down, a bit like Christ on
the cross, with both arms spread out, hands clutching the rings and
attempting to keep the rings still.)

It turns out that the not-so-little baby, born in 2005, has a rare
condition called myostatin-related muscle hypertrophy. In other
words, Liam was born unable to make myostatin. Because this
natural muscle growth suppressant was missing, Liam’s body
developed extra-big muscles. As one of his amazed doctors put it,
“He was able to grab both of my hands and nearly do an iron cross.
This is not something that happens for most men, and here is this
kid with this kind of power.”

Not surprisingly, the idea of blocking myostatin is not lost on
some competitive athletes, who reportedly seek myostatin-
inhibiting drugs to boost their muscle mass.

SARCOPENIA

Sarcopenia, which means loss of muscle mass, is an all-too-
common feature of aging, though it’s really caused by disuse, not
the sheer passage of time per se. Muscle weakness and loss of
muscle mass is a set-up for many of the sad events of later life—



falls, broken hips, disability, loss of independence, and, in many
cases, the need for a nursing home. It’s a depressing downward
slide—people over 50 lose on average one pound of muscle every
year.

But that’s what happens without strength training, also called
resistance exercise or weightlifting. With strength training, older
people can significantly offset sarcopenia. Indeed, strength training
has been shown to increase not just muscle mass, but muscle power
as well. (Power is strength multiplied by speed—how fast you
perform a strength challenge.)

In fact, older adults who do strength training can achieve gains
in both power and strength similar to those of younger people. But
you do have to do specific resistance workouts—running won’t do
it.

If you need further motivation, consider this: Australian research
shows that people who lifted small weights while undergoing
kidney dialysis not only got stronger muscles but got improved
kidney function as well.

And that’s just the beginning. In addition to boosting muscle
mass, resistance exercise can be an effective antidepressant in older
people. It can improve both blood sugar control and depression in
diabetics, too.

It can offset mitochondrial depletion. It can reduce lymphedema
(swelling following lymph node surgery) in breast cancer patients.
It can help ward off increases in belly fat. It can boost cognitive
function in older people. It can reduce the risk of all-cause
mortality in cancer survivors.

And perhaps most important, strength training can improve older
people’s ability to get out of a chair or off the toilet, climb stairs,
bathe, prepare meals, and generally take care of themselves.

In other words, to live an independent life, think of the judge. If
Ruth Bader Ginsburg, a two-time cancer survivor, can do her



workout at age 84, maybe you can, too.



CHAPTER 7

Boning Up

THE BAD NEWS

In 2016, when New York Times science writer Gina Kolata wrote
that, contrary to medical dogma and widespread belief, walking
and modest strength training do not actually strengthen bones
much, outraged readers swamped her inbox.

But she was right. As Kolata pointed out, it is true that sitting too
much, prolonged bed rest, or traveling as an astronaut in weightless
space does weaken bones. But the reverse of this, that exercise in
adulthood, even weight-bearing exercise, can significantly build
bone, alas, is not true.

Exercise in later life can slow the rate of bone loss, but it can’t
really rebuild bone. That’s true for both women and men, but is
most pronounced in women after menopause, when levels of the
hormone estrogen decline sharply. Though babies are born with
270 bones, the immature bones fuse as kids grow. By the time
we’re in our early 20s, we’re down to 206 bones.

And then things get worse.
“When hormones decrease with aging, you can exercise all you

want, but you will still lose bone mass,” says the aptly named
Lynda Bonewald, a cell biologist who heads the Indiana Center for
Musculoskeletal Health at Indiana University. “Almost every study
says that exercise is beneficial,” she adds. “But does it block bone
loss? No. Does it block the effects of aging? No, though it can
delay those effects.”



Exercise does have a small effect on the spongy material inside
bone called the trabecula and can slightly thicken the tough outer
shell called cortical bone. But these effects are too modest to make
bone significantly stronger or to prevent osteoporosis, says Clifford
Rosen, a senior scientist at the Maine Medical Center Research
Institute and an expert on bone biology.

Unfortunately, Rosen adds, even high-intensity exercise,
weightlifting, or running “just don’t seem to have much of an
impact on bone density,” though exercise can help protect against
further bone loss.

Why did so many of us ever think exercise could restore lost
bone? “It was magical thinking,” Rosen says. “Exercise was
supposed to be good for everything, therefore it was good for bone.
Everybody in the field wanted to believe that.”

As an intervention in adults, endurance and resistance exercise
can produce some improvements in bone, but the effect is “pretty
minimal,” agrees cell biologist Mark Hamrick at the Medical
College of Georgia, who studies the molecular communication
between muscles and bones. In studies for the past 50 years, he
says, the evidence for exercise having a significant impact on bone
is not as strong as the evidence for bone-building medications.

Depressing, isn’t it? But not totally.
That’s because the bigger problem for older people is not so

much osteoporosis—weak bones—per se as falls and resulting
fractures. And exercise can help prevent falls by increasing muscle
strength (see Chapter 6) and by improving balance with specific
exercises, including Tai chi.

Osteoporosis only comes into the picture when it makes bones so
fragile that even a minor fall results in a broken bone and when it
affects vertebral bones in the spine. In fact, many older people
without osteoporosis fall and get fractures because of weak



muscles, poor balance, poor physical functioning, and general
frailty.

So let’s talk fractures.
Fractures may sound benign, but they are deadly serious, not just

because of the immediate pain and immobility, but because they
can lead to lasting disability, loss of independent living, and even
death. Hip fractures are particularly common and deadly in women,
but men get them, too.

Every year, more than 300,000 older Americans are hospitalized
for a hip fracture, 95 percent of which are caused by falling,
usually falling sideways. Overall, a 50-year-old American white
woman has a 15–20 percent lifetime risk of a hip fracture.

It may not be obvious why a seemingly “simple” thing like a
broken bone can be so deadly, but a major cause of death is being
immobile for a long period of time while the hip heals. Immobility
can lead to fatal blood clots, pneumonia, infections, and a
worsening of conditions such as chronic obstructive pulmonary
disease (COPD).

For both men and women, there’s a five- to eight-fold increased
risk of dying in the first three months after a hip fracture. In the
first year after a fracture, one in every four patients age 50 or older
dies. This means that for people living independently before a hip
fracture, only half ever walk independently again; 20 percent move
to a long-term care facility and never return home.

But it’s not all bleak. The good news is that higher levels of
physical activity are linked to a lower risk of fractures in both older
women and older men.

In a study of 61,200 postmenopausal women, for instance,
researchers found that the risk of a hip fracture was lowered by 6
percent for each increase of one hour per week of walking.
Walking for at least four hours a week was linked to a 41 percent



lower risk of hip fracture. Studies in men have come to similar
conclusions.

BOX 7.1 FALLS

Given that falls are the leading cause of injury and injury-
related death for older Americans, here are some common-sense
tips from the Centers for Disease Control and Prevention and
the National Institute on Aging.

Practice balancing on one leg while holding on to a chair.
Consider learning Tai chi. If you start to fall, try not to fall
sideways—fall forward or onto your rear end. Get your vision
and hearing checked regularly. If you can’t see or hear an
obstacle, the chances of falling increase.

Some medications, including blood pressure pills, heart
drugs, diuretics, muscle relaxers, tranquilizers, and opioid pain
relievers, can make you dizzy and more prone to falls. Get
enough sleep—fatigue increases the risk of falls, as does
alcohol.

Get up slowly from sitting or lying—getting up quickly
temporarily lowers blood pressure and raises the risk of falls.
Use a cane or walker if need be, and be careful on wet or icy
surfaces. Wear non-skid shoes. Use a rubber bath mat in the
shower. Don’t climb on chairs to reach high objects.

Install handrails on stairways and make sure there’s good
lighting, especially in hallways and stairways. Don’t leave
objects, including scatter rugs and electrical cords, in areas
where you walk. Get a mobile phone so you don’t have to run to
answer a call. Consider hiring a monitoring company that can
respond to an emergency call 24/7.

And try not to trip over the dog!



REMODELING

You might think that bone is like a chunk of cement—hard, inert
stuff that is just there for skeletal support. And bone is hard,
especially the smooth outer surface called cortical bone.

But the inside stuff, the trabecular bone, is more porous, spongy,
and slightly flexible, which allows bones to bend a bit under stress,
a feature that helps protect against fractures. The bone matrix is
living tissue that also contains inorganic material such as
hydroxyapatite, made of calcium and phosphate. It’s this mineral
material that gives bone its rigidity and strength.

While we mostly think of bone only in terms of its skeletal
support, it actually has a number of other important functions. It
acts as a storage site for minerals, even heavy metals like lead. And
the bone marrow, deep inside the bones, makes the cells of our
blood and immune system.

Just as important, bone, like muscle and fat tissue, is now known
to be a highly active hormone-secreting organ. For instance, bone
makes a molecule called FGF-2 (fibroblast growth factor), which
triggers cell proliferation all over the body. It also produces
osteocalcin, a hormone that helps regulate glucose metabolism.
Bone also makes IGF-1 (insulin growth factor), which stimulates
hormones that tell other tissues to grow.

In addition, bones are highly sensitive regulators of calcium, a
process that is governed by the parathyroid gland in the neck.
Calcium sensors in the parathyroid gland keep track of calcium
levels in the blood. If calcium drops too low, the parathyroid gland
secretes a hormone called parathyroid hormone (PTH), which tells
bones to give up some calcium and send it into the bloodstream.
It’s as if the body “knows” that, in a pinch, it can sacrifice bone to



the more important process of keeping blood calcium levels
healthy.

BOX 7.2 CARTWHEELS AND HANDSPRINGS

Decades ago, as a high school cheerleader, and proud of my
swirly blue skirt and blue sweater with the big “P” on the front,
I routinely did what I can barely imagine doing now.

I would jump down into a squat, then pump my arms, push
hard with my legs and leap up high, arching my back so that my
saddle-shoe–clad feet would tap the back of my head, forming a
brief but near-perfect circle. Then I’d unfold and bounce down
to the ground, then up again, chanting P-E-L-H-A-M for the
local, albeit mediocre, football team.

My favorite mode of locomotion in those days, when decency
allowed, was cartwheeling down the block. At home, my goal
was to do as many one-handed handsprings across the backyard
as space allowed. Secretly, I wanted to become a serious
gymnast. But in those pre-1972, pre–Title IX days, my high
school, like most others, didn’t have the coaching or the
harnesses and other equipment a girl like me needed to learn
forward flips, back flips, and other tricks without landing on her
head.

So Olympic glory was not in the cards. But there was a huge
benefit to all that adolescent jumping and tumbling: strong
bones, bones that to this day have served me well, with nary a
trace—so far—of osteoporosis, the bone-thinning disease so
common in later life, or its precursor, osteopenia.

As my teenage experience shows, the bone-building process is
at its strongest in childhood and adolescence. And the bones



that end up the strongest are those that get stressed the most
through physical activity.

“You can see it in tennis players,” says David Slovik, an
endocrinologist and osteoporosis specialist at Massachusetts
General Hospital in Boston. “If a tennis player is right-handed,
the bone density in that arm is greater than in the other arm.
Invariably, bone density is higher in the area that is stressed a
lot. It’s the body’s adaption to mechanical loading. The reverse
is true, too. If a person has a stroke and is immobile on one side,
bones in the weaker side are less dense than in the healthy
side.”

The reason that bones end up unequally strong is that bones are
always changing—constantly being formed and torn apart. It’s a
process called remodeling, in which specific cells called osteoclasts
break down existing bone, while other cells called osteoblasts
create new bone tissue. Once-ignored cells called osteocytes turn
out to run the whole show, and we’ll get to how muscle-building
exercise plays into this in a moment.

While it takes about two weeks to break down bone, it can take
three months to build up bone. And that’s in a healthy, young
person. A young skeleton, for instance, can be completely
remodeled. But with aging, remodeling slows down, with some
bones not being remodeled for decades. In fact, it can take 10 years
to remodel a complete adult skeleton. Even as early as our 30s and
40s, remodeling begins to tip more toward destruction than
formation, meaning that we begin losing more bone than we build.

This remodeling process is controlled significantly by hormones,
chiefly estrogen. In men, testosterone helps build bone, but men
need estrogen, too, which they make, thanks to an enzyme that
converts testosterone to estrogen. In women, when estrogen levels



crash at menopause, bone loss starts rapidly. (Estrogen replacement
therapy protects against some bone loss, but cannot build new
bone.)

“Once you hit menopause, the osteoblasts, the bone builders,
don’t have as much of an effect. There’s both an increase in bone
breakdown and a decrease in formation,” says Slovik. That leads to
a net loss of bone—the amount of bone restored by remodeling
never equals what was there in the first place.

Estrogen is a key player in this because it can keep osteocytes,
the master controllers of the remodeling process, alive for decades.

Here’s how it works.
Osteocytes are sensors of mechanical “loading”; that is, they can

detect how much stress is put on bone by movements like walking
or jumping. Even the simple act of contracting a muscle changes
the fluid pressure around the osteocytes, allowing them to detect
mechanical loading.

Once osteocytes sense a change in mechanical load, they pump
out chemical signals that both boost osteoblasts, the bone builders,
and turn off genes that block bone formation. In other words, by
directly boosting the bone builders and simultaneously blocking the
blockers of bone formation, osteocytes use a two-pronged approach
to promote bone formation.

The bad news? With age, the ability of muscles to generate force
declines, and the ability of bone to respond to mechanical loading
decreases.

BOX 7.3 OSTEOPOROSIS

Osteoporosis, which affects roughly 10 million Americans, is
one of the most-dreaded complications of aging. It causes one in



two women and one in four men to break a bone in their
lifetime.

Thanks to more aggressive screening, more and more people,
especially older women, are being diagnosed with osteopenia, a
precursor of osteoporosis. This has forced many women to
decide whether to take medications like Fosamax (a so-called
bisphosphonate) or skip the meds and hope for the best.

This question is agonizing. Some studies have shown an
increased risk of two rare but serious side effects from
bisphosphonates: osteonecrosis (bone disease) of the jaw, and
an unusual type of thigh fracture. These studies have scared
women to the point that fewer are being screened, which could
lead to more people getting fractures in the future.

“People are too afraid of bisphosphonates,” says Slovik of
Mass General. “People say they don’t want medication, they
just want exercise. But exercise is not enough. It’s important, but
it doesn’t have as big an effect as we would like.”

The actual risk of jaw necrosis from Fosamax is small, he
adds, and the risk is highest in cancer patients who take
bisphosphonates in high doses and for long periods of time.

Fosamax (alendronate) is not the only medication for
osteoporosis and osteopenia. Binosto is also an alendronate.
Other bisphosphonates include risendronate (Actonel, Atelvia),
ibandronate (Boniva), zolendronic acid (Reclast, Zometa), and
denosumab (Prolia, Xgeva). All have been linked to
osteonecrosis of the jaw and the atypical thigh fractures.

Bisphosphonates work by lowering the activity of osteoclasts
and thus slowing the breakdown of bone. The problem is that
bone breakdown is part of the cyclical remodeling process that
involves bone building as well as breakdown. This means, weird
as it sounds, that drugs that boost bone breakdown too much or
for too long can actually slow bone rebuilding.



Another drug, called Forteo (teriparatide), can actually build
bone by boosting the activity of osteoblasts. But it, too, has
raised fears. In rats given extremely high doses, Forteo was
linked to an increased risk of bone cancer. So far, there is no
evidence of an increased cancer risk in people taking Forteo. A
newer bone-building drug, Tymlose (abaloparatide), was
approved in 2017. (Both Forteo and Tymlose are synthetic
versions of the parathyroid hormone [PTH].)

Finally, scientists are working on a new approach: drugs
called senolytics that target “senescent” cells, aging cells that
give off toxic chemicals. The hope is that these drugs can help
protect bones.

HOW MUSCLE AND BONE “TALK” TO EACH OTHER

“Bone and muscle are a unit. It’s tremendously logical that muscle
would talk to bone,” says Bruce Spiegelman, a professor of cell
biology at Harvard Medical School. In fact, muscle strength is now
seen as a good predictor of bone strength.

The chemical “cross-talk” between muscle and bone actually
goes both ways. Osteocytes, those masters of the remodeling
process, produce chemical signals that directly support muscle
mass, and muscles make substances that keep osteocytes alive and
functional.

Bones make osteocalcin, a hormone that normally declines with
age. But researchers have shown that old mice injected with
osteocalcin can run just as fast as younger mice, presumably
because osteocalcin boosts muscle function, including the ability of
muscle to use glucose and fatty acids for fuel.

But most of the research focuses on communication the other
way, from muscles to bone.



One of the first clues was the observation that if a bone fracture
was covered by flaps of muscle, it healed faster than bone that was
not in close physical contact with muscle. This was a strong clue
that chemicals secreted by muscle, including IGF-1 and FGF-2,
could influence bone. Even in the test tube, these chemicals
stimulate bone growth.

But it’s not just IGF-1 and FGF-2 that help bones grow. Perhaps
even more important is the hormone irisin, which we talked about
in the previous chapter, on muscle growth.

Irisin, discovered about a decade ago by Spiegelman, is a
myokine, that is, a hormone made in muscles in response to
exercise. The beneficial pathway goes like this: Exercise raises
irisin production in muscles, and irisin, in turn, boosts bone mass.

In a 2015 study, for instance, researchers from Italy, Norway, and
the United States injected irisin into young mice and found
significant increases in cortical bone mass. They subsequently
found that irisin can actually restore lost bone, as well improve
muscle atrophy. Irisin seems to work both by boosting osteoblasts
and by decreasing the activity of osteoclasts.

Now dubbed “the exercise hormone,” irisin has achieved star
status among athletes and in the popular press, not just because of
its effects on bone, but because it can also convert calorie-storing
white fat into brown fat and may even slow formation of fat tissue.

WHAT EXERCISE CAN AND CAN’T DO FOR BONES

“If you run a young pig on a treadmill, the bones get bigger,” says
Mark Hamrick, the muscle and bone researcher from Georgia. “But
not an old pig.” And what’s true for pigs, alas, is true for humans as
well.

On the bright side, even though exercise can’t build bone in later
life, we can use exercise, especially high-impact, weight-bearing



exercise, to help preserve the bone we’ve got left.
It’s abundantly clear that exercise in youth builds strong bones,

and that this benefit sticks around for quite a while. Compared to
sedentary folks, for instance, people who were elite athletes in their
youth have greater bone mass and bone strength later on, even if
they’ve stopped training.

Jumping in particular—think cheerleaders—has been shown to
boost bone density in young people. In one study involving
premenopausal women, jumping 20 times with a 30-second rest
between jumps and doing this twice daily can boost bone density to
some degree. A different study of premenopausal women involving
both jumping and weightlifting also showed some increased bone
density.

But what, if anything, these data mean for older women is
unclear.

A 2009 Spanish review of the research suggested that while
high-impact exercise can enhance bone mass, this is not true in
postmenopausal women, precisely the group most prone to
osteoporosis and fractures.

On the other hand, British researchers found that both young and
older women who performed brief bursts of high-intensity, weight-
bearing exercise had stronger bones than those who didn’t. But this
study showed a simple association, not causality.

Randomized, controlled studies have been largely discouraging.
A 2006 randomized study found that moderate-intensity aerobic
(not resistance) training did nothing for bone mineral density. A
2017 randomized study of resistance and aerobic training also
found no effect on bone mineral density, though this study was in
breast cancer survivors who were taking estrogen-blocking
medication.

In other words, exercise can’t build bone in older people, but it
can help preserve bone, as a 2017 systematic review and meta-



analysis of 11 randomized trials involving more than 1,000
postmenopausal women showed.

A different 2017 systematic review of 10 randomized studies
also showed that high-impact exercise preserved bone density in
both peri- and postmenopausal women. Interestingly, this study
looked not just at exercise, but at standing on a vibrating platform,
which also helped preserve bone.

Granted, it may seem like cheating to exercise purists, but other
research also suggests that standing on vibrating platforms may
boost bone density. In a 2013 Taiwanese study of postmenopausal
women, six months of standing on a vibrating platform for five
minutes three times a week yielded about a 2 percent increase in
lumbar spine bone density.

As for me, I am one of those exercise purists. True, I can’t do all
those flips and cartwheels and jumps of my youth, but I can still
jog, swim, lift weights, and crank through 50 minutes several times
a week on an elliptical machine.

It may take longer—and take more motivation—but for me, at
least, genuine exercise is a lot more fun.



CHAPTER 8

Exercise and Cognition

A WHIRLWIND TOUR OF THE BRAIN

If we could gaze into the brain—a three-pound chunk of grayish,
highly folded tissue—we’d be just as amazed as we are when we
look up at night and ponder the stars. Indeed, it’s often said that
there are 100 billion neurons (nerve cells) in the brain, roughly the
number of stars in the Milky Way.

Actually, that’s not quite right. In 2009, scientists used fancy
counting techniques and concluded that the human brain is made
up of “only” 86 billion neurons and about the same number of glial
cells, important non-nerve cells that act like glue holding the
neurons together. As for the stars, the Milky Way wins hands down,
with an estimated 200–400 billion stars.

The brain, arguably the most fascinating thing in our universe, is
responsible for cognition, perception, emotion, decision-making,
and consciousness. It’s so complex that scientists are still trying to
figure out how the firing of each individual neuron fits in with the
big things the brain does, like feeling fear at the sight of a snake, or
solving a math problem. The brain circuits involved in these
complex processes have to pass electrical signals along intricate
chains involving hundreds, even thousands, of individual neurons.

THE BIG PICTURE: EXERCISE AND BRAIN FUNCTION



It’s not news that the brain begins to decline as we age, starting, sad
to say, in midlife, and sometimes earlier.

Cognitive tasks that demand fluidity, such as reasoning, as well
as tasks that can’t be solved on the basis of personal experience,
decline. It takes longer to process information. The volume of gray
matter shrinks. The hippocampus (the memory center) gets smaller,
too. It can be harder to concentrate. Blood flow to the brain
decreases. Hence all the not-so-funny jokes about CRS, or “can’t
remember shit.”

On the other hand, knowledge-based or so-called crystallized
abilities such as verbal knowledge and comprehension stay fairly
strong throughout life. Compared to young people doing the same
task, brain scans show that older people often have to “recruit”
extra brain regions to get the same job done. But the good news is
that this recruiting works, allowing healthy older brains to function
reasonably well. (There’s a name for this recruiting phenomenon:
HAROLD, which stands for hemispheric asymmetry reduction in
older adults.)

But the even better news, and the focus of this chapter, is that
older people who are aerobically fit don’t have to recruit extra
brain regions the way unfit older people do.

In fact, there is overwhelming evidence that regular exercise,
especially the aerobic kind, can slow cognitive decline. Exercise
helps keep the brain healthy well into later life, helping maintain
brain function and brain volume in specific regions. To improve
cognitive function, one way is to exercise at moderate intensity for
45–60 minutes per session on as many days a week as possible.

Aerobic exercise seems to have its biggest benefits in protecting
executive function, the very function most sensitive to aging.

Exercise also protects brain function by controlling
inflammation. (We’ll talk about exercise and inflammation in
Chapter 11.)



This is not to say that other factors, like healthy eating
(particularly the Mediterranean diet, with all its fruits, veggies, fish,
olive oil, and red wine), formal education, and staying socially
connected and intellectually challenged have no value. Quite the
contrary.

Indeed, a landmark 1995 study from the John D. and Catherine
T. MacArthur Foundation tracked 1,192 people aged 70–79,
looking for factors associated with successful cognitive aging. It
concluded that four factors are key: education, a personality
characteristic called self-efficacy, strong respiratory function, and
strenuous physical activity.

Carl Cotman, part of the MacArthur team and founding director
of the Institute for Memory Impairments and Neurological
Diseases (MIND) at the University of California, Irvine, recalls
thinking about those findings while “wandering around one day,
dreaming away, as professors will do, wondering why physical
activity would improve cognitive stability and offset age-related
decline.” It’s a question that propels him to this day.

Since the MacArthur study, Cotman and others have found that,
of all the factors, exercise is the most powerful way to protect the
brain. The inverse is also true, notes Cotman. Lack of exercise—
that is, physical inactivity—is “the number one modifiable risk
factor for Alzheimer’s disease.”

This is compelling in part because many people assume that
brain training games—now a multi-million-dollar industry—would
be the most effective.

Not so. In a 2010 six-week study dubbed Brain Test Britain, for
instance, researchers from Cambridge University put 11,430
television (BBC) viewers through brain training several times a
week on cognitive tests designed to improve reasoning, memory,
planning, visual-spatial skills, and attention.



The participants did get better on those specific tests. But “no
evidence was found for transfer effects to untrained tasks, even
when those tasks were cognitively closely related,” the researchers
found. Other research has found much the same thing.

In other words, if you really want to protect your brain as you
age, “put on your shorts and go exercise,” as Richard A. Friedman,
a psychiatrist at Weill Cornell Medical College, put it in a New
York Times piece about the British study.

To be sure, there are, and probably always will be, exercise
deniers. There’s that famous quote rightly or wrongly attributed to
Mark Twain: “I take my only exercise as pallbearer at the funerals
of my friends who exercise regularly.” Or the quote attributed,
rightly or wrongly, to Henry Ford: “Exercise is bunk. If you are
healthy, you don’t need it, and if you are sick, you shouldn’t take
it.”

Worth a laugh, but wrong, as we’ll show in this chapter.
We’ll focus first on the brains of healthy people—on the many

big, observational studies that compare folks who exercise with
those who don’t. Such studies are important even though, by
definition, they can show only correlation, not causation.

Then we’ll look at interventional studies, which can get closer to
finding causation. In these studies, scientists randomly get some
people but not others to exercise and then track what happens in
their brains. After that, we’ll see what effect exercise has on the
risks of serious brain diseases such as Alzheimer’s dementia, mild
cognitive impairment, and schizophrenia.

And last, but most exciting to me, we’ll get to the mechanisms—
the specific molecules triggered by exercise that may be capable of
literally changing the brain by causing new neurons to grow or
making old neurons more potent, especially in the hippocampus.
(As we’ll see, one new controversial study has challenged that idea



that new neurons can grow in the adult human hippocampus, but
another new study confirms that they do.)

But first, a little inspiration to get us going: Remember Olga
Kotelko, the nonagenarian track star we mentioned in Chapter 5?
As we noted there, Kotelko, with all her exercise, had
phenomenally healthy and plentiful mitochondria.

Well, it turns out that her 90-plus-year-old brain was unusually
healthy, too. In brain scans done at the University of Illinois, the
white matter in Kotelko’s brain looked different from that of other
90-plus-year-olds studied: Her hippocampus was bigger than that
of typical nonagenarians.

That’s probably no fluke. The link between exercise and at least
modest and “sometimes substantial” better brain function later in
life has been shown again and again in observational studies.
Overall, people who habitually do a lot of physical activity are
“significantly protected” against later cognitive decline, and even
those who exercise at only a “low to moderate” level get some
protection.

Since the late 1970s, researchers have been piecing together
exactly what exercise does for the brain, with the early studies
focusing on a relatively simple phenomenon—reaction time. Older
people who were athletic were found to have significantly faster
reaction times than non-athletic older people. The implication was
novel, and clear: Lack of fitness, not age per se, may be the bigger
culprit in reduced mental processing.

In the 1980s, other researchers began probing the exercise effect.
One team collected data on 2,747 youngish folks (aged 18–30),
including tests of their cardiac fitness on treadmills. In the study,
called Cardia, the scientists then followed up 25 years later, testing
the same people, now middle-aged, on verbal memory, executive
function, and psychomotor speed. The results were strikingly linear
—the higher a person’s level of fitness 25 years earlier, as



measured by the treadmill tests, the better his or her brain was
functioning in midlife.

To be sure, not all researchers think that the fitness–brain link is
absolutely linear. But the trend strongly suggests it is. A different
study that also used treadmill fitness tests, for instance, started
tracking people in their 40s. Of the 1,100 people studied, those who
were sedentary in midlife had greater brain shrinkage 20 years
later.

In yet another large prospective study, epidemiologists from
University College London followed more than 10,000 civil
servants aged 35–55 until they were 46–68 years old. Low levels of
physical activity were closely linked to worse cognitive functioning
later in life.

An even longer study, this one by researchers from Iceland and
the US National Institute on Aging, found that exercise in midlife
was associated with better cognitive function 26 years later.

Even over shorter periods, exercisers do better cognitively as
time goes on. In one such study, researchers followed people for
just six years. Even in that relatively short period of time, the
people who were the fittest at baseline had better cognitive function
six years later.

The trend seems to continue almost endlessly. Even in old age,
keeping up a moderate level of exercise seems to postpone
cognitive decline, according to a study of healthy older men in
Finland, Italy, and the Netherlands. An American study of more
than 18,000 older women aged 70–81 found the same thing. The
American study also showed that the positive effects of exercise on
the brain vary dramatically with the duration and intensity of the
exercise.

Varying the kind of exercise you do may be important, too. A
University of Pennsylvania study that followed more than 5,000
healthy people for 10 years found that the more different types of



exercise a person did, the better the cognitive function 10 years
later.

Even just walking at a reasonably brisk pace helps.
In a University of Pittsburgh study of 299 people whose average

age was 78, researchers led by psychologist Kirk Erickson
documented a linear effect of exercise on cognition. Walking 72
blocks a week was the magic number—enough exercise to protect
the brain. More than that didn’t provide extra protection. In other
studies, the same Pittsburgh researchers also showed that higher
aerobic fitness is associated with greater hippocampal volume,
better memory, and more gray matter volume in the prefrontal
cortex.

“What’s really striking,” Erickson told an audience at the annual
Society for Neuroscience meeting in 2016, “is what’s happening in
the hippocampus.”

Thanks to evolving brain scanning technology, the evidence for
the link between exercise and brain volume is becoming even
stronger. Not only have researchers recently been able to show that
fit older people have less age-related atrophy in the prefrontal and
temporal cortices than unfit older people, they are finding that fit
older people also have better neural connections—“connectivity”—
between the prefrontal cortex and other parts of the brain.

Even when researchers simply ask people to recall how much
they exercise (a less reliable measure of fitness than treadmill
testing), the link between exercise and brain health shows up. In a
study of nearly 6,000 women aged 65 or older (dubbed “Women
Who Walk”), researchers tested cognitive functioning at baseline,
then again six to eight years later. Once again, the results were
linear: The more active a woman was, the less likely she was to
have cognitive decline as she aged.

In another recall study, people in their 60s, 70s, and 80s were
asked to remember how much they had exercised in their youth



(youth being defined as ages 15–25). Even long ago, youthful
exercise—as opposed to current exercise habits—boosted
“cognitive reserve” and delayed later-life deficits.

While most observational studies look at exercise and brain
function, some do the opposite—they focus on inactivity or
sedentary behavior and its potential links to brain function. Again,
the basic pattern holds. In a large study of more than 17,000 people
aged 50 or older in 11 European countries, researchers showed that
over a 2.5-year period, physical inactivity was associated with a
decline in cognitive function.

The same thing happens in sluggish rats. Left to their own
devices, rats normally love nothing better than scampering along
on running wheels. Like humans, they don’t do well when not
allowed to run. In one study, rats were divided into two groups.
One group had running wheels in their cages, the other did not.
After three months, the brains of sedentary rats, but not the runners,
showed significant detrimental changes.

Finally, as every writer knows, a good story needs a punch line, a
“kicker.” Here’s mine: A 2016 British study looked at 162 pairs of
healthy twins whose average age was 55. When the study began in
1999, all the women were tested in the gym on a machine that
measured leg power—kicking. They were also all given a battery
of cognitive tests.

Ten years later, they were put through the memory tests again.
The women whose legs were stronger at the outset had fewer age-
related changes in their brains 10 years later. When researchers
looked at a subset of twins in which one sister was a better kicker
at the outset, it was that better kicker, the stronger one, who had
better brain function later.

Now, that’s a kicker!



BOX 8.1 WHAT’S WHERE

The brain is organized into sections. The largest chunk is the
cerebrum, which is divided into two hemispheres, left and right,
connected by a bundle of nerve fibers called the corpus
callosum. The left hemisphere controls the muscles on the right
side of the body, and the right hemisphere, the muscles on the
left. The left brain also controls speech and language, while the
right brain is believed more essential for creative things like
artistic ability, though in fact, we all use both most of the time.

The outermost layer of the cerebrum is the cerebral cortex
(“cortex” means a surrounding layer, like the bark of a tree).
The cortex is where complex thinking takes place. Underneath
the cerebrum is the brainstem, which connects to the spinal
cord, relays information between the brain and the rest of the
body, and helps control the heart, breathing, and consciousness.
Behind that lies the cerebellum, which helps with motor control,
coordination, and balance.

The brain also comes in two colors: white and gray. White
matter refers to axons, projections of nerve cells that are coated
in a whitish covering called myelin; gray matter is everything
else, including the actual cell bodies of neurons and glial cells,
the “glue” that holds neurons together.

The cortex consists of four separate, interconnected lobes.
The frontal lobe (behind the forehead) is where thinking,
planning, and decision-making (or “executive function”) occur.
The parietal (behind the top of the skull) processes sensory
information, including taste, touch, and temperature. The
occipital lobe (at the back of the skull) handles visual
information. And the temporal lobe (behind the temples)
processes sound, language, and, just as important, contains the



hippocampus (the memory center) and the amygdala (the
emotion- and fear-processing center).

Although most neurons in the brain are created before we’re
born, there are two areas where new neurons have been shown
to grow in rodents: the hippocampus and the olfactory bulb. In
humans, the growth of new neurons in the olfactory bulb stops
shortly after birth. The extent and duration of new neuronal
growth in the human hippocampus is still a matter of debate.
While one recent study suggests that new neurons are formed in
the human hippocampus only until adolescence, another recent
study confirms neurogenesis until old age. This latter finding is
consistent with earlier, landmark research.

INTERVENTIONAL STUDIES

When scientists actually compare brain function in people who are
randomized to an exercise program with those who are not, the
case for a positive effect of exercise on the brain gets even stronger.

To be sure, not all interventional studies show a clear-cut effect.
One 1991 study found no differences in cognitive function in older
people who were assigned to aerobic exercise, those who did yoga,
and those who did no exercise. But, as the authors note, the people
in this study were functioning at a very high level to begin with.

A 2015 study also found no clear effect of exercise, but for the
opposite reason. The researchers from the LIFE study randomized
1,635 older people at eight US medical centers to a walking,
resistance, and flexibility training group or a health education
group for two years. There was no difference in cognitive outcomes
at the end of the study. But, as the researchers suggest, this may be
because the level of physical activity was set too low to make a
difference or because the participants themselves were physically
unable to do much activity.



By and large, though, interventional studies for decades have
shown positive results.

Back in the 1980s, researchers asked some people aged 55–70 to
participate in an aerobic exercise program for four months, asked
others to do strength and flexibility exercise, and had a third group
do no supervised exercise program at all.

At the end of the study, the aerobic exercisers did significantly
better on cognitive tests than either of the other two groups.
Similarly, in a 1999 study of 124 previously sedentary people aged
60–75, those randomly assigned to aerobic exercise for six months
improved substantially on executive function tests compared to
people who just participated in stretching and toning.

In a 2006 study of 59 healthy people aged 60–70, half were
assigned to aerobic exercise for six months, and half to a toning
and stretching group. Significant increases in brain volume, in both
white and gray matter, were found for the aerobic group, but not
the stretching group. Other studies also show that aerobic exercise
can slow the rate of hippocampal loss by an impressive one to two
years.

In terms of executive function (planning, problem-solving, and
other high-level brain activity), a 2008 study assigned 57 people
aged 65–79 to either aerobic exercise or strength-and-flexibility
training for 10 months. Only the aerobic exercise group improved
on the Stroop Word-Color test, which tests executive brain
functioning.

In a 2010 study of 24 men and women aged 65–78, researchers
assigned some to an aerobic exercise program and the others,
again, to a stretching program, three times a week for 12 weeks.
This team studied several outcomes, including cognitive function
before and after the intervention. Only the aerobic group improved
in executive brain function.



In a 2015 randomized trial, a University of Kansas research team
compared sedentary people aged 65 or older to those getting
aerobic training for 26 weeks. Cardiovascular fitness is a good
predictor of better cognitive function.

Some researchers have even used a particularly tricky cognitive
test in which people undergoing brain scans are asked to focus on a
single, central object while ignoring irrelevant, distracting objects.
Using this method, researchers from Illinois and Pennsylvania
tracked brain function with functional magnetic resonance imaging
(fMRI) in older people randomly assigned to an aerobic exercise
group or a non-aerobic stretching and toning group for six months.
The aerobic group was better able to ignore the misleading
information.

An even more powerful way to examine the relationship between
exercise and cognition in later life is a meta-analysis, in which
researchers pool data from numerous studies to get a larger sample.

In a 2003 meta-analysis of 18 interventional studies of exercise
and cognitive function in older people, researchers Stanley
Colcombe and Arthur Kramer at the University of Illinois, Urbana,
asked a straightforward question: Does aerobic fitness have a
“robust and beneficial influence” on cognition? The answer was
“an unequivocal yes.” And the biggest benefits were for executive
processing, the very function most affected by aging.

In a 2008 systematic review, researchers writing for the
Cochrane Database of Systematic Reviews examined 11
randomized clinical trials of aerobic training and cognitive
function. Eight of the 11 studies confirmed that aerobic exercise
was linked to improvements in cognitive capacity. Since then, other
meta-analyses and systematic reviews have come to similar
conclusions.

While aerobic exercise has been more extensively studied for its
potential benefits to the brain, studies on resistance exercise—



weight training—are beginning to catch up.
In one study, 62 older people were divided into three groups:

One group did no exercise, one did moderately difficult resistance
training, and one, high-intensity resistance training. After six
months, both moderate- and high-intensity resistance exercise had
beneficial effects on cognitive functioning, a finding supported by
other studies.

BOX 8.2 CHEMICAL MESSENGERS

Unlike stars in the Milky Way (at least as far as we know), our
86 billion neurons “talk” to each other using chemical signals,
with each neuron getting input from thousands of others.

The communication works like this. An electrical signal
passes down an axon—a long, skinny branch of the nerve cell—
until it reaches its end point at the synapse, a tiny structure that
allows signals to pass between two nerve cells. At the synapse, a
neurotransmitter (chemical messenger) takes the message
across the fibrous synapse to waiting dendrites, the receiving
branches of the next cell.

The neurotransmitter slides into a receptor on the receiving
cell, much as a key fits into a lock. As soon as the
neurotransmitter lands, ion channels in the receiving cell’s
membrane open up, which converts the signal back into
electrical form. When the electrical charge in the receiving cell
reaches a certain threshold, that cell then sends an outgoing
signal along its axon to the next neuron. In our always-busy
brains, this process repeats over and over.

The two most important neurotransmitters in the brain are
glutamate, an excitatory (stimulatory) messenger, and GABA
(gamma-aminobutyric acid), an inhibitory messenger that does



the opposite, calming things down. (Some general anesthetics
work by reducing the effects of glutamate, and some
tranquilizers, by boosting GABA. Exercise, even for as little as
20 minutes, seems to boost levels of both glutamate and GABA.)

Although glutamate and GABA govern an estimated 80
percent of brain activity, other, more famous, neurotransmitters
are crucial, too, most notably serotonin, norepinephrine, and
dopamine. They also regulate the flow of information around the
brain.

Later in this chapter, we’ll pay special attention to another
brain chemical, BDNF (brain-derived neurotrophic factor).
BDNF is such a hot focus of research that in recent years,
scientists have published more than 5,000 papers on BDNF’s
effects.

DEMENTIA, MILD COGNITIVE IMPAIRMENT, AND
SCHIZOPHRENIA

One of the most feared problems of later life is Alzheimer’s
disease, the most common form of dementia, along with mild
cognitive impairment, which is a decline in memory and other
cognitive abilities that raises the risk of Alzheimer’s.

It’s important to recognize that these cognitive decline diseases
are not a normal or inevitable part of aging. But they are alarmingly
common. The US Centers for Disease Control and Prevention
deems Alzheimer’s disease a “public health crisis,” noting that in
2013, an estimated 5 million Americans over age 65 had
Alzheimer’s, with that prevalence expected to rise to 13.8 million
by 2050.

Since most drug treatments have been disappointing, anything
that could help prevent or slow the progression of these diseases
would be an enormous boon.



Fortunately, exercise can do just that.
Indeed, if everyone who is currently inactive became physically

active at the modest levels recommended by governmental
guidelines, an estimated one in seven cases of Alzheimer’s disease
could be prevented, according to a 2013 estimate from the Ontario
Brain Institute.

To be sure, a state-of-the-science meeting on Alzheimer’s at the
National Institutes of Health in 2010 came to a rather tepid
assessment of the research on exercise and Alzheimer’s risk
reduction, saying the data are too preliminary to draw firm
conclusions.

But a year later, when researchers from the Mayo Clinic looked
at a broader range of both animal and human research—including
1,603 publications identified in a PubMed search—a far more
encouraging picture emerged. Meta-analyses of prospective studies
showed “significantly reduced later risks of dementia associated
with midlife exercise,” the Mayo team found. Exercise also
reduced the risk of mild cognitive impairment.

When University College London researchers systematically
reviewed 16 prospective studies of people without dementia at
baseline, they, too, found that physical activity is inversely related
to risk of dementia. In a five-year Canadian study of 4,615 men and
women over age 65, physical activity—compared to no exercise—
was also linked to lower risk of cognitive impairment, Alzheimer’s,
and dementia of any type.

Alzheimer’s disease wreaks havoc in the brain in multiple ways,
but one of the most important is that it attacks the synapses, the
tiny structures that allow chemical signals to pass between neurons.
In fact, Alzheimer’s could be called “a disease of synaptic failure,”
says Cotman of the University of California, Irvine.

One of the ways Alzheimer’s disrupts synapses is that the
hallmark protein beta-amyloid, which causes the characteristic



sticky plaques of Alzheimer’s, binds to synapses, making them
dysfunctional. A major benefit of long-term exercise is that, at least
in animal models, it can reduce levels of beta-amyloid in the brain.
Aerobic exercise may also improve levels of the tau protein,
another marker of Alzheimer’s. It’s this protein that, when twisted,
causes Alzheimer’s characteristic tangles.

In addition to lowering the risk of Alzheimer’s and mild
cognitive dementia, exercise can also be a treatment. It’s not known
whether there is a window of opportunity past which exercise
would not slow cognitive decline. But the research is encouraging.

In a 2010 study, researchers from the University of Washington
randomized 33 people aged 55–85 with mild cognitive impairment
to high-intensity aerobic exercise or stretching for six months.
Aerobic exercise significantly improved cognitive function—
especially for women, who showed improvement on a wider
variety of tests than men.

The Mayo Clinic’s analysis similarly concluded that people who
already have cognitive problems but who exercise do better than
sedentary controls in randomized controlled trials, with better
cognitive scores after 6–12 months of exercise. Aerobic exercise
for 6–12 months is also linked to better connectivity among
different parts of the brain.

Similarly, in a 2012 New York study, people with Alzheimer’s
disease who did some physical activity had a lower risk of dying
during the course of the five-year study than those who didn’t, and
people who did a lot of physical activity had an even lower risk.
“Exercise may affect not only risk for Alzheimer’s disease,” the
authors concluded, “but also subsequent disease duration: More
physical activity is associated with prolonged survival in
Alzheimer’s disease.”

And in a meta-analysis of 2,020 people with dementia and
related cognitive impairments participating in 30 randomized



studies, exercise once again increased cognitive function. A
particularly compelling study in Australia randomized 170 older
people who had “memory problems” (but did not meet criteria for
frank Alzheimer’s) to six months of moderate-intensity exercise or
sedentary behavior. The exercise group had significantly better
scores on a standard Alzheimer’s test, and the benefit persisted for
a year and a half.

In a different Australian randomized study of 100 people with
mild cognitive dementia, six months of resistance (as opposed to
aerobic) training significantly improved cognitive function, and the
improvement lasted at least 18 months. In a 2016 randomized study
from Wake Forest School of Medicine, researchers used a new
MRI technique and showed that people with mild cognitive
impairment who did aerobic exercise showed greater increases in
brain volume than those who just stretched.

Researchers have long known that a particular gene variant
called APOE-4 raises the risk of Alzheimer’s. In a complex study
at the Cleveland Clinic, researchers gathered almost 100 people
aged 65–80. Many had a family history of Alzheimer’s, and some
carried the APOE-4 variant.

The researchers sorted the volunteers into four groups and did
brain scans on all of them, focusing on the hippocampus, the
brain’s memory center. They then repeated the scans a year and a
half later. People with the “bad” gene who did not exercise showed
significant shrinkage of their hippocampi, a striking finding, given
the short time span. But people with the “bad” gene who did
exercise showed almost no hippocampal shrinkage, just like the
people who did not carry the APOE-4 gene variant.

In a separate study, researchers studied 347 older Dutch men and
found that those who exercised less than an hour a day were at
higher risk of cognitive decline than those who exercised more.



The risk of that decline was especially strong in men carrying the
APOE-4 gene variant.

Other chemical messengers are also part of the story, including
BDNF (brain-derived neurotrophic factor), which is responsive to
exercise and is strikingly reduced in people with Alzheimer’s.
Interestingly, BDNF levels are also significantly lower in
Alzheimer’s patients who are declining rapidly than in those whose
disease is progressing slowly.

Exercise may even aid cognitive functioning in people with
schizophrenia, a thought disorder, and Parkinson’s disease.

In a University of California, Los Angeles, study of people
having their first episode of schizophrenia, researchers used MRI
scans to assess gray matter volume in the prefrontal cortex and the
hippocampus. Schizophrenic patients with a history of low levels
of physical activity had greater losses of brain volume in these
areas than people who had higher levels of exercise.

In a meta-analysis of studies involving 385 people with
schizophrenia, University of Manchester researchers found that
aerobic exercise improves cognitive function in a linear fashion.

EXERCISE AND BLOOD FLOW TO THE BRAIN

Exercise, as we’ve seen in preceding chapters, has numerous
effects all over the body. But one of the most important involves
blood flow, and nowhere is that more crucial than in the brain.
Indeed, reduced blood flow to key areas of the brain is one of the
early signs of both vascular dementia (inadequate blood supply to
the brain) and Alzheimer’s disease. And giving “young” blood to
older animals may rejuvenate aging brains.

In a Scottish study in mice, for instance, researchers found that
reduced cerebral blood flow quickly led to an increase in the
amyloid protein. In humans, Arizona researchers using MRI



(magnetic imaging) brain scans found that cerebral blood flow was
20 percent lower in people with Alzheimer’s compared to non-
demented people. (Interestingly, in the early stages of disease, as
the brain changes from normal cognition to dementia, the brain
compensates by temporarily increasing blood flow to crucial brain
areas, including the hippocampus.)

It’s now clear that aerobic exercise can dramatically increase
cerebral blood flow and capillary growth, even in older adults.
Even more encouraging is the fact that exercise-induced increases
in blood flow occur in precisely the areas where new neurons grow,
the dentate gyrus part of the hippocampus, the sub-region most
crucial for memory.

Unfortunately, it’s also abundantly clear that stopping aerobic
exercise decreases cerebral blood flow in at least eight key brain
areas, including the hippocampus. In a clever but depressing study
of 12 exceedingly fit Masters athletes (aged 50 or over), University
of Maryland researchers persuaded the runners to cease exercising
for 10 days. Blood flow to the left and right hippocampus dropped
sharply, by 20–30 percent.

BOX 8.3 NEW NEURONS IN THE HUMAN ADULT
HIPPOCAMPUS?

While animal studies clearly show that exercise induces new
neuronal growth in the hippocampus, human studies have not
been able to answer this question explicitly because it’s difficult
and normally unethical to experiment on living human brains.
This has forced scientists to assess post-mortem tissues from
humans instead. Some studies do show that exercise induces
increased human hippocampal volume, but this could be due to
factors other than new neuronal growth, such as the growth of



glial (non-neuronal) tissue and increased vascularization. Other
studies have come to conflicting conclusions.

Regardless of exercise as a trigger, scientists are struggling to
figure out whether the hippocampus in adult humans can grow
new neurons at all. One Swedish study, for instance, concluded
that not only are new neurons formed in the human adult
hippocampus, but they are formed at the rate of 700 new ones a
day. The Swedish team also concluded that neurogenesis
continues throughout adulthood and that the rate of formation
of new neurons is comparable in mice and humans. Other
researchers, too, have found evidence of new neuronal growth in
the human hippocampus throughout life. But other teams have
not found clear evidence of new neuron growth.

On March 15, 2018, researchers from the University of
California, San Francisco, dropped a bombshell on the field of
neurogenesis. In a paper in Nature, the team, led by senior
researcher Shawn Sorrells, studied brain tissue from macaque
monkeys and 59 people from newborns to adults up to age 77.
(The human tissue came from people who had died or who had
had surgery for epilepsy.)

The researchers found that new neuronal growth in the
hippocampus declines sharply after birth, leaving only a
handful of new neurons by 13 years of age, and virtually none
later on.

Perhaps, the authors speculated, the lack of new neurons has
something to do with the larger brain size of humans compared
to rodents. Or maybe, the stem cells from which new neurons
grow stop self-renewing after birth. Or perhaps new human
neurons take longer to mature than in rodents. Or maybe, the
studies that do find new neuronal growth have been mistakenly
finding new growth not in nerve cells, but in glial cells, the glue-
like cells that surround neurons.



Not surprisingly, the paper evoked howls of disagreement,
including from Fred “Rusty” Gage, one of the first scientists
who, back in the 1990s, challenged the then-prevalent view that
no new neurons were generated in adulthood. In a statement to
NPR, Gage, interim director of the Salk Institute, said his results
and others’ “repeatedly confirm that neurogenesis can occur in
the adult brain.”

Roughly a month after the Sorrells paper, research scientist
Maura Boldrini and her team at Columbia University published
their own bombshell. They, too, looked at the brains of healthy
people who had died between the ages of 14 and 79. Not only
did they find, as dogma had long held, that healthy, human
adults keep making new neurons in the hippocampus throughout
life, but that, as the 2013 Swedish research had shown, their
2018 findings fit with the idea that people produce about 700
new hippocampal neurons per day.

Sorrells and co-investigator Mercedes Paredes say that their
findings may not conflict as much with dogma as might appear.
Neuronal growth in the adult hippocampus might still happen,
not by the generation of new neurons, but by adding new parts
to existing neurons, specifically new synapses and dendrites.

“Think of a forest,” says Sorrells. “There are two ways it can
increase in size. One way is to plant more trees. The other is to
wait for the trees that are there to grow in size.”

THE MAGIC MOLECULE: BDNF

Harvard psychiatrist John Ratey dubs it “Miracle-Gro for the
brain.” University of California, Irvine, neurologist Carl Cotman
calls it a “miracle molecule.” To Science magazine, it’s simply a
“crucial protein.”



By whatever nickname, BDNF, which stands for brain-derived
nerve growth factor, is arguably one of the most important
molecules ever discovered. BDNF has long been believed to do
two important things in a tiny part of the hippocampus called the
dentate gyrus, at least in animals: boost the growth of existing
nerve cells and the synapses between neurons, and trigger stem
cells to become brand new neurons.

Back in the 1950s, Italian neurobiologist Rita Levi-Montalcini
and a colleague discovered what would turn out to be a molecule
related to BDNF, which she named nerve growth factor (NGF)
because it does exactly that—it makes nerves grow. She won the
1986 Nobel Prize for her discovery. (She went on to become a
senator in the Italian Senate and, in 2009, became the first Nobel
laureate to live to 100.)

It would be decades before other scientists, probing the ways the
body makes and nurtures new nerves, would eventually, in 1982,
discover BDNF, the second member of this family of molecules.
Over time, the discovery of BDNF would lead to an explosion of
insights.

In lab after lab, eager scientists began unraveling BDNF’s many
tricks. They learned that light can trigger production of BDNF, and
that simulation by whiskers and electricity can, too. They learned
that BDNF lives all over the nervous system, but that it is
especially high in the hippocampus. They learned that BDNF revs
up excitatory currents in the synapses between brain cells, and that
certain types of learning dramatically boost BDNF in the
hippocampus. (They also discovered that BDNF levels rise sharply
during epileptic seizures, and that blocking it may stop seizures.)

Over time, they would learn that low levels of BDNF are
associated with Alzheimer’s, Parkinson’s, and Huntington’s
diseases, as well as depression. (In fact, lithium, a major treatment
for bipolar disorder, appears to work in part by raising BDNF



levels.) And they learned that increases in BDNF may offset age-
related atrophy of the hippocampus, at least in animals.

But the real breakthrough came in the early 1990s when
California neurobiologist Carl Cotman wondered, as he recalls,
“Wouldn’t it be cool if BDNF was induced by exercise?” Intrigued
by that possibility, he proposed a study of exercise and BDNF to a
post-doctoral student who, as Cotman jokes, “looked at me as
though I had lost it.” He tried other colleagues and finally found a
grad student who enthusiastically agreed.

To Cotman’s delight, his hunch panned out, and the “Eureka
moment” soon followed. In 1995, he and his team published the
first evidence of a BDNF–exercise connection—a letter to the
journal Nature showing that exercise is linked to BDNF levels. In
subsequent research, Cotman found that even just one week of
exercise, at least in rodents, is enough to “turn on” the gene that
controls production of BDNF. In other words, aerobic exercise,
through genetic activation, boosts brain “plasticity”—the ability of
the brain to change and grow.

The most dramatic evidence in humans that exercise directly
boosts BDNF came in 2011 in an Irish study of male cyclists tested
right after strenuous exercise. The researchers performed memory
tests before and after intense exercise and found that an acute bout
of exercise boosted both BDNF levels in the blood and recall. More
important, the researchers said, it’s likely that the increased BDNF
came from the brain, not the rest of the body. A Boston University
meta-analysis of 29 human studies involving 1,111 people also
showed that exercise induces increased blood levels of BDNF.

To be sure, not all studies in humans show a rise in BDNF with
exercise. A 2017 German study of cognitively healthy people aged
65 or older found no rise in BDNF with three months of aerobic
training. A 2018 meta-analysis of 14 human studies involving 737
participants did not look at BDNF per se, but did look at



hippocampal volume and found no significant effect of aerobic
exercise on total volume, though this and other research suggests
growth in parts of the hippocampus.

Still, it’s clear that Cotman’s original 1995 work set the research
world on fire, prompting many researchers to try to figure out
exactly what exercise was doing in the brain. One of most
prominent is Henriette van Praag, who previously worked at the
Salk Institute for Biological Studies and is now a neuroscientist at
the National Institute on Aging.

Initially, van Praag, working in the late 1990s with her Salk
colleagues Gerd Kempermann and Fred Gage, wanted to
understand the link between “enriched environments” and the
growth of neurons in the hippocampus of mice. At that time,
scientists thought that things like larger cages, more social
interaction, expanded learning opportunities, along with physical
activity, were all linked to better brain function. Her question was,
which of these was most important?

The answer? Running. In a pivotal 1999 paper, van Praag and
her team showed, in animals, that running doubled the number of
surviving nerve cells in the dentate gyrus of the hippocampus. Not
only did the number of nerve cells increase, the newly created
neurons were fully functional.

In 2005, van Praag’s team divided middle-aged mice into two
groups, one with a running wheel and one without. After one
month, the running mice were much quicker at learning and
remembering how to navigate a maze than similarly aged mice not
allowed to run. Van Praag’s team went on to show that exercise is
“the critical factor” of an enriched environment that elevates BDNF
levels and increases the growth of new neurons in the
hippocampus. Even when running doesn’t start until mid- to later
life, it still can promote brain plasticity.



Other researchers have documented similar effects. In one study
in Finland, for instance, researchers assigned male rats to different
exercise groups and a sedentary control group. One group was
given running wheels and allowed to run as much or as little as
they wanted. Most ran moderately for several miles a day. Another
group did a rodent form of resistance training, which involved
climbing a wall with weights attached to their tails. The third group
was put through a rat version of high-intensity interval training,
required to run fast for three minutes at a time, then slowly for two
minutes, and repeating that for a total of 15 minutes. All the groups
were followed for seven weeks.

The rats that jogged at will showed the most gain in neurons in
the hippocampus, and the more mileage a rat logged, the better the
neurogenesis. And the weight-training rats? They got stronger, but
showed virtually no neurogenesis.

Exactly how, at the molecular level, BDNF might trigger
neuronal growth is an active research focus. But scientists have
some clues. With exercise, brain waves change in a pleasant
direction, that is, toward theta rhythm, a relaxed state often linked
to creativity. This leads to the release of the neurotransmitters
serotonin and norepinephrine, and more rapid firing of nerves. This
in turn can result in activation of the gene that makes BDNF. In
fact, if serotonin-producing nerve cells are damaged, BDNF
production stops.

BDNF works by passing its signal to nearby cells by landing on
a receptor called TrkB (pronounced “track B,” for tyrosine kinase
B). This receptor is key. When scientists block it with antibodies,
BDNF signaling grinds to a halt.

BDNF turns out to be one of several exercise-induced growth
factors for the hippocampus. If scientists block receptors for these
growth factors, too, nerve growth also ceases. Estrogen, too, is
increasingly recognized as playing an important role, in part



because deprivation of estrogen has been shown to reduce BDNF
gene expression. Contrarily, replacing estrogen at menopause
seems to protect gray matter. And being fit can prolong the positive
effect of hormone therapy.

Cotman, among others, is as excited today as he has always
been: “BNDF definitely makes nerves grow in the hippocampus.”
In fact, he says, BDNF levels not only increase in the hippocampus
after just a few days of exercise, but stay high for a week or two,
before returning to baseline after three to four weeks. In other
words, BDNF induces a kind of “molecular memory. . . . It doesn’t
wear off fast.” To get this effect, though, physical activity has to be
fairly vigorous and frequent, at least three or four times a week for
at least 45 minutes per time. Stretching or weightlifting doesn’t cut
it.

Cotman and colleagues from Rush University have also explored
just how persistent this effect is. They looked at autopsied brains of
recently deceased people who died of non–brain-related causes.
They correlated the autopsy findings with seven years’ worth of
data on how much or little the people had exercised. “We found
enormous gene changes,” says Cotman. The brains of the stalwart
exercisers showed as many as “a couple of hundred” positive
genetic changes in precisely the genes that would ordinarily
become less active with aging.

In a similar study, Rush University researchers did annual
cognitive assessments and tracked BDNF levels in 535 people, then
did autopsy exams after the people died. Higher levels of BDNF
were strongly linked to slower cognitive decline, and the link was
strongest in people with dementia.

The bottom line? Exercise is the best thing going to protect the
brain.



CHAPTER 9

Exercise and Mood

RUNNING HEALS

In the early 2000s, Abby Lee (aka Zoe Margolis to her fans) gained
a public profile with her popular blog, “Girl with a One-Track
Mind,” and best-selling book of the same title. Her blog claims
more than 250,000 visitors a month. In 2008, The Observer
newspaper ranked her blog 24th among the world’s most powerful
blogs. Her book has been translated into 15 languages.

But in 2015, Margolis did her fans, and the world, a huge favor,
which may have taken even more courage than writing about her
sex life. She wrote a piece for The Guardian about her crippling
depression—and how she healed herself with exercise.

“At the start of this year,” Margolis wrote, “I was in the depths
of the worst depression I have ever experienced. My public face
was a mask of success, confidence and happiness, but privately, I
was defeated. The long-term relationship that I had hoped would
last the rest of my life and lead to children had ended, painfully.
Work was at a standstill, and I was broke. I felt overweight and
unhappy with my tired, sluggish body.”

Her entire existence was miserable: “Every waking moment was
filled with crushing anxiety and heavy sadness. . . . When you lack
the energy even to get out of bed in the morning, the last thing you
need to hear is that you should pull yourself together and go to the
gym.”



But she did—first, for walks in a nearby park, then for runs in
jogging shoes that had lurked in her closet for years. Slowly, as the
days and the miles ticked by, she began to feel better. Now, she
says, “When I run, I know that at some point . . . positive brain
chemistry happens, and I feel brilliant.” She’s boiled it down to a
simple equation: “I feel crap, so I run, and afterwards, sometimes
for days, my depression lifts. . . . For me, it is truly a lifesaver.”

In fact, not only is exercise now considered a proven way to help
prevent depression and to treat it once you’ve got it, new research
on exercise and mood is revolutionizing scientists’ understanding
of what depression is in the first place.

The brain chemistry that for years was assumed to be the main
problem in depression—a deficiency of the neurotransmitter
serotonin, for which drugs like Prozac were the supposed cure—is
no longer the whole story.

The more important driver of depression may be a deficiency of
our old friend from Chapter 8, BDNF (brain-derived neurotrophic
factor). People who are depressed turn out to have too little BDNF
in their brains. When they exercise, BDNF goes up, and they feel
better. In fact, in depressed rats (yes, there are ways to make rats
depressed), injections of BDNF directly into the brain reverse
depressed behavior. Of course, it’s not quite that simple in humans,
but that’s the thrust.

We’re getting ahead of our story, though. In this chapter, we’ll
start with the observational evidence for exercise as a way to
prevent depression, anxiety, and stress, then analyze the impressive
body of interventional studies documenting exercise as a treatment
for mood problems. Then we’ll look at the new research on the
molecular mechanisms by which exercise combats depression.
Along the way, we’ll see why running may have made the brains of
early humans bigger, and what really underlies the “runner’s high.”



IT’S A SAD, SAD WORLD

Around the world, in rich countries and in poor, people are feeling
ever more miserable. Between 1990 and 2013, the number of
people suffering from depression and/or anxiety grew by almost 50
percent, from 416 million to 615 million, according to the World
Health Organization. That’s a significant 10 percent of the planet’s
population.

Worldwide, 800,000 people a year die from suicide. In the
United States, it was 45,000 as of 2016 and rising. Anxiety is even
more common than depression, affecting roughly 40 million
American adults; depression in the United States affects more than
16 million.

In fact, depression is now the leading cause of disability
worldwide, and is a major contributor to the overall global burden
of disease, according to 2017 figures from the World Health
Organization.

Depression, which can be mild, disabling, or severe, is
characterized by feelings of sadness, loss of interest or pleasure,
feelings of guilt or low self-esteem, disturbed sleep or appetite,
feelings of tiredness, and poor concentration. According to the
American Psychological Association, anxiety is characterized by
feelings of tension, worried thoughts, and physical changes such as
increased blood pressure.

We’ll see in this chapter that as an exploding body of research
shows, exercise can be worth its weight in gold, both as a
preventive measure and as a treatment.

BOX 9.1 RUNNER’S HIGH



There’s no question that exercise improves mood and reduces
depression. But an actual high? Is it real? If so, what could
trigger it?

The short answer is yes, it’s real. And it’s not just endorphins
at work.

“Although a great deal of research data argue for the
participation of endogenous opioids in mood regulation during
and after exercise, most of the evidence is ‘indirect,’ ” says
University of Georgia professor of exercise science Rod
Dishman.

Indeed, it would take an awful lot of painful exercise to
trigger enough endorphins to explain the “runner’s high,”
agrees Boston University psychologist Michael Otto.

It’s true that blood levels of endorphins do rise in humans
after exercise. But higher endorphin levels in the blood don’t
necessarily mean there are higher levels in the brain, where
mood effects would occur, although one small study does
suggest this. But if endorphins are truly the mechanism for the
mood-enhancing effects of exercise, this effect should be blocked
by injections of naloxone, an opiate (and endorphin) blocker.

It isn’t.
The real trigger for the runner’s high, according to current

thinking, is a class of chemicals called endocannabinoids,
marijuana-like substances produced naturally in the body.

Unlike endorphins, which are large molecules that can’t
easily cross into the brain from the blood, endocannabinoids are
small, fatty molecules that can easily slip into the brain,
producing feelings of transcendence and a genuine high.

The proof is in the ferrets. Unlike most animals, which love to
run, ferrets balk at the mere prospect. They hate it, says David
Raichlen, a University of Arizona biological anthropologist,
who has spent many hours in the lab trying to get ferrets to run.



They just won’t, and the reason, he has concluded, is that they
don’t get high from running. They don’t get increased levels of
endocannabinoids if they run.

But people do, and that’s the take-home lesson: Don’t be a
ferret. Run hard, swim hard, dance hard. With luck, you will
trigger those endocannabinoids. You won’t just ward off
depression and anxiety and stress, but if you work hard enough,
you may actually get high.

EXERCISE AS PREVENTION: OBSERVATIONAL EVIDENCE

In observational, as opposed to interventional, studies, there’s a
built-in dilemma: Do people who exercise feel better as a result?
Or are people who feel better to start with more likely to exercise?
Or both?

One of the first studies to document this link came out in 1988. It
showed that the higher a person’s level of exercise at the beginning
of the study, the lower the risk of depression eight years later.

Six years after that study, groundbreaking research by exercise
scientist Ralph Paffenbarger cemented that observation. Rates of
depression were significantly lower among men who exercised
regularly, according to his study, which tracked thousands of male
Harvard alumni for 25 years.

Bolstered by those early results, researchers from around the
world—Finland, Norway, Australia, Korea, Europe, the United
States, and elsewhere—began tracking the exercise–mood
connection, broadly confirming Paffenbarger’s findings.

Even when researchers take into account every conceivable
variable that could muddy the results—age, sex, ethnicity, financial
strain, chronic conditions, disability, body mass index, alcohol
consumption, smoking, social relationships—the exercise link
holds up.



The same is true when researchers study the flip side—happiness
—as opposed to depression. In one cleverly designed 2017 study,
British researchers used smartphones and a new app that could
track people’s activity levels and send them questions throughout
the day to report their mood.

They concluded that people were happier when they had been
moving in the 15 minutes prior to being queried than when they
had been sitting or lying down. People who moved around a lot
were also happier with life in general.

A 2017 European study that followed nearly 34,000 men and
women without depression or other mental health problems found
that, 11 years later, regular leisure-time exercise was linked to a
reduced incidence of depression, though not anxiety.

Finally, a 2016 systematic review of studies involving more than
1 million men and women showed that people with the lowest
cardiovascular fitness were 75 percent more likely to develop
depression than people with the highest fitness.

BOX 9.2 DID RUNNING MAKE OUR ANCESTORS’ BRAINS
BIGGER?

A long, long time ago, about 7 or 8 million years, we—or more
precisely, our human ancestors—were still living a lot like our
cousins, the chimpanzees. We kept up our simian habits, eating
fruit and hanging out in a sedentary lifestyle.

Then suddenly, about 2.5 million years ago, the earth’s
climate cooled as the ice age set in. Prairies evolved where
forests of fruit trees had been. We had to adapt—or starve. Out
of necessity, we began to shift our diets toward animal protein.
That meant hunting, and that meant running, a lot of running.
Indeed, endurance running, as we saw in Chapter 1, allowed us



to practice persistence hunting (chasing animals until they
dropped from exhaustion), the newly discovered trick that would
keep us alive. It also helped keep us out of the claws and jaws of
predators.

But in truth, running may have done a lot more than just keep
us fed. As we saw in this chapter, running induces a cascade of
molecules, most notably, BDNF (brain-derived neurotrophic
factor), which has long been believed to stimulate new neuron
growth in the brain. Quite literally, running may make the brain
grow.

“Hunting and gathering upped the amount of exercise per
day,” says biological anthropologist Raichlen of Arizona. And
that, he thinks, could have been a stimulus (or at least one
stimulus) for the growth of the disproportionately big brain that
is the hallmark of our species today.

But here’s the fascinating thing. “Food isn’t always the only
motivator” for running, Raichlen contends. Feeling good is, too.

For humans and many other mammals (though not ferrets),
running triggers a cascade of molecular signals that improve
mood, often significantly. It’s not just the “runner’s high.” The
larger point is that exercise is essential for maintaining and
restoring mental health.

BLOOD, SWEAT, AND TEARS: EXERCISE AS TREATMENT

While it’s possible to challenge causality in observational studies,
interventional studies are harder to dispute. In interventional
studies, one group of people is randomly assigned to exercise,
usually aerobic, while a similar group is assigned to no exercise or
something minimally demanding, like stretching. Both groups are
tested before and after the study period for levels of anxiety,
depression, or stress.



Overall, the evidence is overwhelming. It shows that exercise is
an excellent treatment for depression, that it is often as effective as
antidepressant medications, and that it works synergistically at the
molecular level as an adjunct to medications.

The first study suggesting a link between physical activity and
depression was published more than 100 years ago, in 1905, in the
American Journal of Insanity [sic]. A pair of researchers from
McLean Hospital, a psychiatric facility outside of Boston, managed
to persuade two depressed patients to exercise. The researchers
rather loftily extrapolated from this tiny sample to conclude that
there must be “a large class of patients whose feeling of
inadequacy, retardation, and mental depression are indications for
exercise, both passive and active.”

It took decades for other researchers to take the bait in serious
scientific fashion. Finally, in 1979, University of Wisconsin
researchers published the first randomized controlled study
comparing exercise—favorably, as it turned out—with other types
of depression treatment. In the mid-1980s, the Wisconsin team
compared exercise with group psychotherapy for depression and
found it to be at least equal in effectiveness.

By the late 1980s, other researchers had begun documenting the
positive effects of exercise for depression treatment. In one of the
first to look at resistance training as well as aerobic exercise,
University of Rochester researchers showed in 1987 that both types
of exercise can alleviate depression. Two years later, Norwegian
researchers came to a similar conclusion. (Since then, Australian
researchers have also shown that resistance training is an effective
treatment for depression.)

But things really took off with the work of James Blumenthal, a
psychologist at Duke University. Back in the 1980s, while studying
the benefit of exercise for people with cardiovascular disease,



Blumenthal noticed that exercise appeared to be a mood lifter as
well.

Intrigued, the Duke team gathered 156 men and women aged 50
or older and randomly assigned them to aerobic exercise with a
group, antidepressant medication (Zoloft), or both. After 16 weeks,
the results were stunning.

All three groups got better. But while the group getting only
Zoloft (sertraline hydrochloride) saw their depression lift quickly,
by 16 weeks of treatment, exercise was just as effective in reducing
depression.

This finding was all the more impressive because the patients
had major depressive disorder—severe depression lasting two
weeks or more. The study also cemented another thing: that
exercise works just as well for older people as for younger.

The even better news? When the Duke team followed up with
these 156 people 10 months after the study began, the people in the
exercise group were much less likely to relapse into depression than
the other groups. “For each 50-minute increment of exercise,”
Blumenthal found, “there was an accompanying 50 percent
reduction in relapse risk.”

The Duke team didn’t stop there. In yet another study of 202
adults with major depression, exercise was comparable to
medication (Zoloft) in relieving major depression. And the effect
was dose-dependent, a finding confirmed by other researchers.

All of this led researchers to wonder what would happen if
exercise were combined with medication, an important question
because many people taking antidepressant pills get only partial
relief. A Texas team took on the challenge, showing in a series of
studies that adding exercise to medication brings significant
benefits. A Scottish team came to similar conclusions, as did an
Italian team and an American team from Rutgers University.



But it’s when researchers pool data from numerous studies—in
meta-analyses and systematic reviews—that exercise shows its true
power. To cite just one of those analyses, in 2013 the Cochrane
Collaboration, a prestigious group of international researchers who
analyze the quality of medical evidence, examined 35 studies and
concluded that physical activity was comparable to psychological
therapy and medication at relieving depression.

The jury is clearly in. Exercise is such a powerful treatment for
depression that older studies may actually have underestimated its
effects. Indeed, researchers conducting a 2016 meta-analysis of 25
randomized controlled trials concluded that the data showing the
effectiveness of exercise for depression treatment are so strong that
“more than 1,000 studies with negative results would be needed to
nullify the effects of exercise on depression.”

EXERCISE FOR ANXIETY?

Unfortunately, there has been less research on exercise for anxiety,
and the studies that have been done have had more mixed results.

In one early study of people with panic attacks, for instance,
researchers found that regular aerobic exercise beat placebo, but
was not as effective as medication. An early meta-analysis of 40
studies also found exercise had only a low to moderate effect on
anxiety reduction.

More recently, anxiety researchers tested exercise and a popular
non-drug therapy called “cognitive restructuring” (in which people
learn to challenge negative thoughts). Both approaches produced
significant reductions in anxiety sensitivity compared to the control
group. (Anxiety sensitivity is the heightened responsiveness to
sensations associated with anxiety.)

Researchers have also compared exercise, relaxation training,
and the anti-anxiety drug Paxil (paroxetine) in 75 people with panic



disorder. People taking Paxil did better than those getting a placebo
pill. Unfortunately, people doing exercise training did not fare
better than those doing relaxation.

Similarly, a University of Maryland study found that exercise
and just sitting quietly were about equally effective against anxiety.
But exercise does seem to be better than no treatment at all, as a
University of Arizona team found when they pooled data from 49
randomized controlled trials.

In 2015, Australian researchers did the ultimate in research
studies: a meta-meta analysis, that is, a meta-analysis of meta-
analyses, all of which had high-quality data.

For this heroic effort, the researchers combined 92 studies on
exercise and depression involving 4,310 people, and 306 studies on
exercise and anxiety involving 10,755 people. Physical activity
reduced both anxiety and depression, but had a much stronger
effect on depression. The effect on anxiety may have been murkier
because clinical anxiety can manifest in so many different ways
(panic attacks, phobias, generalized anxiety disorder, etc.), all of
which may respond differently to exercise.

Put bluntly, exercise seems to be somewhat but not dazzlingly
effective at reducing anxiety.

MECHANISMS: WHY EXERCISE HELPS

At last, the nitty-gritty: How is it that molecules triggered by
exercise can exert such potent effects on mood?

It’s a fascinating story. In fact, the emerging insights on exercise
and depression are revolutionizing the way in which brain scientists
understand depression itself and are forcing a major rethinking of
the ways that traditional antidepressant drugs work.

For decades, neuroscientists have believed in the monoamine
hypothesis of depression. This is the idea that depression is caused,



at least in part, by deficiencies of three important neurotransmitters
(monoamines): norepinephrine, dopamine, and most notably,
serotonin.

The “proof” of this theory lay in the observation that
antidepressant drugs appear to relieve depression by raising brain
levels of serotonin and norepinephrine. These drugs work by
blocking the re-uptake of the neurotransmitters from the synapses
between neurons, thus leaving more of the neurotransmitters
available.

“In the ’50s and ’60s, the idea was that depression involved a
deficit of serotonin, and that blocking reuptake of serotonin by
drugs like Prozac remedied this deficit,” says Yale University
neuroscientist Ronald Duman, director of the Abraham Ribicoff
Research Facilities. “But that never panned out. There is no strong
evidence that depression is a serotonin deficiency.”

Not all neuroscientists would put it quite that emphatically. But
the new view, strongly bolstered by research on exercise and the
brain, is that serotonin and its cousins are only part of the story.

The central player is now thought to be BDNF, brain-derived
neurotrophic factor, the molecule that makes new brain cells grow.
BDNF goes up with exercise and interacts in complex, bi-
directional ways with neurotransmitters, especially serotonin.

It’s now clear that both antidepressants and exercise trigger
BDNF. And that BDNF and serotonin work as what scientists call a
“dynamic duo”—serotonin stimulates the expression of BDNF, and
BDNF enhances the growth and survival of serotonin-producing
neurons.

BDNF, in other words, is a link between exercise and mood.
High BDNF levels are strongly correlated with better mood and
less depression. Exercise is a major, and by far the most practical,
way to boost BDNF in the hippocampus.



The hippocampus, as we saw in the previous chapter, is a major
brain center for learning and memory. Exercise is believed to
trigger better memory and cognition by raising levels of BDNF,
which in turn may cause the growth of new hippocampal cells or
boost synaptic connections between existing neurons. (Recently,
some researchers have questioned whether new neuronal grow
actually occurs in the adult human hippocampus, the memory
center of the brain, but many researchers still believe it does. See
Box 8.3 in Chapter 8.)

But the hippocampus, which is strategically located in the limbic
system, is not just involved in cognition. It is also a major center
for processing emotions. And that, of course, makes it ground zero
for depression.

“The basic idea is that depression is a neurodegenerative disease.
With depression, there are fewer synapses and reduced neuronal
growth in the hippocampus,” says neuroscientist Carl Cotman,
founding director of the Institute for Memory Impairment and
Neurological Diseases (MIND) at the University of California,
Irvine.

The good news, he says, is that “both exercise and
antidepressants relieve that. BDNF stops the neurodegenerative
pathways and builds the brain back up. The circuits become
functional again.”

In brain scan studies, major depression has been shown to lead to
a shrinkage of the hippocampus. In fact, the degree of shrinkage
correlates well with how long a person has been seriously
depressed. Post-mortem studies also have revealed distinctly small
hippocampi in the brains of people who were depressed.

In theory, two things could account for shrinkage of the
hippocampus—destruction or death of hippocampal cells, or the
failure of the hippocampus to generate new nerve cells.
Researchers think it’s primarily the latter at work in depression.



There’s no question that exercise is a powerful way to boost
BDNF levels in the brain. In fact, a meta-analysis of 29 studies
found that even a single session of exercise was enough to boost
BDNF levels. Chronic exercise is linked to even higher levels of
BDNF.

Antidepressants like Prozac also work in part by raising BDNF
levels, not just by keeping more serotonin around in the synapses
between nerve cells. And more serotonin leads to increased
expression of the gene that makes BDNF, which leads to creation
of new nerve cells in the hippocampus, says Duman.

The clue that led to the revised view of depression was timing.
Researchers had long been puzzled about why it takes so long—

four to five weeks—for traditional antidepressants to improve
mood. Then they noticed a curious thing—that this amount of time,
four or five weeks, is almost exactly how long it takes for new
neurons to become fully functional.

That suggested that relief from depression could depend on the
maturation of new hippocampal cells, which supports the idea that
BDNF is a major player. (New, rapid-acting antidepressants such as
ketamine work through different pathways—too fast to involve
creation of new hippocampal cells.)

This revolution in the understanding of depression began in the
late 1990s. In 1997, Duman discovered that antidepressant drugs
trigger a chemical called c-AMP (cyclic AMP), which boosts
production of BDNF in the hippocampus. This increase in BDNF
occurred in precisely the areas of the hippocampus most depleted
by stress. (Stress has long been suspected to be closely tied to
depression.)

All of this suggested, as Duman puts it, the need for “an updated
molecular and cellular hypothesis for depression.” His idea is that
both stress-induced vulnerability and the mechanisms by which
antidepressants work occur because of specific chemical changes



inside cells. These changes ultimately affect the survival and
function of particular neurons.

One early clue was what happened in 1997 when researchers
injected BDNF directly into the brains of depressed rats, right into
areas of the brainstem where serotonin and norepinephrine are
produced. Just as the emerging theory predicted, BDNF boosted
activity in those areas and relieved depression.

(For the record, there are various ways to simulate depression in
rats and mice. Researchers can give repeated electric shocks that
the animals can’t escape, or force them to swim in tiny pools that
they can’t escape from. The result is that the animals give up, a
kind of “learned helplessness” that is believed to mirror depression
in humans.)

In 1999, French researchers showed that depleting serotonin in a
key part of the hippocampus (the dentate gyrus) decreased the
production of new nerve cells, bolstering the idea that depression
may be linked to shrinkage in the hippocampus, and, ultimately, to
BDNF.

In 2000, noting that both physical activity and antidepressant
medication independently increase expression of the BDNF gene,
Cotman’s team took it to the next step. By combining exercise with
medications, the team found, the two approaches are synergistic at
the cellular level, with both methods working together to boost
BDNF levels and reduce depression.

In 2002, Duman’s team confirmed that a single injection of
BDNF into the hippocampus produced an antidepressant effect in
rodents undergoing the learned helplessness and forced swim tests.
In fact, just that one injection produced an antidepressant effect
comparable to standard antidepressants.

The team went on to show that Prozac reversed the depletion of
hippocampal cells caused by inescapable stress.



In 2006, Canadian researchers picked up the thread, further
piecing together the evidence that exercise can alleviate even major
depression and that different mechanisms converge to trigger new
nerve growth in the hippocampus.

Although BDNF is now considered the star—at least at the
moment—of the exercise–mood connection, scientists are finding
other molecules that also appear to play key roles. One is VEGF
(vascular endothelial growth factor). Secreted from the blood,
VEGF acts on endothelial cells to make new blood vessels grow.
But VEGF does more than that. It appears to make new nerves
grow in the hippocampus. And it can be increased by exercise.

In 2000, researchers from Austria, Switzerland, and Germany
tracked 13 ultra-marathon runners as they trained in the mountains
near Davos, Switzerland. They found that VEGF rose sharply after
the run, and stayed high for five days. In 2002, other researchers
showed that injections of VEGF into the brain of rats triggered
growth of new hippocampal cells. In 2003, Stanford University
researchers showed that if VEGF is blocked, the new nerve growth
in the hippocampus that normally occurs with running doesn’t
happen.

Meanwhile, at Yale, Duman was on the track of another potential
factor. In 2007, his team compared the brain activity of sedentary
mice to that of mice allowed to run as much as they wanted on
running wheels. Within a week, the mice with access to wheels
were voluntarily running more than six miles a night. Inside their
brains, the team found that 33 genes in the hippocampus were
turned on, 27 of which had never been identified before.

Among those genes, one in particular was dramatically
increased: VGF (not to be confused with VEGF). When the team
gave mice VGF, it acted as a powerful antidepressant. When they
blocked VGF, the antidepressant effect of exercise disappeared and
the mice showed signs of depression.



Other molecules, too, are now believed to be involved in the
exercise–mood connection, including pro-inflammatory cytokines,
that is, immune cells that promote inflammation. Exercise seems to
change these molecules in a favorable direction in people with
major depressive disorder.

As for those old favorites, the monoamines, exercise does raise
their levels, too. But it’s tricky to draw conclusions. To assess brain
levels in humans, researchers would have to do highly invasive
procedures such as spinal taps to obtain cerebrospinal fluid. In
animals, on the other hand, researchers have shown that exercise
can boost brain levels of norepinephrine and tryptophan, a
precursor of serotonin.

Yet another molecule triggered by exercise, PGC-1 alpha, the
molecule we met in Chapter 5, also seems to reduce depression. In
2014, researchers from the Karolinska Institute in Stockholm
reported that mice with high levels of PGC-1 alpha were able to
attack a nasty protein called kynurenine, which is found in high
levels in the blood after stress.

This molecule can cross into the brain from the blood,
potentially leading to depression. In the Swedish mice with high
PGC-1 alpha, though, the nasty form of kynurenine was changed in
such a way that it could no longer cross into the brain. This
suggests that exercise-induced PGC-1 alpha may also help combat
depression.

It’s a complex story, becoming more so with every discovery.
But the overall message is clear. For a plethora of biochemical
reasons, exercise is one of the best antidepressants going.

It can help prevent depression. It is an effective treatment, often
as effective as medications. It works synergistically at the
molecular level with medications. It helps prevent relapse into
depression. It works as well for older people as for younger ones. It



is dose-dependent—the more, the better. And it even reverses the
loss of brain tissue that is linked to depression.

WHAT’S A PERSON TO DO?

Abby Lee (aka Zoe Margolis) got it right.
So did Elizabeth Droge-Young, a 30-something Rhode Island

science writer with a PhD in evolutionary biology. Her thesis at
Syracuse University was a study of what she calls the “wacky”
mating behavior of “promiscuous beetles.” She is happily married
and is “mom” to two cats and a cockapoo.

But, like Margolis, she has coped with severe depression. In fact,
she has been repeatedly hospitalized for depression so awful it
wasn’t clear she would survive. For her, things started to go
downhill while she was still a student. “Life was going well,” she
remembers. She had passed her exams. She got married. Then
depression hit.

“I had no energy to do things,” she said. “I had trouble
concentrating, trouble writing, my cognition was severely
impacted. I was just sleeping a lot, lying on the couch, not even
enjoying movies. It was hard to see a future that looked enjoyable
or fulfilling.”

Nowadays, she does it all—psychotherapy, medications,
meditation, and psychological skills such as “distress tolerance.”
But exercise, she has found, is crucial. She rides a stationary bike
while chatting with friends via Skype. “It’s fun,” she says. “All of
these help me on the path to healing.”

Still, for Margolis, Droge-Young, and millions of others with
depression, some questions remain.

For instance, how long does the mood boost from exercise last?
In a 2010 meta-analysis and systematic review of 13 randomized
trials, a Danish team concluded that exercise is primarily a short-



term remedy, which means that, to keep feeling better, you have to
keep exercising regularly.

It’s also been unclear whether seriously depressed people will
stick with an exercise program. But a 2015 meta-analysis of 40
randomized trials by researchers from the United Kingdom,
Belgium, Australia, Italy, and Brazil found that the dropout rate for
depressed people in exercise trials was actually lower for those
assigned to exercise than those in control groups.

Yet another issue is whether there’s an optimal time of day for
exercise to produce the biggest antidepressant effect. It’s still an
open question, but evidence suggests exercise later in the day
works best for depression.

As for what’s most important to get the anti-depressive effect of
exercise: frequency, duration, or intensity? It’s frequency, at least
until exercise habits are well-established.

As for the most important practical question, how much exercise
does it take to effectively treat depression? That is still a somewhat
open question.

Some studies suggest that just 30–45 minutes three times a week
may be enough. Others suggest a bit more, three to five 45–60-
minute sessions a week of moderately intense aerobic exercise.
Still others recommend high-intensity interval training, or HIIT.

The bottom line, though, is clear: “Exercise is medication,” as
Cotman of the University of California, Irvine, puts it. “Basically,
you have to keep taking it on a regular basis—at least three times a
week, for at least half an hour per time.”



CHAPTER 10

It Takes Guts: Exercise and the Microbiome

BURLY IRISH LADS

They were burly, young lads, members of a professional Irish
rugby team—perfect physical specimens, exactly what the
researchers needed for the first study of its kind in humans. The
researchers, from the Teagasc Food Research Centre in Ireland,
were interested in, well, the men’s poop.

With a little coaxing, the athletes agreed to supply the necessary
material, along with some blood. They also agreed to be
interviewed by a nutritionist about their diets, to keep daily logs of
what they ate, to get DEXA (a type of X-ray) bone scans, and to
have their waist-hip measurements recorded.

The researchers also recruited two groups of non-athletes to
serve as controls: one group, men who were reasonably active, was
matched for size and BMI (body mass index) with the husky
athletes; the other was also reasonably active but had higher BMIs.

The researchers’ hunch, triggered by previous research in
animals, was that healthy bacteria in the athletes’ guts would be
more plentiful and diverse than the bacteria from the control
groups. Large, diverse communities of bacteria, viruses, fungi, and
other microbial life that live in the gut are increasingly recognized
as a key marker of human health. What nobody knew yet was
whether exercise could increase the vigor of these microbial
communities, or at least be correlated with it.



In 2014, the Irish team reported its findings. Sure enough, at
least according to relatively simple tests, the athletes had
significantly more diverse bacteria than the other two groups,
including higher levels of a bacterial family named Akkermansia,
which has been linked with a lower risk of both obesity and chronic
inflammation.

What the researchers couldn’t tell was how much of a role the
athletes’ diet also played. The rugby players tended to eat more
protein, especially whey protein, than the control groups, and
protein is known to correlate with microbial diversity.

In subsequent, more sophisticated tests published in 2017, the
researchers discovered even greater differences in the microbes
living in the guts of athletes compared to the control groups,
though it was still unclear how diet fit in. In ongoing studies,
they’re now trying to see if people who start out in sedentary
lifestyles improve their microbial diversity if they start going to the
gym and eating more protein.

To be sure, it’s long been known that exercise has multiple
effects on the GI (gastrointestinal) tract, including the fact that
intense exercise reduces the amount of time fecal material stays in
the system, a substantial benefit since this minimizes the amount of
time that potentially carcinogenic compounds can penetrate deeper
into the system. When transit time gets too short, though, the result
can be the non-beneficial, and definitely not popular, phenomenon
dubbed “runner’s diarrhea.”

But that’s old news for today’s researchers. The hot topic now is
what effects exercise—separate from diet—may have on the
microbiome.

MICROBES MATTER



Until recently, if we bothered to think at all about the bugs living in
our guts, noses, mouths, vaginas, and other intimate nooks and
crannies, it was only when those bugs made us sick—at which
point we zapped them with antibiotic, antiviral, or antifungal drugs
and went merrily on our way.

Now, thanks to new research, things are more complicated. And
that’s a good thing. We now know that in addition to the “bad”
microbes that make us sick, there are trillions of “good” bacteria,
fungi, viruses, and other tiny critters inside us that keep us healthy.
These microbes evolved along with us over the eons; some
estimates say the microbes outnumber mammalian cells by about
10 to one. Others suggest it’s closer to one to one. Regardless of
their numbers, they play a major role in our immune system,
digestion, and overall health.

Collectively, these microbes are called the microbiota. Their
genes comprise the microbiome. It’s not just humans who live in
close proximity to these bacteria, by the way. All living creatures
do. Microbial communities are also found in a number of
environmental niches, including the soil, seawater, and glacier ice.

The microbiome is now deemed so important for health that,
more than a decade ago, the National Institutes of Health kick-
started research into the human microbiome, documenting, among
other things, that each of us carries thousands of species of
microbes and millions of microbial genes within us. By 2016, that
initial investment had led to the $121 million government-wide
research project called the National Microbiome Initiative. This
effort is also supported by private funding, including the Bill and
Melinda Gates Foundation, which is investing $100 million over
four years.

Scientists and doctors have become so conscious of the
microbiome’s role in human health that they’re more cautious than
ever about antibiotics, which indiscriminately wipe out hordes of



beneficial as well as harmful bacteria, much as herbicides destroy
weeds and desirable plants—the entire garden.

A healthy microbiota has been shown to play a key role in
providing energy, producing vitamins, nutrients, and a strong
immune system. By contrast, a poorly functioning microbiota, or
one with less microbial diversity, has been linked with a number of
diseases, including ulcerative colitis, Crohn’s disease, colon cancer,
diabetes, cardiovascular disease, allergies, asthma, eczema, and
autism, although these links are correlations, not cause and effect.
Indeed, a low-diversity microbiome is strongly linked to nasty
colon infections with the Clostridium difficile bacterium.

Poor microbial functioning is also linked to metabolic syndrome
—a cluster of conditions including high blood pressure, insulin
resistance, large waist, and abnormal cholesterol levels that raise
the risk of heart disease, stroke, and diabetes. The gut microbiome
is different between obese and lean people, too, with less microbial
diversity in obese people.

Aging significantly changes the gut microbiota, too, making it
less vibrant and diverse. Older microbiota have been shown to
promote intestinal permeability and systemic inflammation.

In fact, researchers have found that the more frail an older
person is, the more likely it is that the gut microbiota has low
diversity. Older people living in long-term care facilities tend to
have even less microbial diversity than older people still living in
the community.

On the plus side, it’s clear that people (and animals) with
abundant, varied gut microbes are healthier, are less prone to
obesity, and have better immune systems than those with less
diverse microbiota. The gut microbiota is now deemed so crucial to
health that it’s been dubbed the “forgotten organ,” comparable in
metabolic importance to the liver.



Probing the exercise–microbiome connection is tricky in part
because our live-in microbes are such an amazingly diverse bunch.
Not only is each person’s microbiota distinct from another’s, but
each part of the body—gut, nose, skin, mouth, vagina—has its own
distinct community of bugs. In one forensic study, scientists
examining bacteria left on computer keys were able to determine
which person had touched the keys.

One of the most intriguing aspects about our microbiota is where
it comes from: Mom.

Babies acquire their first microbes during birth, as they pass
through the mother’s vaginal microbiota. For that reason, babies
born vaginally have higher gut bacterial counts than babies born by
cesarean section, which turns out to be a significant advantage. The
inherited microbiota helps babies develop better immune systems
and lower risk for a number of diseases, including asthma.

Such is the importance of these microbes to newborns that
babies born by C-section are sometimes given microorganisms
artificially. That’s exactly what Rob Knight, a microbiome expert at
the University of California, San Diego, did when his daughter was
born by emergency C-section. He and his wife took samples of her
vaginal microbiota and spread them on their baby’s skin, ears, and
mouth, the sites that would have taken in these microbes had it
been a vaginal birth.

And it’s not just the vaginal microbiota that’s good for babies.
Breast milk has its own, separate microbiota. In fact, breast milk is
not so much food for the baby per se as “the sugars in breast milk
are food for the baby’s developing microbiome,” says Lita Proctor,
director of the Human Microbiome Project at the National
Institutes of Health.

In recent years, scientists have been teasing apart the myriad
ways in which this elaborate microbial system influences health.
One of the most important is that the microbiota “teaches” our



immune systems to recognize friend and foe and to temper its
reactions appropriately. For example, if you are exposed to a
potential pathogen like salmonella, it’s important that the immune
system recognize and get rid of the bug; but it’s also important that
the immune system not over-react to normal microbes living in a
healthy gastrointestinal tract, lest we end up with frequent
inflammation and disease.

The gut, though we don’t often think about it this way, is one of
the first places where things from the outside world—food as well
as toxins—meet the inner world of the body. It’s there, deep in our
guts, that immune cells have to learn to tell the good guys from the
bad guys. Indeed, the gut microbiota regulates not only local
intestinal immune function, but systemic immune function as well.

The microbes in our gut also help regulate hormones, damp
down inflammation, and generally keep the metabolism humming
smoothly. And, strange as it may seem, the microbes in the gut are
part of what’s known as the gut-brain axis, a two-way link
involving hormones and nerve signals that connects the central
nervous system, the gastrointestinal tract, and the enteric nervous
system. (The enteric nervous system, dubbed “the second brain,” is
a web of nerves that controls the gut.)

The gut microbiota is actually seen today as an endocrine organ,
which secretes hormones and other chemicals that travel into the
bloodstream and act in distant parts of the body, including the
brain. Perhaps that’s why microbes in the gut have been shown to
influence emotional behavior, mood, stress and pain responses, and
neurodevelopmental disorders such as autism. Irish researchers
have even shown that the microbiota has a role in the regulation of
fear responses by acting on the amygdala, a fear center in the brain.

More obviously to most of us, the gut microbiota is essential for
digestion. Our human genome contains genes for only about 20
digestive enzymes, which means we have to rely on enzymes made



by gut bacteria to digest much of our food. Gut bacteria, especially
the strain called Bifidobacterium, also make important vitamins,
including vitamin K, B12, biotin, folate, and thiamine.

Gut bacteria also make important short-chain fatty acids by
fermenting dietary fiber. Some fatty acids travel to the lungs, where
they provide protection against allergic inflammation. The short-
chain fatty acid butyrate travels to the blood–brain barrier, where it
helps maintain the barrier’s integrity. (The blood–brain barrier is a
membrane that keeps blood from the circulation from entering the
brain.)

Given that gut bacteria are so important for digesting food, it’s
no surprise that changing one’s diet has a huge effect on the gut
microbiota. (Artificial sweeteners, by the way, change the gut
microbiota in potentially dysfunctional ways, though more research
is needed.)

If you eat mostly protein and animal fat, your gut will have a lot
of bacteria called Bacteroides. If you eat more fiber and
carbohydrates, on the other hand, your gut will be dominated by a
different bacterium, Prevotella. (Healthy people in general tend to
have lots of Bacteroides and Firmicutes.) For bacteria living in our
guts, dietary fiber from fruits and vegetables is the best diet of all.
The more fiber available, the more the bacteria chomp happily
away, keeping the microbiota flourishing.

Nowhere is this more apparent than in studies comparing
traditional, rural people with those who live in fruit-poor, fiber-
poor Western cultures. In one clever study by researchers from the
University of Helsinki and others from the United States, Europe,
and South Africa, a group of African-Americans who normally ate
a lot of animal protein, fat, and very little fiber were switched to the
low–animal protein, low-fat, high-fiber diet typical of rural
Africans, and a group of rural Africans were switched temporarily



to the American diet. The microbiomes of both groups changed
markedly—in a healthy direction for those switching to a high-fiber
diet, and in an unhealthy direction for those decreasing their fiber.

In another fascinating study, researchers from Stanford
University examined the microbiota of the Hadza, a group of about
1,300 hunter-gatherers in western Tanzania near the Serengeti.
Their microbiota changes starkly with the seasons, as their food
supply changes. The year-round staple of the Hadza diet is fruit
from the baobab trees. But in the dry season, when it’s easier to
hunt, they eat a lot of animals and dig for tubers. In the wet season,
they live on berries and honey from beehives, and their microbiota
changes accordingly. Overall, the Hadza microbiota has been
shown to be significantly more diverse than that of people in a
control group in Italy.

PROBIOTICS, PREBIOTICS, AND, LESS APPEALINGLY, FECAL
TRANSPLANTS

Let’s get the ick factor out of the way right off the bat.
One approach to a healthier microbiota is fecal transplantation,

that is, artificially introducing microbiota from one person to
another. This technique is used to treat diseases, most notably the
bacterial infection called Clostridium difficile. Fecal transplants are
done through tubes down a patient’s throat or via enemas, and in
the future, probably by pills—not a pleasant thought.

Far more pleasant are probiotics and prebiotics. Probiotics are
supplements containing various strains of beneficial bacteria.
Prebiotics are nutrients that support the growth of beneficial gut
bacteria. Researchers are exploring both as ways to create healthier
gut microbiota.

Though widely hyped in the press, probiotics had not until
recently been shown to produce clear health benefits, aside from



assuaging irritable bowel syndrome and, in a study of athletes,
reducing the number of sick days. But that is changing, bolstered
by studies like a dramatic 2017 experiment in India.

Indian physicians had long been concerned, especially in rural
areas, about sepsis, a serious infection of the blood that kills a
million newborns a year worldwide. The researchers gathered
4,556 healthy infants and randomly gave some, but not others, an
oral probiotic containing Lactobacillus plantrum. Stunningly, they
achieved a 40 percent reduction in sepsis among the babies getting
the microbiota boost—impressive, to say the least. But exercise
matters, too.

EXERCISE AND THE MICROBIOTA

In animals, University of Colorado researchers have demonstrated
that exercise pays off, if started early. After six weeks of exercise,
the Colorado team found, juvenile rats wound up with healthier gut
microbiota—and a higher likelihood of being lean—than rats that
only exercised as adults.

Other researchers have shown that in rats allowed to run
voluntarily, exercise improves gut microbiota, in particular
increasing short-chain fatty acids. Still other researchers have
shown that exercise can change the gut microbiota no matter what
kind of rat they studied—skinny rats, fat rats, even hypertensive
rats. Not surprisingly, mice benefit, too.

More important, in 2016, a study of 39 healthy people with
varying levels of cardiorespiratory fitness showed that higher
fitness was correlated with increased microbiota diversity and
increased levels of the short-chain fatty acid butyrate.

In 2017, Spanish researchers reported on a study of 40
premenopausal women in which they compared the gut microbiota
of women who were at least minimally active with the microbiota



of those who were sedentary. Overall, exercise was not linked, as
the team had hoped, to better microbiota in active women. But it
did promote the bacterial strains known to be the most important
for health.

And here’s the most impressive finding so far.
Researchers at the University of Illinois at Urbana-Champaign

set out to see if they could separate the effects of exercise and those
of diet on microbiota in mice and people. In the human experiment,
they designed a study that involved tracking 32 men and women
who were not regular exercisers.

Half of the people were obese and half were of normal weight.
The researchers took blood and fecal samples and tested each
person’s aerobic fitness. They then put all the volunteers into
supervised exercise workouts of gradually increasing intensity and
duration. All the volunteers were asked not to change their diets.

The tests were repeated six weeks later, then another six weeks
later. Everybody’s microbiome changed to some extent, with some
microbial genes increasing in activity, and others decreasing.
Importantly, exercise increased the microbes that make short-chain
fatty acids (in particular, butyrate) that are crucial for reducing
inflammation both in the gut and in the rest of the body. The
biggest increases were in people who were lean to start with.

The crucial take-home lesson is this: Exercise alone, without
dietary changes, can alter gut microbiota. Even just a few weeks of
exercise can change the microbiota in a positive direction.

Quitting exercise, sad to say, wipes out these beneficial effects.



CHAPTER 11

Immunity, Inflammation, and Exercise

THINK GOLDILOCKS—OR MAYBE NOT

Let’s cut to the chase. Exercise, done regularly and in moderation,
is terrific for the immune system. It reduces chronic inflammation,
an underlying cause of aging and many conditions including
diabetes, heart disease, atherosclerosis, and arthritis. It also protects
the immune system from being suppressed by mental and physical
stress. Too little exercise, on the other hand, is linked to more
inflammation and poorer immunity.

To scientists, this fits a classic J-shaped curve. Moderate
amounts of exercise are linked with better immune function, and
extreme amounts (very high or very low) have been linked with
worse—kind of like Goldilocks.

All this makes intuitive sense, in part because healthy immune
function is a system in balance: too weak an immune response to a
germ and you wind up sick. But an excessive response is the
underlying problem with allergies and autoimmune diseases, in
which immune cells attack the body’s own tissues.

“What you want is an optimal, robust but not exaggerated
immune response,” says Monika Fleshner, a professor of
integrative physiology at the University of Colorado. Young
people, whether they exercise or not, have pretty good immune
responses—adequate but not excessive. Unfortunately, she says,
older people tend to have poorer immune function.



The notion of a nice, neat J-shaped curve is intuitively appealing.
But new research is throwing a monkey wrench into this
formulation. It turns out that the idea that too much exercise—like
training for or running a marathon—suppresses immune function
and raises the risk of infection may not be true. This long-standing
dogma, as we’ll see in a moment, is now under attack.

The first hint that there even was such a thing as immunity came
with the Greek historian Thucydides, who survived the plague of
Athens (430–426 bc). He looked around at the survivors and
wondered why people who survived the epidemic could nurse the
sick without getting sick again themselves. Something about
having had an infection, he reasoned, must be protective.

But it would be centuries before physicians began to unravel the
complexities of the immune system, much less think about
potential links between exercise and immune function. It wasn’t
until the 20th century, for instance, that doctors began wondering
why some elite athletes seemed to get sore throats around the time
of competitions. It took even longer to document that immunity
declines with age, a process called immunosenescence, and longer
still to realize that exercise may attenuate this process.

Today, the field of exercise immunology has exploded, with
more than 2,000 scientific papers published just since the formation
of the International Society of Exercise and Immunology in 1989.

In this chapter, we’ll focus first on exercise and inflammation,
then on the benefits of exercise beyond reducing inflammation, and
finally, on the mechanisms that produce changes in immune
function with exercise and how these may—or may not—influence
susceptibility to infection.

BOX 11.1 PLAYING DEFENSE



The immune system is a network of defenses against invading
microorganisms. It’s not the only defense—the skin, and even
eyelashes, act as mechanical barriers to invaders. Mucous
membranes, saliva, tears, and respiratory membranes also flush
out invaders. Stomach acids kill pathogens in food.

But once an invading organism makes it past those barriers,
it’s up to the immune system, whose cells are made in the bone
marrow, to do battle.

The first step is activation of the innate immune system. This
is a generalized, non-specific response—carpet bombing, not
sniper fire. It’s immediate and doesn’t confer long-lasting
immunity, as vaccinations do.

It starts with inflammation. Cells of the innate immune system
that respond to tissue damage from pathogens release chemicals
called cytokines that attract blood to the area, making it red,
swollen, painful, and hot. Inflammation can occur with or
without infection, that is, without any pathogens present, as
happens with autoimmune diseases.

The innate immune system involves many types of white blood
cells (leukocytes), including macrophages, mast cells,
neutrophils, eosinophils, basophils, natural killer cells,
dendritic cells, and something called complement (proteins that
work with other parts of the immune system).

Dendritic cells link the innate immune system to the fancier
part of the immune system, the “adaptive” or “acquired”
immune response. First, a pathogen is gobbled up by an
immature dendritic cell. The cell then places antigens (specific
markers) from the invader onto its outside membrane, showing
it—like a sommelier presenting a fine wine—to white cells
called T cells. At this point, the dendritic cell becomes an
antigen-presenting cell.



The T cells then recruit B cells, each of which is genetically
endowed with receptors that can spot one specific antigen. This
means that, collectively, B cells are capable of recognizing
millions of different antigens.

When a B cells spots the antigen it is capable of recognizing,
that B cell makes antibodies against that antigen, and then
copies itself in the next few days (clonal expansion), creating a
huge pool of B cells that can now make antibodies against that
particular invader. This adaptive immunity is also what happens
with vaccination, or when you fight off an infectious disease. It’s
also the basis for immunological “memory.”

With acute exercise, the first response is a big burst of
neutrophils, followed by a second, slower increase. Other
immune cells rise a few hours after acute exercise, too,
including monocytes and natural killer cells.

INFLAMMATION

The link between exercise and inflammation is complex. But it’s
clear that there are several interconnected pathways by which
exercise damps down harmful, chronic inflammation. In essence,
exercise shuts down inflammation after it has accomplished its
beneficial effects and before it becomes chronic and harmful.

The take-home lessons are clear: Aerobic exercise provides the
biggest anti-inflammatory effects, though resistance training helps,
too. The ideal prescription, as a major, 10-year study showed, is to
make exercise a permanent part of daily life. You don’t have to kill
yourself in the process: Even one 20-minute session of moderate
exercise can produce anti-inflammatory effects.

In a nutshell, inflammation, which is primarily part of the innate
immune system (see Box 11.1), is both good and bad. It’s good
when it’s localized and short term, as when resistance training



causes micro-tears in muscle cells. In this scenario, inflammation
helps heal those tears, which helps muscle cells get bigger and
stronger. Inflammation is bad when it doesn’t shut off—when it
becomes chronic and systemic, occurring all over the body.

(For the record, exercise can sometimes cause problems not by
depressing the immune system, but by revving it up too much, as
with exercise-induced asthma, a narrowing of the airways. In rare
but dramatic cases, exercise can even trigger anaphylaxis, a
potentially life-threatening allergic reaction.)

The first, and most obvious, link between exercise and
inflammation is that exercise helps prevent obesity. Fat tissue,
especially visceral fat—the deep adipose tissue that surrounds
organs—used to be thought of as an inert lump. But visceral fat is
now known to be highly active metabolically.

“When people gain weight,” says Connie Rogers, associate
professor of nutritional sciences and physiology at Penn State
University, “their adipose tissue swells and gets bigger.” As
visceral fat cells swell, some of them rupture—in essence, creating
a kind of injury.

As with other injuries, the immune system quickly swings into
action, sending immune cells called macrophages to the area.
There, macrophages do two things—they not only repair the tissue
damage, but also pump out pro-inflammatory cytokines, molecular
signals that trigger inflammation all over the body.

The cascade of unhealthy events goes like this: Physical
inactivity (sedentary behavior) leads to increased visceral fat
accumulation, which leads to chronic systemic inflammation,
which leads to insulin resistance (a precursor of diabetes),
atherosclerosis, neurodegeneration, and even tumor growth. In
other words, sedentary behavior, by raising the risk of chronic
inflammation, raises the risk of all the diseases linked to
inflammation. Indeed, compared to folks who exercise regularly



and moderately, couch potatoes are clearly more prone to
infections.

Consider one of the main consequences of inflammation: insulin
resistance, which is triggered by an increase in inflammatory
molecules, including a pro-inflammatory cytokine called TNF-
alpha. In obese people, cells in fat tissue secrete too much TNF,
which changes a signaling pathway inside cells that results in
insulin no longer being effective. This means that sugar gets left in
the bloodstream. “In essence,” says University of Memphis
assistant professor of nutrition Brandt Pence, “TNF messes up the
signaling, which leads to insulin resistance, a precursor of
diabetes.”

Exercise helps prevent chronic inflammation in a number of
ways—by increasing adrenaline, cortisol, growth hormone, and
other factors that modulate the immune system. It also directly
triggers an increase in anti-inflammatory cytokines. Indeed,
evidence of the direct, anti-inflammatory powers of exercise—and
the pro-inflammatory effects of sedentary behavior—has been
pouring out of research labs for the last two decades.

In 2001, a study of nearly 6,000 men and women aged 65 or
older found that the most active had dramatically lower levels of an
important inflammatory marker called C-reactive protein, or CRP.
In 2002, a study of 3,638 middle-aged men and women similarly
found that those who exercised regularly had substantially lower
CRP than sedentary folks.

That same year, researchers analyzing US government data on
nearly 14,000 adults again found that the less people exercised, the
higher their C-reactive protein. This pattern—more exercise, lower
CRP levels; less exercise, higher CRP—has held up consistently,
among older as well as younger people. It doesn’t take much
exercise to get the benefit—moderate activity for just 2.5 hours a



week can keep CRP in the healthy range, regardless of a person’s
weight.

Even in people who already have inflammatory-based conditions
like type 2 diabetes and coronary artery disease, exercise can help
control that chronic inflammatory state. In fact, the anti-
inflammatory effect of exercise on CRP may be as good as or even
better than medications.

Italian researchers, for instance, wondered what an exercise
intervention could do for people with type 2 diabetes and metabolic
syndrome. (Metabolic syndrome is a dangerous cluster of problems
including high waist circumference, high triglycerides, low HDL
[“good” cholesterol], high blood pressure, and high blood sugar.)

They randomized 82 patients into an exercise group or a no-
exercise control group. The exercisers achieved significant
decreases in CRP and other inflammatory markers, whether or not
they lost weight. The effect was strongest in people who combined
high-intensity aerobic training with resistance exercise, as other
research confirms.

In another study, Brazilian researchers gathered 34 people with
coronary artery disease who had not been exercising. (Arterial
disease occurs when white blood cells in artery walls become
chronically inflamed.) At the outset, the researchers put the patients
through a 50-minute bout of reasonably strenuous exercise on a
stationary bike, then measured their CRP and other inflammatory
markers. The markers rose sharply.

The researchers then randomized the patients to a four-month
regular exercise program or general lifestyle recommendations.
After that, all the participants had another 50-minute cycling test.
Those in the exercise group were superstars—their inflammatory
response was nice and low. But the non-exercisers pumped out high
levels of inflammatory proteins, just as before.



All this becomes even more important as a person ages. Luckily,
exercise turns out have its most dramatic anti-inflammatory effects
in older people. Indeed, in a systematic review of 13 randomized
controlled studies of exercise interventions in sedentary people,
Irish researchers found that the biggest and most consistent anti-
inflammatory benefits were in older people.

BOX 11.2 EXERCISE FOR A YOUTHFUL IMMUNE SYSTEM

Consider this hardy bunch of British cyclists, aged 55–79.
These riders, male and female, had been active all their lives,

cranking out about 400 miles a month, though none of them was
a competitive athlete. The researchers began by studying
cognitive and physical attributes of the cyclists and compared
the results to those of sedentary older people and to young folks.
In that 2014 study, the team found that the cyclists had reflexes,
memory function, balance, and general metabolic health more
similar to 30-year-olds than to sedentary older people.

But the researchers didn’t stop there. They embarked on
another round of research to look in more detail at the older
cyclists’ muscle cells and immune function, specifically T cells,
a major infection-fighting component of the immune system.

In the older, sedentary people, the researchers found, the
thymus gland pumped out only low quantities of T cells. But in
the cyclists, the thymus gland was as active as ever, pumping out
almost as many new T cells as in younger people. Since, as we
saw in Chapter 6, contracting muscle cells put out hormones
that protect the thymus, this may be one reason why exercise
keeps T cells—and the immune system in general—functioning
well.



In other words, exercise can make an old immune system
young, including allowing older people to generate better
responses to vaccinations. It protects against the damaging
effects of stress, too.

And consider these American folks.
In a paper published in 2004, Colorado physiologist Fleshner

put humans through the same protocol that had already been
shown effective in rats. First, she recruited 46 men: Some were
young (aged 20–35), and of these, some were physically active
and some sedentary; the other men were older (aged 60–79),
and some of these were active and some sedentary.

Fleshner then gave all the men shots of a substance dubbed
KLH, a protein known to trigger immune responses in lab tests,
but a substance that most people would not have encountered in
real life.

The result? The young men, as expected, all had optimal,
healthy immune reactions to the novel substance—they made
appropriate numbers of antibodies but did not have an
excessive, runaway immune response. But older men who
exercised had immune responses just as good as the younger
men. Only the sedentary older men had poor immune responses.

In 2008, Fleshner and researchers from the University of
Illinois at Urbana-Champaign carried the idea further. They
took 50 previously sedentary people in their 60s or older and
randomly assigned them to either moderate aerobic exercise or
simple stretching. Eight months later, they gave all the
volunteers injections of KLH. The older folks who received
exercise training had markedly robust levels of key antibodies.
Those who received flexibility training did not.

EXERCISE VERSUS INFLAMMATION



For years, scientists were baffled about the mechanisms by which
exercise exerts its effects on inflammation. Today, they have
important new clues.

Researchers now know that the cytokines that are triggered by
infection are different from cytokines induced by exercise.
(Cytokines, as we noted earlier, are small proteins made by
immune cells that carry signals from one cell to another, ramping
up or down immune response.)

With infection, especially bacterial infections, the immune
system pumps out both anti- and pro-inflammatory cytokines,
chemicals with clunky names like TNF-alpha, IL-1B, IL-Ira, TNF-
R, IL-6, and IL-10.

With exercise, by contrast, not only do pro-inflammatory
cytokines like TNF-alpha and IL-1B not go up, but IL-6 goes up,
then rapidly declines. In essence, exercise damps down the
cytokines that increase chronic inflammation, and boosts those that
suppress it. Put differently, exercise improves our responses to
infection and facilitates the resolution, that is, the shutting off, of
the inflammatory response, says Fleshner of Colorado.

Let’s pause here for a fascinating, albeit geeky, moment.
A major player in the inflammatory response is IL-6

(interleukin-6), which is both a pro-inflammatory and an anti-
inflammatory cytokine and is made by both immune and muscle
cells. When triggered by infection, IL-6 is produced largely by
immune (not muscle) cells and is pro-inflammatory. When
triggered by exercise, IL-6 comes mostly from muscles and reduces
inflammation.

In essence, IL-6 is a double agent. If chronically elevated, it is
linked to bad outcomes such as obesity, diabetes, cancer,
neurodegenerative problems, and depression. But when released
short term from muscles during exercise, IL-6 boosts anti-
inflammatory cytokines and speeds healing. Exercise-induced IL-6



also helps destroy fat, which independently reduces chronic
inflammation.

In a dramatic study of IL-6, Danish researchers asked male
volunteers to rest, ride an exercise bike for three hours, or get
infusions of IL-6. All were given a substance called LPS, which
comes from bacteria such as E. coli and signals the immune system
that a pathogen is present. This signaling triggers a low-grade
inflammatory cytokine response. In the resting state, volunteers
produced high levels of pro-inflammatory TNF-alpha in response
to the LPS. But with exercise, this inflammation was blocked, a
clear demonstration of exercise’s anti-inflammatory effect.

In a different Danish study in mice, researchers showed that
exercise can suppress cancer growth by activating IL-6, along with
adrenaline.

Of course, it’s not only IL-6 that is affected by exercise. Exercise
has other ways of reducing inflammation. Exercise reduces
markers on immune cells called toll-like receptors. Their job is to
signal immune cells that pathogens are present and trigger an
inflammatory response. Exercise reduces these receptors, which
lowers production of pro-inflammatory cytokines.

Exercise also raises levels of a protein called PGC-1 alpha. PGC-
1 alpha is best known for driving creation of new mitochondria.
But it also damps down chronic inflammation. Exercise also boosts
proteins called MAPK and NF-kB, which are linked to
inflammation. And it can have beneficial effects on the microbes in
the gut, the microbiota.

THE DEBATE

For years, scientists have thought that extreme amounts of exercise
could suppress the immune system. After all, competitive athletes
often complain of sore throats, prompting concern that there could



be an “open window” of vulnerability to infection after strenuous
exercise, a time when the immune system seemed to dip.

This window was thought to be about three to four hours, but
potentially, a week or more. Even more depressing for extreme
athletes, there seemed to be a high risk of getting an infection at the
worst possible time—right around an ultra-marathon.

Genetics may explain some of this supposed excess of sore
throats among competitive athletes, in particular a genetic
predisposition to produce more pro-inflammatory cytokines. And
some research has showed that prolonged, intense exercise such as
marathon cross-country ski races can decrease levels of an immune
component found in saliva called IgA. This, researchers thought,
might explain a higher prevalence of respiratory infections in elite
athletes.

But in the last several years, exercise immunologists began
taking a closer look at this window of vulnerability and sore throats
in heavy exercisers. It has turned out that many athletes
complaining of sore throats didn’t have infections at all. They had
localized swelling and scratchiness, probably caused by breathing
hard and inhaling irritating particles.

In 2018, the putative link between strenuous exercise and
immune suppression was challenged further by researchers in Bath,
England, who reviewed studies in both humans and rodents. At
least in rodents, the Bath team found, immune cells don’t die off
after intense exercise, as had been thought, but migrate into the
bloodstream and on to peripheral tissues, a potential infection-
fighting benefit. (It’s not known whether this migration happens in
humans.)

The Bath team also concluded that rather than suppressing
immunity, an acute bout of exercise improves immune
“surveillance,” the detection system by which immune cells are on
high alert for bacterial and viral invaders. The team also concluded



that even a single bout of exercise enhances the body’s response to
vaccination, prompting their conclusion that people should not fear
that exercise will suppress their immune systems.

Perhaps most important for most of us, the Bath team found that
it is a “misconception to label any form of acute exercise as
immunosuppressive” and that “exercise most likely improves
immune competency across the lifespan”—to which we can only
say, Amen.



CHAPTER 12

Exercise and Cancer

FINDING THE LUMP

Five days before Christmas in 2015, Marcia Bailey, a 54-year-old
ordained American Baptist minister and assistant professor at
Temple University, went for a routine gynecology appointment, just
another “to do” notation in the calendar that tracked her busy life.

During the academic year, Bailey teaches undergrads to think
critically, using ancient and modern literature to get them to
analyze statements and take apart arguments. She’s also a
“transitional minister,” working with church congregations in the
midst of changing ministers, with all the complicated feelings of
loyalty, anger, and trepidation that such changes engender: “I am
there to help them put their past in perspective and help them
envision the future with the new person.”

Married for more than 30 years—“to the same person,” she adds,
“you have to say that these days”—she has three grown children,
all in their 20s. Life was—and still is—full. But—“My doctor
found a lump,” she says matter-of-factly. Four days later, it was
confirmed as breast cancer, Stage II. Then came chemotherapy for
six months, then a lumpectomy, then radiation—the nightmare
familiar to so many people with cancer.

“The chemo was supposed to help shrink the tumor. It wasn’t
effective, but they were able to do a lumpectomy anyway,” she
says. The tumor turned out to be invasive in some parts and



noninvasive in others, with tentacles that reached out from the
center: “They couldn’t find the ends of those.”

Bailey is done, at least for the moment, with standard treatment
and has turned her energies to doing everything she can, most
notably exercising and losing weight, to increase her chances for
survival. She has lost 35 pounds, down from 170 when she was
diagnosed, and says she feels “amazing.”

Inspirational, for sure. Yet Bailey is also part of a gathering
storm of people whose lives have been turned upside down by
cancer.

Worldwide, more than 14 million people like Bailey were newly
diagnosed with cancer in 2012, the latest year for which figures are
available. More than 8 million died. And it’s getting worse. In
2030, almost 22 million people are expected to receive a cancer
diagnosis. And 13 million will die.

To be sure, some of this dramatic increase is due to the
worldwide growth of the aging population. And some of it is just
plain bad luck—random errors in DNA as stem cells replicate. But
much of it, the American Cancer Society says, stems from our
unhealthy Western lifestyle—smoking, bad diets, and, no surprise
here, an appalling lack of exercise.

In Europe alone, an estimated 165,000–330,000 cases of six
major cancers could have been prevented in one year alone by
sufficient exercise. Worldwide, an estimated 25 percent of all
cancers are caused by being overweight or obese and having a
sedentary lifestyle, according to the International Agency for
Research on Cancer (IARC), part of the World Health
Organization.

Even sitting for too many hours a day can raise cancer risk,
despite regular exercise. (See Chapter 3.) And that is particularly a
problem for women. In a large study of 69,260 men and 77,462
women, the more time women spent sitting, the higher the overall



risk of cancer, especially multiple myeloma and breast and ovarian
cancer.

The flip side of all this—the good news—is that exercise can
substantially lower the risk of getting cancer in the first place, can
reduce fatigue and improve quality of life if you already have
cancer, and, perhaps most important, can lower the risk of
recurrence and boost chances of survival.

A caveat here, though. There’s a strong association between
exercise and cancer risk reduction, but so far, it is just that—an
association, not proven cause and effect. It’s possible that people
who exercise also eat better, weigh less, are more compliant with
their medications, and are generally healthier overall—the “healthy
person” effect.

In this chapter, we’ll highlight the evidence for the links between
exercise and cancer and, in the last section, explain the biochemical
reasons why exercise can be so beneficial.

EXERCISE AND THE RISK OF GETTING CANCER

In the spring of 2016, an international team of researchers released
findings from the largest-ever study of exercise and cancer risk—a
study so big it allowed, for the first time, an assessment of the
benefits of exercise for preventing not just the most common
cancers, but for less common cancers as well.

Prior to this research, hundreds of studies had shown the benefits
of exercise for reducing the risk of breast, colon, and endometrial
cancer. But studies on other cancers had involved too few people to
draw firm conclusions.

For the massive 2016 study, researchers pooled data from 1.44
million men and women aged 19–98 to examine the link between
moderate to vigorous exercise and the risk of 26 different types of



cancer. (The exercise included walking, running, swimming—at
least 150 minutes a week.)

When the study started, none of the participants had cancer. By
the end of the follow-up period—a median of nine years—nearly
187,000 did. The 32-person research team was a blue-ribbon group
from the National Cancer Institute, the American Cancer Society,
and academic institutions in the United States, Norway, Sweden,
and France.

The results were crystal clear. Higher levels of exercise were
linked to lower risk of 13 types of cancer. For seven of these
cancers (esophageal, liver, lung, kidney, stomach, endometrial, and
myeloid leukemia), regular exercise reduced cancer risk by 20
percent or more. For all kinds of cancers combined, higher levels of
exercise reduced risk by 7 percent.

Close on the heels of that landmark study, another large
international effort led by a team from Harvard Medical School
reported their findings on nearly 90,000 women and more than
46,000 men, all participants in the Nurses Health Study and the
Health Professionals Follow-up Study, respectively.

In this study, the researchers lumped exercise together with other
lifestyle variables—not smoking, drinking moderately, and being of
normal weight. The results? Between 20 and 40 percent of cancer
cases and half of cancer deaths could potentially be prevented by
lifestyle modifications.

In yet another large study, this one involving 79,000 Japanese
men and women, daily physical exercise was again linked with a
significantly decreased cancer risk in both sexes, though exercise
seemed to benefit women more.

Overall, the link between exercise and reduced cancer risk seems
to be dose-dependent—the more exercise you do, the better your
chances of escaping cancer. Curiously, though, exercise has
different protective effects for different cancers. There is strong



evidence for the protective effects of exercise for breast and
colorectal cancer, for instance, but less strong evidence for prostate,
endometrial, and lung cancer.

With colorectal cancer, some research suggests that 12–14
percent of cases could be avoided with regular, vigorous exercise.
But the benefit may actually be bigger. A 2009 meta-analysis,
which pooled data from 52 epidemiological studies, found that the
most physically active people had a 24 percent lower risk of colon
cancer than the least active. Interestingly, the exercise benefit is
stronger for colon cancer than for rectal cancer. One possible
reason is that physical activity reduces the amount of time
potentially carcinogenic substances in food waste remain in the
colon.

For breast cancer, it’s clear that more active women are less
likely to get cancer than less active women. A 2013 meta-analysis
of 31 prospective studies showed that being physically active
reduced breast cancer risk by about 12 percent. Other studies show
that women who exercise 30–60 minutes a day have as much as a
20–30 percent reduced risk of breast cancer. Exercise is especially
important in adolescence because it can delay the onset of puberty
and, hence, reduce the number of ovulatory cycles in which
estrogen is produced.

Even in women who do get breast cancer, those who exercised as
teenagers get breast cancer later in life than those who didn’t
exercise as teens, even if they have the genes BRCA1 and BRCA2,
which raise breast cancer risk. Exercise also reduces body fat.
Since body fat makes estrogen, which can drive breast cancer,
reducing body fat reduces estrogen levels.

For endometrial (uterine) cancer risk, a meta-analysis of 33
studies showed that women who were very active physically had a
20 percent lower risk of the cancer than less active women. For



ovarian cancer, the data are slightly weaker, but still encouraging.
Cervical cancer risk declines with exercise, too.

Prostate cancer is a bit more puzzling. But scientists think there
is a “probable” 10–30 percent reduction in prostate cancer risk with
exercise, possibly because exercise can increase a protein that
binds free testosterone, thus reducing levels of this hormone, which
can drive prostate cancer.

REDUCING RECURRENCE AND BOOSTING SURVIVAL

Just as exercise is associated with a reduction in the chance of
getting cancer, it is also linked to living longer once you’ve got it,
by reducing both the risk of recurrence and death from the cancer
itself, and by reducing the risk of other fatal diseases.

The good news, at least in the United States, is that mortality
after a cancer diagnosis has been falling steadily. Between 1991
and 2014, it fell 25 percent. This is in contrast to the world as a
whole, for which cancer deaths are projected to rise by 60 percent
by 2030.

Obviously, earlier diagnosis and better treatment have been keys
to improved survival. But exercise may play a vital role as well,
thanks to a new field called “exercise oncology.” To be sure, it’s
still a matter of debate exactly what doses and which types of
exercise are best for which type of cancer. But the data are
encouraging.

Let’s start with breast cancer.
Marcia Bailey is one of more than 3.1 million American women

who are currently being treated or who have completed treatment
for breast cancer.

But unlike Bailey, many women decrease their physical activity
after a breast cancer diagnosis. In a way, that’s not surprising.
Chemotherapy and radiation take a huge toll on the body. And



cancer that has metastasized to the bones can make bones too
fragile to risk fractures from exercise. But for those like Bailey
who can manage it, exercise is a powerful weapon.

To be sure, a few studies have come to puzzling conclusions.
One found that exercise boosted survival only if women ate lots of
fruits and vegetables. Another found that exercise was linked to a
reduction in both breast cancer mortality and all-cause mortality,
but not to the risk of recurrence. And another found that exercise
had no benefit in terms of recurrence or cancer death, but did have
a benefit in terms of death from other causes.

In general, though, research shows that exercise is clearly linked
to a survival benefit.

The first evidence came in 2005 research that was part of the
Nurses Health Study in which researchers followed 2,987 female
nurses who had been diagnosed with Stage I, II, or III breast cancer
for an average of eight years. Women who walked three to five
hours a week at a 20-minute-per-mile pace reduced their risk of
dying from their cancer. Women whose tumors had receptors for
estrogen and progesterone got the biggest benefits.

In 2006, University of North Carolina researchers found that
women who were already exercising before diagnosis had a
survival advantage. In 2008, Yale University researchers reached
the same conclusion, although women who took up exercise after a
diagnosis benefited, too. (On the flip side, the Yale study showed,
decreased exercise after diagnosis was linked to a fourfold increase
in the risk of death.)

In 2015, British researchers confirmed the big picture, analyzing
22 studies involving 123,574 breast cancer patients. Women who
had been exercising before their diagnoses had lower risks of all-
cause and breast cancer mortality, though again, exercising after a
diagnosis helped, too.



Exercise may be linked to better survival in other cancers as
well.

Harvard School of Public Health researchers tracked 2,705 men
with prostate cancer and found that exercise was linked to better
survival rates both from the cancer itself and from other causes. In
fact, for the most vigorous exercisers, exercise was associated with
a 49 percent lower risk of death from all causes, and a 61 percent
lower risk of death from prostate cancer. These findings have been
replicated in other studies.

The same goes for colorectal cancer. In a 2006 study, researchers
at Boston’s Dana-Farber Cancer Institute followed 573 people with
Stages I–III colorectal cancer. Once again, exercise was linked to
increased survival both from the cancer itself and from other
causes. More research is underway, including an interventional trial
by Canadian researchers that will randomly assign some patients to
an exercise program and others to a control group for three years.

EXERCISE DURING TREATMENT: FATIGUE AND QUALITY OF
LIFE

In the not-so-old days, doctors believed that chemotherapy and
radiation were so debilitating that cancer patients should get all the
rest they could and avoid exertion at all costs. But that notion
changed dramatically with a spate of encouraging studies
beginning in the late 1980s.

In 1989, researchers at the College of Nursing at Ohio State
University reported on a randomized trial of 45 women getting
chemotherapy for Stage II breast cancer. Ten weeks of interval-
based aerobic exercise not only did no harm, but reduced nausea
and improved physical functioning. Exercise, in other words, was
not only safe, but beneficial, even in the throes of chemotherapy.



Spurred by that finding, other researchers took up the challenge,
finding over and over that moderately intense exercise was a
powerful weapon against fatigue and helped improve quality of life
during and after treatment.

One of those researchers is exercise physiologist Karen Mustian,
a cheerful, athletic-looking woman who has worked with Olympic
athletes. She is an associate professor at the University of
Rochester and a pioneer in the study of aerobic and resistance
exercise, as well as Tai chi and yoga, for cancer patients.

Mustian, director of the PEAK lab at the University of
Rochester, remembers vividly how, as a young woman in North
Carolina, she watched helplessly as her two beloved grandmothers
battled cancer. “I was shocked,” she recalls. “At that age, I was
naïve. I thought doctors had the answers. I could not wrap my head
around why my grandmothers were getting worse, not better.”

Around that time, the American Cancer Society was organizing a
Relay for Life, in which teams of participants pledged to keep at
least one member walking or running for 24 hours. Mustian leapt at
the chance to chair it. Soon, women battling breast cancer who had
been on the relay teams began coming up to her and telling their
stories.

“They would say things like, ‘If it weren’t for exercise, I
wouldn’t be getting out of bed.’ Or, ‘Without exercise, I wouldn’t
have the will to live.’ They were anecdotally attributing things to
exercise. I had this ‘Aha!’ moment.” She has been studying the
effects of exercise on cancer patients ever since.

“For most people, man or woman,” she says, “when you get a
diagnosis of cancer, you feel that your body is failing you, that you
have lost control over it. Exercise is one of the biggest tools we
have to help people feel more empowered, to feel they have some
control over their body.”



Of all the side effects cancer patients face during treatment,
fatigue is the most common and often the most distressing. In fact,
it tends to have a more negative impact on daily life than vomiting,
nausea, pain, and depression. Worse yet, it may not get better with
rest, and can linger for years, even after treatment is over. But, as
Mustian and others have shown, exercise can be even more
effective than medications at combatting cancer-related fatigue.

In a 2017 meta-analysis of 113 studies involving 11,525
participants, Mustian’s team found that exercise and psychological
therapy (each alone and in combination) improved fatigue better
than drugs. Exercise and psychotherapy were linked to a 26–30
percent reduction in fatigue, drugs to only a 9 percent decline.

To be sure, not all studies have shown such a benefit. To their
surprise, Canadian researchers found that neither aerobic exercise
nor resistance training improved quality of life, though it did
improve self-esteem.

But like Mustian, other researchers in Canada, Norway,
Switzerland, Australia, Italy, the Netherlands, India, and the United
States have found that exercise has, as one team put it, a “nearly
universal quality of life benefit for people with cancer.”

And it’s not just women with breast cancer who benefit.
In one Australian study of 57 men with prostate cancer, men

randomized to aerobic and resistance exercise reported less sexual
dysfunction and more interest in sex. This is especially important
because the men were all getting hormonal treatment, which can
dampen libido and cause fatigue. Other studies in men with
prostate cancer have similarly shown a benefit for exercise in
reducing fatigue and improving quality of life.

For people with colorectal cancer, on the other hand, the role of
exercise in improving quality of life is less well documented, and
less encouraging. In a 2014 systematic review and meta-analysis,



researchers found no evidence for improvement in quality of life or
fatigue, at least in the short term.

Surprisingly, some research shows a benefit from exercise even
toward the end of life in people with advanced cancer. A
randomized trial of 231 cancer patients expected to survive for two
years or less, for instance, found that eight weeks of exercise
helped with overall physical functioning, though it did nothing to
combat fatigue. A review of six other studies suggested a benefit of
exercise for 84 palliative care patients, but there were not enough
data to draw firm conclusions.

HOW EXERCISE FIGHTS CANCER

One might assume that enhanced blood flow, which occurs with
exercise, would make tumors grow even faster. But, paradoxically,
the exact opposite turns out to be true. It’s when tumors are
hypoxic, that is, when they don’t get enough oxygen from the
blood, that they go into high gear, secreting growth factors that
ultimately trigger metastasis (cancer spread). Moreover, increased
blood flow to tumors has another beneficial effect—it brings more
chemotherapy to the cancer.

Essentially, tumors don’t like it when they’re not getting enough
oxygen. “It’s as if the tumor says, I can’t breathe here, so let’s pick
up and move somewhere else in the body,” as Kansas State
University exercise physiologist Bradley J. Behnke puts it.

“When a tumor lacks oxygen, it releases just about every growth
factor you can think of, which often results in metastasis,” he says.
“Oncogenes are turned on with lower oxygen pressure.” On the
other hand, when there’s lots of oxygen around, the tumor is more
quiescent and the microenvironment around it becomes less
conducive to aggressive spread.



In 2010, Duke University researchers injected female mice with
human breast cancer, then allowed some to run as much as they
wanted on running wheels, while others were confined to a
sedentary life. The team regularly measured the blood flow around
the tumors. They found, as expected, that blood flow was
significantly higher in the exercising group, so much so that the
microenvironment around the tumors became normalized, meaning
that there would be less spreading of the tumors.

In 2013, Behnke led a team of researchers that randomized some
rats with prostate cancer to live in cages with running wheels and
others to a sedentary lifestyle. The rats allowed to run wound up
with tumors that were in a far less hypoxic (oxygen-deprived) state
than the sedentary rats. The team followed up with a 2014 study
that demonstrated that acute exercise led to a huge—200 percent—
increase in blood flow to prostate tumors in rats and to an increase
in the number of blood vessels around the tumor.

In a 2015 study, researchers from Duke University,
Massachusetts General Hospital, and Memorial Sloan Kettering
Cancer Center confirmed that aerobic exercise, by increasing blood
flow, slowed tumor growth.

This team surgically implanted breast cancer cells into female
mice and then divided them into two groups, one that was allowed
to run on wheels in their cages and another that was not. The
runners had slower tumor growth and healthier blood vessels
surrounding the tumors. Then the researchers introduced
chemotherapy. The mice that exercised and got chemotherapy had
the best outcomes, with significantly smaller tumors.

But increasing tumor blood flow is not the only way exercise
combats cancer. One of the most important other ways is by
reducing excess fat.

Adipose tissue, as we’ve seen, increases chronic inflammation,
which can drive tumors. Fat also triggers higher levels of insulin



and IGF-1, hormones that can spur tumor growth. Fat tissue also
makes estrogen, another driver of breast cancer growth. Fat tissue
makes androgens, too, which can drive prostate cancer.

“We know from more than 100 studies that women who are
overweight or obese at the time of diagnosis have a higher risk of
mortality,” says Jennifer Ligibel, who is running a large research
project called BWEL, the Breast Cancer Weight Loss study, in
1,000 centers nationwide. Ligibel is a medical oncologist and head
of the Leonard P. Zakim Center for Integrative Therapies at the
Dana-Farber Cancer Institute in Boston.

A 2014 meta-analysis of 82 studies involving an impressive
213,075 women, for instance, concluded that obesity and being
overweight were both associated with poorer overall and breast
cancer-specific survival. The same holds for other types of cancer,
too. Overweight and obesity contribute to 14 and 20 percent of all
cancer-related deaths.

What scientists are now trying to figure out, says Ligibel, is
“whether losing weight will reduce the risk of recurrence,” that is,
whether the negative effects of being heavy can be reversed by
exercise and weight loss. “We still have an incomplete
understanding of the molecular pathways that connect body weight
and breast cancer. There are a lot of missing pieces. If exercise and
weight loss improve survival, we want to know why.”

Marcia Bailey wants to know, too, which is one reason she has
joined the more than 3,000 women being enrolled in Ligibel’s
study. After less than a year on the study, Bailey had lost the 35
pounds she needed to lose. “People say, ‘Oh, my gosh. You look
fabulous,’ ” she says, joy in her voice. She herself can barely
recognize the thin woman in the mirror.

“I don’t look like the old me,” she says. “I had colored my hair
for years and it used to be down to my shoulders. Now it’s white
and as short as I can get the stylist to do it. I’ve had to buy new



clothes because the old ones don’t fit. When I went back to work, I
had to introduce myself to my old colleagues.”

Weight loss for cancer patients like Bailey is crucial in part
because it helps normalize insulin levels. Both insulin and its
related hormone, IGF-1, are “growth factors” that can trigger the
malignant transformation of cells. They also drive the growth of
existing cancer cells and help cancer cells spread. Not surprisingly,
people with diabetes and high insulin levels have a higher-than-
normal risk for certain cancers.

Encouragingly, in a randomized trial of 82 previously sedentary
women with breast cancer, Ligibel’s team found that a 16-week
program of resistance and aerobic training substantially reduced
insulin levels, while insulin levels did not fall in women assigned
to the non-exercise group. Other researchers are also studying the
insulin connection to cancer.

Beyond weight loss and insulin, exercise acts in other ways to
slow cancer growth. One is by activation of the stress hormone
adrenaline.

In a 2016 study, Danish researchers randomly assigned some
mice with cancer to live in cages with running wheels and others to
cages without the wheels. The mice that were allowed to run
wound up with increased adrenaline and increased natural killer
cells, which attack cancer cells. The running mice had a 60 percent
reduction in both the incidence and growth of five different types
of cancer.

To make sure that adrenaline was a key factor, the researchers
took another step. They blocked adrenaline production in some of
the running animals. As hypothesized, these animals did not show a
reduction in cancer growth. And when the researchers gave the
sedentary animals large doses of adrenaline, those animals did do
better at fighting off their tumors than sedentary mice not given an
adrenaline boost.



Another way that exercise may slow cancer is by nudging cancer
cells to commit suicide, a process called apoptosis. In one study,
researchers from the Duke Cancer Institute, Massachusetts General
Hospital, and Memorial Sloan Kettering Cancer Center randomized
mice with breast cancer to exercise or a sedentary life. Exercise
significantly reduced tumor growth and boosted apoptosis. In fact,
adding an exercise regimen to standard chemotherapy was more
effective at delaying tumor growth than chemotherapy alone.

Exercise also affects cancer outcomes by reducing levels of sex
hormones.

Researchers have long known that the hormone estrogen can
drive breast cancers. Similarly, it’s long been known that androgen
can drive prostate cancer. Since adipose tissue can make these sex
hormones, reducing fat tissue by weight loss and exercise can
lower the levels of sex hormones.

In one 2003 study of older women with breast cancer,
researchers from the Fred Hutchinson Cancer Research Center
showed that, compared to thinner women, obese women had 35
percent higher concentrations of an estrogen called estrone and a
135 percent higher concentration of another estrogen, estradiol.
This helps explain why heavier women have poorer prognoses than
thinner women. Other studies have come to similar conclusions.

There’s yet another reason why heavier women produce more
estrogen. Fat tissue also makes an enzyme called aromatase, which
converts androgen into estrogen. (Drugs called aromatase
inhibitors, which block this conversion, have long been used to
combat estrogen-driven breast cancers.)

In a randomized 2016 study, researchers gathered women with
breast cancer who were being treated with aromatase inhibitors.
The 121 women in the study were randomized to a year of usual
care or aerobic plus resistance exercise. Women who exercised
wound up with a significant increase in lean body mass, a decrease



in body fat, and a decrease in body mass index, all signs that
exercise may improve survival.

YOU DON’T HAVE TO LOVE EXERCISE

For people like Marcia Bailey who already have cancer and are
willing to do anything to boost their chances for survival, the
details of these mechanisms don’t matter. Whether it’s better
insulin control, normalized hormone levels, or less tumor hypoxia,
the take-home message is that exercise and weight control can help.

Bailey already feels she’s one of the lucky ones. In the BWEL
trial, she was randomized to the weight-loss intervention, which
means she received intense coaching on nutrition and exercise.

“We act like exercise is a choice,” says Bailey. “But I don’t
choose to brush my teeth. I just do it. I don’t question it. The same
with exercise. You don’t have to love exercise, you just do it.

“I am invested in this body in a different way than I was before. I
know that exercise alone isn’t going to keep a recurrence from
happening, but it’s something I can do. One of the realities of
having cancer is that you become disempowered, so I can choose
this. I can’t control whether it comes back or not, but exercise is
one of the things that people know can help.”

So Bailey has made plans for a hiking trip with her daughter, and
more racquetball, weights, stretching, and stair climbing on an
exercise machine.

“My coach says, ‘You haven’t even imagined some of the
physical things you can do.’ He’s right. Maybe I’ll run a marathon,
or do something wild like that. That is one of the ways I have to
frame it to keep being excited. I got another chance at this. Some
people don’t get another chance.”



CHAPTER 13

Those Tiny, Telltale Telomeres

THE “AHA” MOMENT

Back in the mid-1970s, biologist Elizabeth Blackburn, then at Yale
University and now president of the Salk Institute for Biological
Studies, was in her lab cultivating pond scum, of all things, in big
glass jars. She was determined to extract DNA from the tiny
critters that she calls “almost adorable.”

One day, holding a dripping X-ray film up to the light in a
darkroom, “excitement surged through me as I understood what I
was seeing,” she recalls. “At the ends of chromosomes was a
simple, repeated DNA sequence. The same sequence, over and
over and over.”

She knew exactly what she had found: telomeres, little caps on
the ends of chromosomes, much like the plastic tips at the ends of
shoelaces. “I had discovered the structure of telomere DNA,” she
remembers. “The telomeres were sending a message: There is
something special here at the ends of chromosomes.”

There was indeed something special about the DNA in
telomeres, as earlier work by a previous generation of geneticists,
notably Barbara McClintock and Hermann J. Muller, each a Nobel
Prize winner, had hinted at. Blackburn and her colleagues Carol
Greider and Jack Szostak went on to win their own Nobel Prize in
2009 for their discoveries about telomeres.

Telomeres are now one of the hottest, and most controversial,
areas of aging research, crucial not just to our understanding of the



biology of aging but to the development of cancer as well. Even in
usually austere academic circles, different assessments of telomere
research are prompting fierce scientific debate.

One issue is whether things like exercise can impact telomeres in
a beneficial way, as some studies suggest, and whether other things,
like stress or being overweight or being depressed, can damage
them, an association also reported in some studies.

Another is the questionable ethics of commercial testing of
telomeres, including online advertisements aimed at people hoping
to find their supposed biological, as opposed to chronological, age.

Yet another is the tendency of the media to hype encouraging
findings, and perhaps of some scientists to be too cautious. In a
meta-analysis of studies involving more than 43,000 people, for
instance, having very short telomeres was associated with an 80
percent increased risk of having cardiovascular disease. But the
researchers held back from suggesting a causal link, perhaps
because something else could have caused both short telomeres and
heart disease independently.

Telomeres, the little chunks of matter at the center of all this, are
made of DNA and proteins. They act like the aglets on shoelaces,
keeping chromosomes intact so that cells can divide properly. The
length of DNA in these caps can determine the life span of a cell.

As we age, though, telomeres fray, shrinking a bit with every cell
division. This is a normal, natural process. But when telomeres
shrink below a certain critical threshold, the cell can’t replicate its
DNA because the cell division machinery can’t copy the full length
of the chromosome all the way to the end.

At this point, the cell either becomes “senescent” (too old to
divide normally) or dies, unless—and this is a huge “unless”—the
cell manages to activate an enzyme to restore telomere length. This
sounds like a good thing, and often is, but it is also a step that can
contribute to cancer.



Intuitively, you would think that shortened telomeres might be
not just a potential sign of aging, but a cause, albeit not the only
cause. You might also think that simply measuring the length of a
person’s telomeres would be a clue to a person’s biological (as
opposed to chronological) age. After all, telomeres get shorter with
age, so why wouldn’t short telomeres show how fast a person was
aging?

Alas, things are not that simple, for a number of reasons. Among
other things, telomere shortening does not seem to correlate in
expected ways with the epigenetic clock (see Chapter 1). If all the
biological clocks in the body were running at the same pace, in
theory, the telomere clock and the epigenetic clock should be in
sync. It’s possible that telomeres and the epigenetic clock are
simply independent markers of aging. But it could also be that
aging can’t be influenced by reversing the telomere clock alone.

It’s that intrinsic complexity that makes it difficult to evaluate
studies suggesting that healthy lifestyle habits like exercise may be
linked to longer telomeres, that stress may be linked to shorter
telomeres, or that commercial tests measuring telomeres are
anything more than a scam.

“While it’s true that telomeres do decrease in length as a person
ages and that longer telomeres are associated with better health, it’s
not clear whether the length of telomeres per se is the important
variable, or whether it’s the change in telomere length over time
that counts,” says Matt Kaeberlein, a geneticist and researcher on
aging at the University of Washington.

Moreover, when scientists measure telomere length, they usually
do it in immune cells taken from the blood, not from cells all over
the body. Shorter telomeres in immune cells can indeed be
evidence of a declining immune system, which can, of course, be
linked to a higher risk of death. But it’s declining immune function



that causes most of the correlations with health or the risk of death,
Kaeberlein says, not telomere length per se.

In addition, there’s a huge range of normal telomere lengths,
which means that “small changes are meaningless,” says Mary
Armanios, clinical director of the telomere center at Johns Hopkins
University School of Medicine.

Jay Olshansky, a bio-demographer at the University of Illinois,
Chicago, is emphatic: “Unless your telomeres are so short you are
about to die, this whole thing is almost complete nonsense. . . . The
telomere story has failed miserably as an explanatory variable for
human aging.”

But other researchers take a very different view, among them Eli
Puterman, assistant professor in the school of kinesiology at the
University of British Columbia. “We shouldn’t throw out the baby
with the bathwater,” Puterman says, arguing that telomere length is
a real biomarker of aging. True, he says, “there’s no cutoff point
where you can say that when you are at X telomere length, that’s so
short you will die early. It’s not like blood pressure where you can
say that if you’re at a certain level, that’s predictive of heart
disease.” But that doesn’t mean telomere length isn’t a genuine
biomarker of aging, he says.

Indeed, some recent studies “take us as close as we can get to
showing a causal relationship in humans,” argues Elissa Epel, a
professor in the department of psychiatry at the University of San
Francisco. “It’s important to see the strengths and weaknesses of
any one biomarker.”

BOX 13.1 CELL DIVISION

DNA consists of two parallel, twisting strands made up of four
building blocks called nucleotide bases. The four building



blocks are called, in biological shorthand, A, T, G, and C, and
they always pair up in the same fashion. The nucleotide called A
always “holds hands” through a chemical bond with its partner
T, and C always pairs up with G. Put differently, each A on one
strand of DNA always pairs up with a T on the parallel strand,
and a C on one strand with a G on the other. Before a cell
divides, it has to make a new copy of each chromosome; to be
copied, a chromosome’s two strands of DNA must unwind and
separate from each other so that each strand can be copied for
the “daughter” cell.

TELOMERASE

Telomeres are ubiquitous—almost all cells have them, except
bacteria, whose DNA is circular and hence doesn’t have ends that
need to be protected.

But the DNA in a telomere is different from regular DNA.
Unlike “coding” DNA, the DNA in telomeres does not contain a
genetic blueprint for making proteins. It just sits there, a physical
buffer protecting the rest of the DNA. (Just as telomeres protect the
ends of chromosomes, other molecules comprise the so-called
shelterin complex that protects telomeres.)

In humans and other vertebrates, the DNA in telomeres is a
repetitive sequence of the nucleotides TTAGGG, along one strand
of DNA, which pairs up with AATCCC on the other strand. The
more of these repeating sequences a person has, the longer his or
her telomeres.

As Blackburn’s team discovered, telomeres can change in length.
The key turned out to be an enzyme that restores the correct
sequence of DNA at the ends of chromosomes. Unlike most
enzymes, which consist entirely of protein, this one, telomerase, is



weird—a combination of a protein (hTERT) called reverse
transcriptase, and hTR, a chunk of RNA that can act as an enzyme.

Telomerase is most active when cells are dividing the most
vigorously, that is, during fetal development and later on, in stem
cells, egg and sperm cells, lung cells, cells lining the intestinal
tract, hair follicles, and, unfortunately, cancer cells.

In the lab, when scientists add a telomerase gene to normal
human cells, it dramatically extends the cell’s ability to replicate.
(Recently, Texas scientists were able to boost production of
telomerase in cells from children with progeria, a rare genetic
disease in which aging is vastly accelerated.)

But boosting telomerase can also drive cancer. Indeed, it’s in part
because cancer cells have so much telomerase that they can keep
dividing forever, in essence becoming “immortalized.” (Many
types and stages of cancer also involve shortened telomeres, a
puzzle we’ll explore in a moment. )

The discovery of telomerase was one of those “Eureka”
moments in science, and Blackburn remembers it vividly. In 1983,
Greider, her then-new graduate student, reasoned that the only
thing that could restore DNA to telomeres must be an enzyme. On
Christmas Day, 1984, Greider developed an X-ray film that showed
just such an enzyme.

“The next day, her face alight with suppressed glee in her
anticipation of my reaction, she showed me the X-ray film,” recalls
Blackburn. “We looked at each other. Each of us knew this was it.
Telomeres could add DNA by attracting this previously
undiscovered enzyme, which our lab named telomerase.”

That moment is engraved in Greider’s memory, too. “It was
exactly what we were looking for. But we both realized it looked
too good to be true, so we spent nine months trying to disprove
what we thought we were seeing. When we did the experiment that
was the clincher, I went home, put on Springsteen and danced!”



That clincher? “When we removed telomerase in pond scum,
their cells wore down and they died,” Blackburn recalls.

TELOMERES AND AGING

The decline of telomere length over the human life span is striking:
A newborn baby starts off with telomeres that are 10,000
nucleotide base pairs long. (Nucleotide bases are the building
blocks of DNA.) By age 35, a person has telomeres that are 7,500
base pairs long, and by 65, only 4,800 base pairs long.

Telomere length at birth can somewhat predict adult telomere
length, but individuals also have different rates of telomere
attrition. A number of genes are known to lead to very short
telomeres and a higher risk of certain diseases.

But how you live your life may also play a role in telomere
length, with the emphasis on “may.” Bad lifestyle habits such as
smoking, being obese, stress, lack of exercise, exposure to
pollution, and poor diet all may increase the pace of telomere
shortening and aging. Good lifestyle habits, on the other hand,
including exercise, stress reduction, and a diet rich in antioxidants
and fiber, may slow the pace of telomere attrition.

Indeed, some studies suggest that telomere length can actually
predict survival. A small but influential 2003 study created a buzz
when it focused on people older than 60: People with shorter
telomeres were found to be three times more likely to die from
heart disease and eight times more likely to die from infectious
diseases.

But since then, studies of varying size and quality have come to
inconsistent findings. A 2011 review of telomere length as a
biomarker of aging, for instance, found that five out of 10 studies
found a significant relationship between shortened telomeres and
increased risk of mortality, while the other five studies did not. But



that review came out before a large study of more than 64,000
people that did find an association between shorter telomeres and
mortality.

STRESS: DO TELOMERES KEEP THE SCORE?

Some researchers have found that chronic emotional stress, usually
defined as a combination of anger, irritability, anxiety, and
depression, is linked to shortened telomeres.

Adversity in childhood may even predict shorter telomeres later
in life, though a causal link in humans has yet to be shown. In a
small 2016 study in adult rhesus monkeys, though, those who had
been reared by their own mothers in social groups had longer
telomeres than those reared without their mothers. In wild seabirds,
those exposed to early postnatal stress (handling by humans) had
more telomere shortening than those not exposed.

In humans, there may be a complex relationship involving
psychological stress, telomere shortening, and psychiatric
disorders, a relationship that unfolds over a lifetime, say University
of California, San Francisco, researchers Elissa Epel and Aric
Prather.

In a prospective Duke University study, for instance, researchers
tested children’s telomeres at the age of five years, then again at
age 10, and correlated this with exposure to violence at home. The
children who experienced two or more kinds of exposures to
violence had significantly more telomere erosion than children who
didn’t, regardless of sex, socioeconomic status, or weight. Recent
meta-analyses have also shown that childhood adversity is
associated with telomere shortness.

In a 2017 meta-analysis including 16,238 people, for instance,
researchers found a significant association between childhood
stressors and shorter telomere length at age 42, although the size of



the effect was small. In another 2017 meta-analysis of 41 studies,
researchers found a significant association between early adversity
and telomere length, and a larger effect size. In a 2017 meta-
analysis involving 30,919 participants, though, researchers found a
significant association between childhood trauma and faster
telomere erosion in adulthood, but again, the effect size was small.

Precisely why chronic stress might shorten telomeres is still a
puzzle, but it’s clear that stress triggers higher levels of hormones,
including cortisol, adrenaline, and noradrenaline, as well as
increased oxidative damage from free radicals, all of which can
lead to shorter telomeres.

Interestingly, the DNA that comprises telomeres is more
susceptible to oxidative damage than regular DNA. Blackburn and
Epel, in fact, argue that the effects of stress on telomeres start in the
womb. It’s as if the “baby’s telomeres are listening to Mom’s
stress,” as they put it in their 2017 book, The Telomere Effect.

The first suggestion of a link between stress and telomere length
came in 2011, when researchers from the University of California,
Irvine, teamed up with Blackburn and Epel to study 94 healthy
young adults, half of whom were the offspring of mothers who had
experienced severe stress during pregnancy, and half, children of
mothers with non-stressful pregnancies. Exposure to severe stress
in utero was associated with shorter telomeres in the adult
offspring. In 2013, the team found that maternal stress during
pregnancy was associated with shorter telomeres right from the get-
go, in newborns.

Other researchers have similarly found that babies born to
mothers who never completed high school had shorter telomeres
than those born to mothers who did. Older kids whose parents were
less educated were also found to have shorter telomeres. If
telomere length is a biological marker of aging, this difference
might be equivalent to six years less of life.



And the more adverse conditions a child lives with, some studies
suggest, the shorter his or her telomeres may be in adulthood.
(Adverse conditions include living with an alcoholic parent or
depressed family member, sexual or physical abuse, and other
dysfunctional situations.)

In a major 2016 study, Puterman, Epel, and others examined
4,598 men and women from the US Health and Retirement Study.
A single adverse event in a person’s life was not associated with
telomere shortening in adulthood, nor was childhood poverty. But
lifetime cumulative adversity did predict a 6 percent greater
likelihood of shorter telomere length, an effect mostly due to the
adversity in childhood. In this study, each additional adverse event
in childhood raised the likelihood of shorter telomeres in adulthood
by 11 percent, suggesting, as the authors put it, “that the shadow of
childhood adversity may reach far into later adulthood in part
through cellular aging.”

These findings fit with a number of other studies, including a
European study of 4,441 women aged 41–80 that found that
adverse events in childhood were associated with shorter telomeres
in adulthood. The Puterman findings also fit with a 2013 study
from Butler Hospital in Providence, Rhode Island, a 2013 Duke
University study, and a 2016 systematic review of other studies by
Brazilian researchers.

On the other hand, a 2015 cross-sectional study found the
opposite—that while recent stressful events may be associated with
shorter telomeres, psychosocial stressors earlier in life were not. A
30-year New Zealand study also found no association between
telomere length and life stresses from birth to early adulthood,
again, in a cross-sectional study.

Depression, which is not the same as stress but often overlaps
with it, has also been reliably linked in many studies to shorter
telomeres. In fact, a 2016 meta-analysis that included 34,347



people suggested a solid link between depression and shorter
telomeres. Some researchers hypothesize that depression may be a
state of accelerated aging in which chronic stress leads to increases
in cortisol, more oxidative stress, more inflammatory cytokines,
and shorter telomeres.

In one study of Latino preschoolers, for instance, children
growing up with severely depressed mothers had significantly
shorter telomeres than children growing up in happier homes.
Similarly, a study of 97 daughters aged 10–14 showed that even
before they had any signs of depression themselves, the daughters
of depressed mothers had shorter telomeres than the daughters of
non-depressed mothers. The daughters’ shorter telomeres were
associated with higher emotional and physiological reactivity to
stress.

Living without any parents at all, of course, is highly stressful,
too, and may be similarly hard on telomeres, as the plight of
children in Romanian orphanages years ago suggested. American
researchers found that the children who spent the most time in the
extreme social deprivation of the orphanages had the shortest
telomeres. Children who were lucky enough to eventually be
adopted showed remarkable recovery, though their telomeres were
still far shorter than those of never-institutionalized children.

Even when psychological and social stress is delayed until
adulthood, it can be linked with shorter telomeres, although the
magnitude of the effect is small. Telomere shortening has also been
found in psychiatric disorders as a whole, according to a 2016
meta-analysis involving 14,827 people.

In one 2014 study, American, British, and Welsh researchers
gathered 333 healthy men and women aged 54–76 and put them
through standard mental challenges designed to induce acute stress.
The researchers measured cardiovascular, neuroendocrine, and
inflammatory responses. In many of the participants, the acute



stress challenge elicited a normal response—a rise in reactivity,
followed by a rapid decline when the stress was over.

But in men with shorter telomeres, recovery from the stress
challenge was blunted. Interestingly, these men also showed higher
levels of telomerase, suggesting that their bodies may have been
trying to repair the damaged telomeres. (Inexplicably, however,
women did not show this pattern.)

In a different study, adult women who reported the highest levels
of stress had telomeres that were shorter. In a meta-analysis of
nearly 4,000 people, those who had PTSD (post-traumatic stress
disorder) had shorter telomeres than those who didn’t, although
curiously, this effect showed up with sexual assault and childhood
trauma, but not combat.

Of all the stresses of modern life, being the caregiver of a person
with Alzheimer’s disease ranks among the highest. In a major study
of 41 caregivers and 41 age- and gender-matched controls, the
chronic stress of caregiving was associated not just with altered
immune function but with excessive telomere loss as well. The
stressed caregivers also showed increases in telomerase, once again
a possible hint of the body’s attempt to stop telomere shortening.

It’s tempting to come away from such studies convinced that
stress really does shorten telomeres and thereby accelerates aging
and increases the risk of death. It’s tempting, too, to conclude that
healthy behaviors and lack of stress may be able to mitigate this
effect of stress. But others caution that the science isn’t quite there
yet.

CANCER

Almost as soon as scientists began to understand the power of
telomerase to lengthen telomeres, a horrible realization dawned:



Like so many other molecules in the body, telomerase has a Jekyll
and Hyde personality.

The ability of telomerase to restore the telomeres at the tips of
chromosomes is wonderful—it prolongs cellular life by keeping
chromosomes intact and allowing cells to divide normally. But that
very trick also drives cancer. In fact, 90 percent of all malignant
cells use telomerase to prolong cellular life, making telomerase
more widely expressed by cancer cells than any other marker.

By allowing cancer cells to replenish their telomeres with every
cell division, telomerase allows cancer cells to become
“immortalized,” that is, to be able to avoid cell senescence and
keep dividing. One result of all this runaway cell division was that
nearly 600,000 Americans died of cancer in 2016 alone, the latest
year for which figures are available.

Blackburn put the idea succinctly in her 2009 Nobel Prize
speech: Telomerase “promotes cellular immortality by providing
cancer cell telomeres with the means for continuous
replenishment.”

Importantly, this does not mean that telomerase actually causes
cancer. What it does is allow cells that are already turning
cancerous to keep dividing forever, unlike normal cells, which
eventually run out of steam.

This fact is not lost on pharmaceutical developers: A drug that
could block telomerase sounds like the perfect anti-cancer therapy.
Since telomerase is highly active in cancer cells and barely active
in most normal cells, an anti-telomerase drug could in theory target
cancer cells and spare normal cells. And research does show that
blocking telomerase kills cancer cells.

But, unfortunately, things have turned out to be much more
complicated than that. In the past decade, at least two clinical trials
of telomerase drugs had to be stopped because there was no
survival benefit in cancer patients getting the drugs, although other



small trials, including on a drug called Imetelstat from Geron, have
yielded somewhat more encouraging results.

One problem, as researchers from the MD Anderson Cancer
Center discovered, is that when telomerase is blocked, cancer cells
develop alternate ways to keep telomeres long. Indeed, other
researchers have shown that a surprising 5–10 percent of cancer
cells are able to maintain their telomeres by these alternate
pathways.

Worse yet, telomerase-blocking drugs may actually help cancers
resist chemotherapy. (Resistance to chemotherapy is one of the
main causes of cancer death.) Blocking telomerase can also have
adverse effects on stem cells, which are crucial for regenerating
tissues.

As if that were not bad enough, researchers studying yeast cells
have found that when telomerase is removed, cells increase the
activity of their energy-providing mitochondria (see Chapter 5).
That’s a good thing in normal cells, but a decidedly bad thing if it
energizes cancer cells.

There may someday be a way to get the best of both worlds—a
telomerase drug that could make longer telomeres in healthy cells
without boosting cancer. Recently, Stanford University scientists
led by stem cell biologist Helen Blau did find a way to temporarily
tweak telomerase in human skin cells in a way that it allowed those
cells to divide 40 times more than un-tweaked cells.

Because the stimulation of telomerase was short term, it didn’t
raise the risk of promoting cancer. (Spanish researchers have also
found a way, using gene therapy, to boost telomerase in mice in
such a way that it increased life span without promoting cancer.
Unfortunately, some human research suggests such an approach
could drive cancer.)

There is some encouraging news in all this, though. Despite slow
progress on telomerase-blocking cancer drugs, scientists’



fascination with telomeres and telomerase has led to a more
sophisticated understanding of how cells become cancerous and
“learn” to live forever.

For years, they grappled with this puzzle: Long telomeres drive
cancer. But short telomeres are also associated with cancer—in
fact, short telomeres, which occur when there is not enough
telomerase around, are an early sign of cancer.

Scientists now have a better idea of what happens. When a cell is
on the verge of becoming cancerous, telomeres shorten. In fact,
short telomeres are a good predictor both of getting cancer and of
dying from it.

Two meta-analyses illustrate the point. In one, University of
Texas researchers pooled data on more than 24,000 people and
found that short telomeres were a marker for cancer risk. In the
other, by researchers at the National Institutes of Health, short
telomeres detected in blood (immune) cells were linked to an
increased risk of cancer elsewhere in the body.

But here’s the key: Cells don’t become cancerous overnight. It
takes multiple steps—or “hits”—such as mutations or genomic
changes in specific genes to nudge a cell to become cancerous.
These hits can result from exposure of DNA to toxic chemicals,
free radicals, radiation, or cancer-causing viruses. During the initial
stages of this process, the cell goes into crisis.

“Normally, short or dysfunctional telomeres in a cell in crisis
cause activation of signals that lead to that cell’s ‘programmed’
death, essentially cell suicide,” says Masood Shammas, lead
scientist in the medical oncology department at Dana-Farber
Cancer Institute in Boston.

“But if, because of certain mutations, the cell manages to survive
this crisis and continues to divide, its DNA then becomes unstable,
which can lead both to transformation of that normal cell into a
cancer cell and to activation of telomerase, the telomere



lengthening enzyme. The result is that most cancer cells have
elevated telomerase activity but also shorter telomeres,” says
Shammas.

“It’s confusing,” admits Greider, now director of molecular
biology and genetics at Johns Hopkins University School of
Medicine. “Cancer cells have short telomeres, but elevated
telomerase. And once telomerase is activated, the telomeres in
cancer cells don’t go back up to their normal length, but are long
enough that the cells can keep dividing. This is a growth advantage
for cancer cells.”

Shammas puts it this way: “Telomerase does not make cells turn
into cancer but it does increase their life span. Once a cell is
transformed into a cancer cell, telomerase increases the life span of
that cell, making it immortal.”

Which is just what Greider and Blackburn had theorized back in
1996: Telomerase “becomes active after a cell has already lost its
brakes on proliferation.”

TELOMERES AND EXERCISE

In early 2017, an exercise science professor at Brigham Young
University named Larry Tucker stunned the community of
researchers exploring the potential effect of exercise on telomeres.

Tucker’s study wasn’t the first time anybody had shown a
positive association between exercise and longer telomeres in
people, not just lab rats. Nor did it prove cause and effect. And it
didn’t settle the question of whether exercise just maintains
telomere length or might increase it.

But Tucker’s study of 5,823 adults aged 20–84 made headlines
nonetheless. In his analysis of a large, random sample of US adults,
Tucker showed that people who habitually exercised had much
longer telomeres than sedentary folks—a difference that, if



telomere length is a biomarker of aging, would be equivalent to 9
years less cellular aging.

That year, 2017, turned out to be a banner year for studies on
exercise and telomere length. In one study of women whose
average age was 79.2, researchers from the San Diego School of
Medicine found that those who did more leisure-time physical
activity had longer telomeres. In another San Diego study that
tracked activity levels by accelerometers (Fitbit-like devices), older
women who did at least two and a half hours a week of moderate
physical activity had longer telomeres than those who did less. In a
third San Diego study, researchers found that higher sedentary
time, as measured by accelerometers, may be associated with
shorter telomeres.

Not surprisingly, research suggests that people who exercise a
lot—like marathon runners—also have long telomeres. In one 2013
Australian study, ultra-marathoners (whose races are longer than a
26.2 mile marathon) had telomeres that were 11 percent longer than
age-matched sedentary folks. If telomeres are a biomarker of aging,
this would translate to a biological age 16 years younger than the
runners’ chronological age.

A number of other studies also support a link between exercise
and longer telomeres, and between lack of exercise and shorter
telomeres. Some studies correlate telomere length not just to
physical activity but to aerobic fitness, as measured on a treadmill
test. These studies, too, suggest a link between fitness and telomere
length.

To be fair, not all studies have lined up as expected. A South
African study of marathoners found no difference in telomere
length between marathoners and sedentary folks. A Connecticut
study came to similar conclusions. Even a 2015 meta-analysis of
more than 30 studies involving 41,230 people came up empty.



The real test of the potential effect of exercise on telomeres, of
course, would be to randomly assign some people to exercise and
others not and see what happens to their telomeres—an
interventional study. “So far, nobody has really done the right
study,” contends Jay Olshanksy, the Chicago bio-demographer.
Such a study, he says, “would be to take a group of people and
have each person serve as his or her own control. Measure
everybody’s baseline telomere length. Then do an intervention that
tests both favorable (exercise) and unfavorable (stress) risk factors.
Then reverse the intervention. Measure the rate of change in
telomere length during both time periods in each person during the
experimental conditions and under controlled conditions. No one
seems to have done this simple experiment.”

But some researchers have come close.
At the Fred Hutchinson Cancer Research Center in Seattle,

researchers randomized 439 middle-aged overweight or obese
women to one of four programs: dietary weight loss alone, aerobic
exercise alone, combined exercise and diet, or no intervention.
Unfortunately for telomere theorists, there was no change in
telomere length between the intervention groups and the controls.

In another interventional study of obese middle-aged Korean
women, one group was put through six months of aerobic training
and the control group was not. Again, there was no change in
telomere length.

But a randomized interventional study suggests that six months
of moderate-to-vigorous physical activity can actually lengthen
telomeres in 68 previously inactive 50–75-year-old men and
women. The participants were highly stressed family caregivers.

Finally, some studies are just plain heart-warming, even if they
are not interventional. In a study of women aged 60 or older, some
of whom were caretakers of spouses or parents with dementia,
reasonable vigorous exercise was enough to wipe out the damaging



effect of stress on telomeres. Put differently, even highly stressed
caretakers did not show shortened telomeres so long as they
exercised, while stressed but sedentary caretakers did.

BOX 13.2 BREAKTHROUGH OR SLOPPY SCIENCE?

Some studies of exercise and telomere length are music to the
ears of some telomere researchers and sloppy science to others.

Case in point? A small, non-randomized 2013 study that
purported to show that comprehensive lifestyle changes can not
only protect telomeres from shortening, but can actually
lengthen them. The study, led by physician/diet guru Dean
Ornish, focused on men with low-risk prostate cancer. Ten of the
men chose to follow a diet/exercise/stress reduction program,
while 25 others did not. All were followed for five years.

At first glance, these results seem impressive: A combination
of a diet involving plants and unrefined grains, stress reduction
by yoga and meditation, a weekly support group, and walking
30 minutes a day six days a week yielded a significant, 10
percent increase in telomere length. And the more of these
healthy behaviors the active men adopted, the more their
telomeres lengthened. By contrast, over the five-year period, the
men who didn’t change their lifestyles showed a 3 percent
decrease in telomere length.

But it’s tough to conclude much from this study. It lumped all
lifestyle changes together and allowed the participants to
choose whether or not to change their lifestyles, so it’s
impossible to say what effect, if any, exercise alone might have
had.



MECHANISMS: HOW EXERCISE MIGHT AFFECT TELOMERES

If exercise does in fact protect telomere length—and, as we’ve just
seen, that’s still an open question—there are several theoretical
ways that this could happen: by boosting telomerase, by reducing
oxidative stress, by reducing inflammation, and by preserving
muscle satellite cells. So far, though, research on all these potential
mechanisms is scant.

In 2009, a team of German scientists compared telomerase
activity in middle-aged track and field athletes to that in non-
exercisers. The athletes showed a significant increase in telomerase
activity, as well as beneficial changes in at least two other factors.
The athletes wound up with longer telomeres than the non-
exercisers.

(In case you’re worried that if exercise increases telomerase, it
might increase your risk of cancer, take heart. Telomerase triggered
by exercise is short term, while increased telomerase in cancer cells
is permanent. Besides, as we saw, telomerase doesn’t cause cancer;
it just drives cell proliferation in already transformed, cancerous
cells.)

The effect of oxidative stress on telomeres is tricky to assess. It
has been known for years to lead to DNA damage in general and,
more recently, to damage in the specific DNA sequence in
telomeres. But while exercise does temporarily increase free
radicals and oxidative damage, it simultaneously triggers enzymes
that gobble up free radicals, so the net effect is a good one. In fact,
mild oxidative stress may actually lengthen telomeres, though
severe oxidative stress may shorten them.

This delicate balance was illustrated in a 2015 Italian study. The
Italian researchers studied athletes running the Tor des Geants
(Tour of Giants), an extreme race of more than 200 miles. They
found that while chronic endurance training is linked to longer



telomeres, during and right after the race, the athletes had
temporary oxidative damage to DNA in telomeres.

As for chronic inflammation, it is obviously an unhealthy state of
affairs. But, as we saw in Chapter 11, exercise is a powerful way to
combat inflammation, through a variety of complex mechanisms.

And satellite cells in muscle tissue? This is iffy territory, but it’s
possible that exercise might increase a person’s pool of satellite
cells, which might help maintain length in the telomeres of these
cells.

I TAKE THE TELOMERE TEST

Telomere research is among the most exciting areas in aging
research, in part because of the tantalizing but still evolving links
between telomere length and exercise, telomere length and stress,
and telomere length and cancer.

In fact, many people, including me, are intrigued by simple,
commercial blood tests of telomere length, despite the fact that this
test is not approved by the US Food and Drug Administration. The
idea that such a test might reveal one’s true biological, as opposed
to chronological, age has made online telomere testing a thriving
business.

And that concerns some scientists.
“I don’t know why this is happening,” Armanios told me. “It’s

interesting that people psychologically want to hang on to a
medical test to tell them how old they are . . . despite the fact that
[online testing] is not rigorous.”

Jay Olshansky, the University of Illinois researcher on aging,
told me much the same thing: “Telomere testing is almost an entire
waste of time . . . it’s just a gimmick.”

Among the problems, says Nobel Laureate Greider, is that
different labs use different methods to measure telomeres. Some



commercial labs use a cheaper, less accurate test, while academics
often use a more expensive, more accurate test. Some commercial
labs, for instance, use a technique called PCR (polymerase chain
reaction) to increase a small sample of DNA into a larger sample
that can be more easily studied. This test is easy to use, but there
can be so much variation that test results are unreliable, she says.
“In a medical setting, with robust clinical testing, for someone who
might have short telomere disease—and that’s less than 1 percent
of the population—telomere testing is useful,” says Greider. “For
the general population, it’s completely worthless.”

Despite such strong caveats, I couldn’t resist checking out the
website of a telomere testing company. The first thing I noticed
was that the people who wrote bad reviews for the website were
those who had gotten “bad” news, that is, that their telomere age
was older than their chronological age. They slammed the test,
calling it invalid and not worth the money. Those whose tests
suggested they were younger than their chronological age raved
about the test.

Nonetheless, curiosity won the day. I sent away for the $89 test
kit. When it arrived, I read the instructions, dutifully stuck my
finger with the needle, dabbed a drop of blood onto the collection
stick, put the stick in the bottle with the “stabilizing fluid,” and sent
it off.

Several weeks later, I got the results: I was 10 years younger
than my chronological age.

Too bad I can’t believe it. The commercial tests are just too
unreliable.



CHAPTER 14

Exercise and Anti-Aging Pills

EXERCISE PILLS, SERIOUSLY?

Like it or not, exercise pills are poised to take off, potentially a
boon to humankind, but also, unfortunately, a way to tempt even
more Americans to stick with their unhealthy ways—most notably,
their sedentary lifestyles.

Propped up by sensational headlines and the promise of a sweat-
free way to get the benefits of exercise without actually doing it,
some of these drugs are already available online, used by
bodybuilders and other athletes willing to tamper with sporting
rules—and their bodies.

Many, if not most, of these substances are not approved for these
purposes by the US Food and Drug Administration, and many are
on the list of banned substances by the World Anti-Doping Agency
(WADA). Many, many more of these drugs, technically called
“exercise mimetics” (exercise mimicking), are in the pipeline.

Anti-aging pills are in development, too, potentially a way to
stave off the effects of a lifetime of sitting and eating too much, and
even to tinker with our basic metabolism.

To be sure, the economic rationale for both exercise mimetics
and anti-aging drugs is unarguable. A safe, effective exercise
mimetic would be a gold mine for drug companies. So would an
anti-aging drug, especially if it prolonged not just the life span, but
the “health span” as well. “It would change all of life,” a leading



FDA official told POLITICO. “If there was something that really
slowed the aging process, wouldn’t everyone want to be in on it?”

The scientific logic is powerful, too. As we’ve seen in chapter
after chapter in this book, exercise has multiple, diverse molecular
effects all over the body, which means that artificially boosting the
right molecules could, in theory, mimic some of these beneficial
effects, though certainly not all.

Similarly, scientists who study aging have unraveled a number of
the key molecular changes that underlie aging, which suggests that,
again in theory, drugs to block these changes could be useful, too.

Cellular senescence, for instance, is a biological process, much
like an emergency brake, that cells use to stop dividing. This is
good in that it can prevent cancer cells from dividing out of control,
but it’s harmful in that these stalled cells remain in the body like
debris, emitting chemicals that can damage other cells. A drug to
kill senescent cells could be useful, indeed.

Moreover, in the big scheme of things, anti-aging researchers
argue, research funds might be better used to target the basic
processes of aging, rather than trying to cure one disease at a time.
At least so far, the FDA approves drugs based on their ability to
target a specific disease. In the view of the FDA, the biological
process of aging is not a “disease.”

But some argue it should be considered one. “I would love for
the US Food and Drug Administration to regard aging as a
condition that’s worth treating,” says anti-aging researcher David
Sinclair, a professor of genetics at Harvard Medical School. “The
reason is that aging is a decline in function. That, to me, is exactly
what a disease is.”

In the fall of 2018, the World Health Organization agreed,
changing the language in a document called the ICD-11, thus
opening the door for therapies directed against age-related diseases.



The business world is not waiting on such philosophical matters.
A number of companies are betting their investors’ money, and lots
of it, on drugs to mimic exercise, slow aging, or both. A partial list
includes Calico, CyteGen, Human Longevity, Inc., Unity
Biotechnology, MetroBiotech, resTORbio, PureTech Health,
Insilico Medicine, Mount Tam Biotechnologies, Sierra Sciences,
and Mitobridge.

In California, the Palo Alto Institute has set up a $1 million
“longevity” prize to “hack the code” of aging, and 30 companies
are now in the race. Peter Thiel, the billionaire cofounder of
PayPal, has teamed up with anti-aging researcher Aubrey de Gray
to start the Methuselah Foundation, which is dedicated to
regenerative medicine that could extend healthy life spans. Craig
Venter, the genomics pioneer, is in the game, too.

As for exercise pills, many scientists who study the molecular
biology of exercise are deeply skeptical, among them the authors of
a landmark 2014 paper in the journal Cell.

“Although the concept of taking a pill to obtain the benefits of
exercise without actually expending any energy has mass appeal
for a large majority of sedentary individuals, such an approach is
likely to fail,” wrote Australian exercise and nutrition researcher
John Hawley and his team. “Exercise training provokes widespread
perturbations in numerous cells, tissues, and organ[s], conferring
multiple health-promoting benefits,” they said, “and it is the
multiplicity and complexity of these responses and adaptations that
make it highly improbable that any single pharmacological
approach could ever mimic such wide-ranging effects.”

True, they acknowledge, a “polypill” with multiple effects might
work. But even such a pill could have unacceptable side effects,
which means, as they put it, that “exercise itself remains the best
‘polypill.’ ” A Spanish and American research team agrees that



exercise is the “real polypill” because our genome has been shaped
by evolution to respond to exercise, not pills.

“I am absolutely skeptical,” adds Bruce Spiegelman, director of
the Center for Energy Metabolism and Chronic Disease at the
Dana-Farber Cancer Institute in Boston. “The notion of exercise
mimetics sets off bells and whistles. It’s bad for the lay public.
Patients will say, ‘This is a way to avoid exercise.’ ”

“I have nothing but scorn for people just trying to make a fast
buck based on false narratives. I view it as an existential threat to
serious scientists working in this area. It makes it look as though
the goal of research is to make it so that lazy people who don’t
exercise can be fit, as opposed to research to discover molecules
for people who really can’t exercise, like Christopher Reeve after
his riding accident,” he says.

Indeed, during the years I have worked on this book, the thing
that has impressed me most is how many different effects exercise
has on the body, and how deep are its effects on the basic
molecules in our cells. Some scientists, for instance, estimate that a
single bout of high-intensity exercise generates more than 1,000
molecular changes. What happens to the other 999 effects if you
modify just one? As we saw in Chapter 6, one organ alone—
muscle—produces a torrent of hormones that have beneficial
effects all over the body.

Think of it this way: Exercise is a drug. It is medicine. In fact,
it’s the best medicine going. It’s also free. In other words, the only
time it makes sense to take a pill instead is if you are too sick,
injured, or disabled to move.

So, let’s take a closer look at the emerging drugs being studied as
exercise mimetics and/or anti-aging pills.

MTOR-INHIBITING DRUGS



For years, scientists have known that the most sure-fire way to
extend life span is to restrict calories. Caloric restriction works in
part by turning down the activity of a gene called mTOR, which
stands for mammalian (or sometimes “mechanistic”) target of
rapamycin.

Rapamycin is an antifungal agent that was discovered on Rapa
Nui, better known as Easter Island. It was by studying rapamycin
that scientists discovered mTOR itself. Rapamycin, called an
mTOR inhibitor, a drug that blocks mTOR, turns out to be a master
regulator of cellular growth and metabolism. It is now under
intense study as a life-extension drug.

The discovery that rapamycin increased life span was deemed
one of the top scientific breakthroughs of 2009 by the journal
Science. Today, many scientists believe that mTOR inhibitors to
slow aging “are a matter of ‘when’ rather than ‘if’.”

Luckily for researchers, and potentially the rest of us, rapamycin
is already on the market to treat lung cancer and combat organ
transplant rejection. The drug stops cell division in immune cells
called T cells, which is why it works as an immunosuppressant.
But, paradoxically, mTOR inhibitors, including rapamycin
derivatives such as everolimus (RD001), can also boost immune
function, even in humans. Other rapamycin mimics under study
include epigallocatechin gallate, withaferin, and isoliquiritigenen,
though so far, there’s no good evidence that these compounds
inhibit mTOR effectively.

Anti-aging researchers are fascinated by mTOR for other
reasons, too. It is part of the pathway by which insulin and IGF-1,
or insulin-like growth factor, act. Insulin regulates cell metabolism,
while IGF-1 boosts cell growth, cell differentiation, and tissue
repair, all potentially beneficial things.

But IGF-1 can also trigger age-related diseases by turning up
mTOR. In other words, when mTOR levels are high, aging is



accelerated; when levels are low, the rate of aging is slowed down.
Interestingly, exercise increases both IGF-1 and mTOR in

certain tissues. This could have adverse effects, except that the
exercise effect is short term and localized to specific tissues. In
other words, the danger appears to come when IGF-1 and mTOR
are increased all the time and all over the body, not just in muscles
and not just for a short time. Some call this the “IGF trade-off”
between exercise performance and longevity.

DIABETES DRUGS TO COMBAT AGING: METFORMIN

This FDA-approved drug, which is sold as Fortamet, Glucophage,
Glucophage XR, Glymetza, and Riomet, has long been on the
market to treat diabetes. It has also been shown to delay aging and
extend health span in animals, and it may in humans, too. A new
study called TAME (Targeting Aging with Metformin) aims to see
if metformin works in humans to delay the onset of cancer,
cardiovascular disease, and Alzheimer’s. Another drug used to treat
diabetes, acarbose, extends life span in mice.

Interestingly, metformin, which is used primarily to increase
insulin sensitivity, also activates an enzyme called AMPK (more on
AMPK in a moment) and indirectly inhibits mTOR, another
potential benefit.

But some data suggest that in healthy people, metformin may
lower maximal exercise capacity, prompting some scientists to
reject metformin as a potential exercise pill. Metformin mimics
include allantoin and gensenoside, though the evidence for them so
far is weak.

HORMONES, MITOCHONDRIAL BOOSTERS, AND HEAT
PRODUCERS



As we saw in Chapter 5, exercise triggers an important molecular
cascade that ultimately produces more mitochondria, the energy
factories inside cells. It goes like this: Exercise raises levels of an
enzyme called AMPK, which works with another protein called
SIRT1 to increase levels of yet another molecule, PGC-1 alpha,
which in turn helps cells make more mitochondria, which
ultimately produces energy (ATP). Exercise, in short, boosts
mitochondria, while the process of aging does the opposite—it
reduces mitochondria. So, drugs that affect the molecules in the
mitochondrial cascade are important targets for drug developers.

AICAR-AMPK

AICAR is a peptide (a small protein) that artificially stimulates
AMPK, the enzyme that is naturally triggered during exercise. The
job of AMPK is to sense when a cell needs more energy. To do this,
AMPK works with a molecule called PPAR-delta to increase levels
of PGC-1 alpha. PGC-1 alpha is the master controller for creating
more mitochondria.

In a 2008 study in Cell, researchers found that oral AICAR
increased the body’s ability to burn fat and increased endurance
running in mice by 44 percent. AMPK can also increase a
beneficial process called autophagy, by which damaged parts of
cells are destroyed and life span may be prolonged.

Both AICAR and AMPK are for sale online. AICAR is not
approved by the US Food and Drug Administration and is on the
list of banned substances of the World Anti-Doping Agency. It is in
clinical trials to treat some heart diseases and may help with
problems like muscular dystrophy and diabetes. AMPK is not
under discussion at WADA at the moment.



GW501516

GW501516 can boost levels of PPAR-delta, part of the
mitochondria-building cascade, and increase endurance in mice.
Endurance exercise is partly a function of muscles’ ability to
switch from burning glucose to burning fat. PPAR-delta is believed
to tell cells to use fat instead of sugar. In mice, PPAR-delta also
helps transform muscle fibers toward the slow-twitch type, which
burn fat and fatigue more slowly. PPAR-delta activators are on
WADA’s banned list.

Glaxo Smith Kline, the maker of GW501516, put the drug on
hold, after toxicity tests showed that mice given long-term, high
doses of the drug developed cancer at a higher rate than untreated
mice. An updated version of “516” is now under development.
GW501516, also known as “endurobol,” is on WADA’s list of
banned substances.

GSK4716

This is a synthetic small molecule that can boost levels of ERR
(estrogen-related receptor), which in turn boosts creation of
mitochondria. It also helps muscles shift toward slow-twitch type
and helps new blood vessels form. It is sold online. It is not FDA
approved and is under review by WADA.

SR9009

This man-made protein acts on a molecule called REV-ERB to
control circadian rhythms; it also seems to increase the amount of
energy mice expend without actually exercising. It may boost
creation of new mitochondria and increase autophagy. It is sold



online as Stenabolic. It is not FDA approved and is on WADA’s
prohibited list.

MOTS-c

This is a so-called mitokine, a hormone released from mitochondria
that, at least in worms, seems to extend life. It appears to act on
AMPK and helps maintain metabolic stability (homeostasis) and
insulin sensitivity. It is under review by WADA.

Irisin

Irisin is an especially important myokine, a hormone pumped out
by contracting muscles. While there had been debate about whether
exercise boosted irisin in people as well as in mice, Spiegelman’s
lab confirmed that it does. Irisin not only stimulates the cells that
build bones, but also helps turn white fat into brown fat, the kind
that produces heat. It acts in part by activating PGC-1 alpha. It is
produced in the body from a precursor protein, FNDC5. It is sold
online, but is not FDA approved. It is under review by WADA, but
currently is not banned.

Meteorin-like

This oddly named hormone is stimulated naturally by exercise in
cold environments and regulates chemical interactions between the
immune system and fat tissue. Artificially increasing levels of this
hormone stimulates energy expenditure, improves glucose
tolerance, and increases heat production. Meteorin-like is not under
discussion at WADA.



BAIBA

When exercise increases levels of PGC-1 alpha, that, in turn,
triggers secretion of BAIBA (beta-aminoisobutyric acid), a
hormone made in muscles and secreted into the blood. BAIBA
travels to white fat tissue, where it acts on PPAR-alpha receptors to
ramp up activation of genes that turn white fat cells brown.

(−) Epicatechin

This is a plant-derived substance found in cocoa, tea, and grapes
that acts on cardiac and skeletal muscle to increase mitochondria
and blood vessels. It also appears to act on VEGF, a molecule that
stimulates blood vessels to grow, and on nitric oxide. It is under
review by WADA.

RESVERATROL, SIRTUINS, AND NAD+

Resveratrol

Resveratrol, a plant-derived chemical found in blueberries, the skin
of grapes, and red wine, has long been controversial. It is sold
legally as a dietary supplement and therefore does not need prior
FDA approval, although manufacturers are not supposed to make
false health claims, as some have.

Resveratrol was initially believed to trigger enzymes called
sirtuins, especially one called SIRT1, and to improve exercise
capacity, increase insulin sensitivity, create new mitochondria,
protect against diet-induced obesity, boost blood flow to muscles,
and improve lung function in mice. (Humans have seven sirtuins.)
Dietary resveratrol may also mimic beneficial aspects of caloric
restriction.



In 2004, David Sinclair, the Harvard genetics professor, founded
a company called Sirtris Pharmaceuticals in Cambridge,
Massachusetts, to develop resveratrol products (chiefly SRT501)
and sirtuin-based anti-aging drugs.

But the initial scientific—and popular—excitement for
resveratrol has faded, at least for a while. In 2008, GSK, a major
drug company, bought Sirtris for $720 million. In 2010, some
research suggested that resveratrol did, as claimed, trigger SIRT1.
And Sinclair currently believes the doubts about resveratrol have
been satisfactorily resolved.

Other researchers, however, have questioned whether resveratrol
truly activates SIRT1 and whether resveratrol is as effective as
claimed. In one study, mice and rats given resveratrol did not, as
expected, show an increase in mitochondria in muscle cells or in
life span. It also did not activate AMPK and SIRT1 and PGC-1
alpha and lead to better running endurance. In fact, at high doses,
resveratrol was toxic. On the other hand, one SIRT1 activator
(SRT2104) has extended life span in mice and may be safe and
potentially effective in humans. That same drug has also improved
psoriasis in humans.

Recently, there’s been some good news. Resveratrol has been
shown to inhibit a molecule called PDE4 that, through a series of
steps, boosts production of AMPK, PGC-1 alpha, and SIRT1,
which increase energy production in mitochondria. A PDE4
inhibitor that is 30,000 times more powerful than resveratrol has
been approved by the FDA for chronic obstructive pulmonary
disease (COPD) and is now being studied for type 2 diabetes.
Resveratrol is under WADA review, but is currently not banned.

SIRT and Sirtuins



The SIRT genes make signaling enzymes called sirtuins that play a
key, albeit complex, role in the aging process. Sirtuin activators
seem to improve health span and life span in mice. Preliminary
research shows SIRT1 activators may be safe for humans. SIRT1 is
believed to remove a molecule called an acetyl group from PGC-1
alpha, the master molecule for mitochondria creation. This process,
called deacetylation, changes PGC-1 alpha from an inactive form
to an active one. Sirtuin research, however, has had a rocky history,
with intense controversy and conflicting results, “a steep winding
road,” in the view of some researchers.

NAD+

This enzyme (nicotinamide adenine dinucleotide) is made in
mitochondria and controls metabolic processes all over in the body,
including DNA repair and circadian rhythms. Since NAD+ levels
decline with aging, replacing NAD+ with a drug makes scientific
sense.

NAD+ is believed to work as a sirtuin activator. Without NAD+,
sirtuins simply don’t work. In mice, NAD+ improves the health
span and muscle aging and helps prevent cognitive decline. Levels
of NAD+ can be increased by a chemical called NMN
(nicotinamide mononucleotide), which is found in broccoli,
cabbage, cucumber, edamame (soybeans), and avocado. NAD+ can
also be increased by another chemical, NR (nicotinamide riboside).

As with resveratrol and the sirtuins, there’s been controversy
about the aggressive marketing of NAD+-based products, including
Basis, made by Elysium Health. Elysium is led by MIT biology
professor Leonard Guarente and boasts Nobel Prize winners and
other leading scientists on its advisory board. Basis combines two
supplements, NR and pterostilbene, a molecule similar in structure
to the resveratrol found in blueberries. In one human trial of Basis,



the drug appeared safe. (Elysium was sued in 2017 for not paying
its supplier.) Basis will be reviewed by WADA in connection with
resveratrol.

MYOSTATIN SUPPRESSORS

Myostatin is a hormone made by muscle cells that stops muscle
growth; therefore, drugs to inhibit this could increase muscle
growth. The pharmaceutical giant Novartis has been conducting a
clinical trial of a myostatin-inhibiting drug called
Bimagrumab/Bym338, but tests of the drug have so far not proved
successful. All myostatin inhibitors are banned by WADA.

Telomere Extenders

TA-65 is a nutritional supplement said to boost telomerase, the
enzyme that restores length to telomeres (little protective caps on
the ends of chromosomes that shrink with aging). One company
claims to have used gene therapy to increase telomere length in its
CEO. But drugs to restore telomere length could promote cancer.
TA-65 is not banned by WADA based on current scientific
literature.

Young Blood

The idea that transfusing an older person, or animal, with young
blood can restore lost youth is appealing—and controversial,
though that’s not stopping some aggressive entrepreneurs. But there
is some evidence in favor, including research that shows human
umbilical blood transfused into old rodents can improve the
animals’ memory.



SO, THERE WE HAVE IT

At least part of it. Will one of these drugs “cure” aging? Will it be a
new class of drugs called senolytics that target senescent cells
(which are still alive but can no longer divide), perhaps with
substances like dastinib and quercitin?

Will an exercise mimetic one day let paraplegics be as
metabolically fit as marathoners?

Probably not. But one thing is certain: Scientists will learn even
more about aging and about exercise’s myriad effects on the body
in the process.



CHAPTER 15

The Nitty Gritty: Q & A



1.

2.

3.

4.

What’s the basic exercise recommendation for adults?
At least 150 minutes a week (two and a half hours) of moderate-
intensity exercise or 75 minutes (one hour and 15 minutes) of vigorous-
intensity aerobic activity a week. Aerobic activity should be performed
in episodes of at least 10 minutes at a time. For more extensive health
benefits, five hours of moderate-intensity activity or two and a half
hours of vigorous activity. In addition to the aerobic stuff, muscle-
strengthening activity (resistance training) at least twice a week.
What is “moderate” activity? What’s “intense”?
The subjective way to distinguish these is simple: With moderate
activity, your breathing quickens, but you’re not out of breath. You
break a light sweat after about 10 minutes. You can talk, but not sing.

With vigorous activity, your breathing is rapid and deep. You sweat
after only a few minutes. You can only say a few words without
pausing for breath.

More objectively, you can use your heart rate to gauge activity level.
First, figure out your maximum heart rate. The simplest way is to
subtract your age from 220. If you’re 74, for instance, your maximum
heart rate is 146—that’s the maximum number of times your heart
should beat in a minute during exercise. Moderate exercise activity gets
you to 50–70 percent of your maximum heart rate; vigorous activity
gets you to 70–85 percent.
How can you determine your “fitness age”?
Short of having a cardiac stress test on a treadmill at a medical
institution, you can make some reasonable estimates with a few simple
measurements at home. One way is to use the online methodology
developed by researchers at the Norwegian University of Science and
Technology. You can also follow the procedure on the Mayo Clinic
website.

See the Appendix for links.
What is VO2max?
VO2max is a commonly used measure of aerobic fitness that basically
shows the highest rate at which your body can supply oxygen to your
contracting muscles. The American Heart Association believes that this
measure is so important it should be considered a “vital sign,” just like
blood pressure, heart rate, temperature, and respiration rate.



5. If you stop exercising, how fast do you lose fitness and strength?
And how fast can you regain it?
Unfortunately, maintaining fitness is truly a case of “use it or lose it.”
How fast you lose it, of course, depends on how fit you were to start
with, how old you are, how recently you stopped exercising, and how
long you had been exercising before you stopped.

For most of us, cardiovascular fitness starts to decline with just a
week or two of inactivity, while losing muscle mass and strength takes
an extra week or so. Athletes and serious long-term exercisers tend to
lose fitness more slowly than those who haven’t trained as long.

In one classic study from the 1980s, volunteers trained hard for nine
weeks, then stopped for the next nine. When training stopped, VO2max
and the “anaerobic threshold” both dropped rapidly. (The anaerobic
threshold, also called the lactate threshold, is the moment during
exercise when lactic acid builds up faster than it can be cleared away.)

In general, endurance (aerobic) conditioning can decline by as much
as 25 percent after just three to four or five weeks of detraining.

Some reports suggest that even just two weeks of detraining can lead
to a significant decline in cardiovascular fitness, though once you get
back into exercise, aerobic capacity rebounds faster than muscle
strength. And some data suggest that adverse metabolic changes can
occur with as few as 10 days of exercise cessation. On the other hand,
the enlargement of the heart from exercise declines fairly slowly—even
complete bed rest only causes about 1 percent of heart muscle loss per
week.

As a basic rule of thumb, to maintain cardiovascular fitness gains,
you have to avoid breaks of longer than two to three weeks. On the
plus side, if you have to temporarily cut back on how often you
exercise and how much, you can maintain some gains by not cutting
back on how hard you train, that is, on intensity.

Once you really lose fitness, it takes time—and patience—to regain
it. After two to eight months of not exercising, you can lose all of your
fitness gains. In fact, if you’ve really been inactive for a very long time,
it can take a year to get into as good shape as you were in before you
quit. (Bed rest, as we’ve seen, is particularly dangerous, leading to
rapid losses of fitness.)



6.

7.

As for muscle strength, as opposed to cardiovascular fitness, things
are a bit rosier—you don’t lose the muscle mass you gain from
resistance exercise as fast as you lose cardiovascular fitness. In part,
that’s because strength training triggers formation of new nuclei in
muscle cells.

In a 2017 analysis, researchers found that muscle strength can be
maintained without training for as long as three to four weeks, after
which it declines, though it can be rapidly restored when you start up
again. Other data support this idea. Some studies suggest that muscle
mass gained from resistance training can last for months, even years.
(Prolonged detraining, of course, does lead to muscle loss.)

Even for people who do very serious strength training—“lifters”
who have been doing resistance training for more than three years and
who compete at the collegiate or professional level—maximum
strength levels can also be maintained for up to three weeks without
training, though after that, things do fall apart.

With detraining, muscles do look smaller, but that’s because they
contain less glycogen (a stored form of carbohydrates) and water.

And it’s not just aerobic and strength gains that you lose when you
stop exercising, but improvements in blood pressure, cholesterol, and
blood sugar levels, as well as muscle strength.

In a Spanish study of obese people with metabolic syndrome who
did four months of aerobic interval training, just one month of no
exercise led to the loss of many of these improvements, especially
aerobic fitness.
What is high-intensity interval training (HIIT)?
This kind of training alternates short bursts of very vigorous exercise
with rest or slower activity, a pattern that is repeated multiple times.
The idea is that you can get many of the benefits of a longer,
continuous workout in much less time.

The most famous test is the Wingate protocol, developed in the
1970s in Israel. It calls for a 30-second all-out effort, followed by four
minutes of recovery. This pattern is repeated four to six times during
one workout session. This amounts to three to four minutes of hard
exercise per session, with three sessions a week for two to six weeks.
So is HIIT better than continuous training?



8.

“Better” is a tricky word. At the very least, HIIT is highly effective and
more time efficient, though, of course, any exercise is better than none
at all. Before embarking on HIIT, check with your doctor if you haven’t
exercised in a while, are sick, or have hypertension or other
cardiovascular problems. (For more on HIIT, see Chapter 5.)
Can you be both fit and fat?
The debate is still raging, and obviously, both fitness and healthy body
weight are important. Some data suggest that fitness may be as
important as weight, that is, that fitness strongly predicts mortality,
regardless of body size. Put differently, some data show that higher
levels of exercise can attenuate the mortality risk at all levels of
adiposity. On the other hand, fatness or obesity does substantially
reduce fitness, and other data suggest that you can’t be both fit and fat.

Part of the problem comes in measuring fatness. In many studies,
weight is gauged by BMI (body mass index). For the vast majority of
people, BMI is a good measure of body fatness. But some people, such
as weightlifters, can have a high BMI, suggesting they are overweight
even when they are not. That’s in part because muscle weighs more
than fat.

In a study of nearly 117,000 women followed for 24 years, the
lowest mortality, not surprisingly, was in physically active, lean
women. Higher levels of physical activity did reduce mortality risk but
did not eliminate the high risk associated with obesity. And being thin
did not counteract the increase in mortality risk from inactivity.

A 2017 study of more than a half million Europeans followed for
more than a decade found that there is no such thing as “fit but fat,” as
the leader of that study told Fortune magazine. This study found that
being overweight raised the risk of coronary heart disease by up to 28
percent, even if a person was otherwise healthy. The study adds “to a
growing body of evidence that suggests that being ‘fat but fit’ is a
myth,” the researchers from the Imperial College London noted in a
statement.

The biggest and most recent study, a British analysis of 3.5 million
people published in 2017, also found that people who are obese are at
an increased risk of heart failure and stroke even if they are
“metabolically healthy,” that is, they don’t show obvious warning signs



9.

10.

11.

such as high blood pressure or diabetes. As long as these folks were
obese, the study showed, they were at a modestly increased risk of
stroke, a nearly 50 percent increased risk of coronary heart disease, and
a nearly doubled risk of heart failure compared to those who were not
obese and were in similar metabolic health. The leader of this study put
it bluntly to the New York Times: “The bottom line is that metabolically
healthy obesity doesn’t exist.” Or at least, is a state of affairs that can’t
be maintained for long.
Can you target exercise to control where your body loses fat?
It’s not entirely clear. In general, exercise burns fat all over the body,
but does not work as a “spot reduction” strategy. In other words, no
matter how many sit-ups you do, you don’t actually change belly fat
into muscle; to lose fat, you have to expend more calories than you take
in. But a 2015 study did show that weight training is particularly
beneficial for reducing belly fat.
Is more exercise better than less for extending longevity?
Yes, to a point. A large study of 16,939 Harvard alumni showed that
death rates declined steadily as exercise increased up to the point of
expending 3,500 calories a week, after which there is no reduction in
mortality risk. Being physically active reduced mortality rates
regardless of hypertension, smoking, and extreme gains in body
weight. By age 80, habitual exercisers were likely to have an extra one
to two years of life, compared to sedentary men.

A 2015 analysis of pooled data from six studies involving 661,137
men and women in the United States and Europe aged 21–98 showed
that people who do one to two times the recommended minimum of
moderate physical activity have a 32 percent lower mortality risk than
those who do none. At two to three times the minimum
recommendations, there is a 37 percent lower risk. The upper threshold
for reducing mortality risk occurs at three to five times the activity
recommendations.
Is there a level at which exercise is harmful if you’re healthy?
Mostly, no. That study of 661,137 people found that even at 10 or more
times the recommended exercise dose, there was no evidence of harm.
Other studies agree. On the other hand, a 2017 study did find that white
men who exercised more than seven hours a week had a significantly
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higher risk of having plaque buildup in their arteries, though this does
not necessarily translate into problems such as heart attacks.

Ultrasound studies done at the end of marathons have shown
potentially worrisome changes in both left and right ventricles of the
heart, though these changes are usually transient. Certain biomarkers
are also elevated right after a marathon in some runners. Atrial
fibrillation (an irregular rhythm in the top chamber of the heart) is also
five times more likely in middle-aged men who are endurance athletes.

That said, a 2012 analysis of 10.9 million marathon runners showed
a low overall risk of cardiac arrest and sudden death. When cardiac
arrest does occur during long-distance running events, it does so rarely
in half marathons (13.1 miles), but more often in full marathons (26.2
miles).
Okay, but isn’t exercise dangerous for some people?
Yes, and obviously, if you’re in doubt, check with your doctor,
especially if you have heart or lung problems, including hypertension.
Also, if your blood counts are low and your immunity is compromised
because of cancer or cancer treatment, it may be wise to wait to
exercise until your counts are normal.

In a major review of the benefits and risks of exercise for people
with one or more of 26 conditions, Scandinavian researchers generally
found few contraindications for exercise. Spanish scientists agreed.

However, there are some caveats. For people with ischemic heart
disease, in which blood flow to the heart is compromised, it may be
wise not to do short, high-intensity workouts. (See Chapter 4.) For
people with hypertension, weight training should focus on lighter
weights; if your blood pressure is over 180/105, you should consider
drug treatment to control blood pressure before exercising.

For people with type 2 diabetes, overall, exercise is more a benefit
than a risk. But you should postpone exercise if blood sugar levels are
too high or too low; if you have hypertension or diabetic eye problems,
including advanced retinopathy, it may be wise to avoid high-intensity
training. If you have nerve pain or foot problems, weight-bearing
exercise can lead to ulcer and fracture.

If you have an acute exacerbation of asthma, take a temporary break
from training. Ditto if you have an infection—wait until it’s gone. If
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you have cystic fibrosis as well as an infection, wait until you’re better.
If you have osteoarthritis with an acute joint inflammation, rest that

joint until it’s improved, but exercise other joints. If you have
osteoporosis, avoid exercises that increase your risk of falling. Don’t
exercise a body part with a recent fracture. If you have rheumatoid
arthritis, use low weights for strength training and be careful with your
neck. If you have bone metastases from cancer, don’t lift heavy
weights.

And then there’s the common-sense stuff. Exercising an acutely
injured body part is silly—as is doing things like biking on busy roads,
especially without a helmet.
Should you exercise if you’re sick?
That depends on what you’re sick with and how sick you are.

Don’t exercise if you have a fever over 101° Fahrenheit. If you’ve
got a cold and your symptoms are mostly above the neck (minor sore
throat, runny nose, sneezing, etc.), it’s okay to exercise, moderately. If
your symptoms are below the neck (chest congestion, stomach pain,
etc.) wait until you’re better. If you do exercise, reduce the intensity
and length of your workout. Don’t exercise if you have severe fatigue
or widespread muscle aches.

In general, regular aerobic exercise strengthens the immune system.
(See Chapter 11.) But immunity can decrease slightly about 90 minutes
after exercise, at least in elite athletes, then bounces up again. After a
marathon, it can stay a bit low for 72 hours. Wash your hands a lot if
you work out in gyms during cold and flu season.

Light exercise if you’re mildly sick can even make you feel better,
and can bring oxygenated blood to an area of infection, potentially
helping to fight the infection. But stay hydrated. And don’t do dumb
things, like rock-climbing if you have vertigo or diving if your ears are
plugged up!
Should you exercise while pregnant?
If you’re healthy and your pregnancy is normal, the American College
of Obstetricians and Gynecologists and the Centers for Disease Control
and Prevention recommend exercising for at least 30 minutes at
moderate intensity for most, or all, days of the week.
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It used to be thought that exercise during pregnancy could increase
the risk of preterm birth, perhaps by increasing levels of the stress
hormone, norepinephrine. But an analysis of nine studies involving
more than 2,000 women found no significant difference in preterm
births in women who exercised aerobically for 35–90 minutes three or
four times a week during pregnancy compared to those who didn’t. In
fact, the women who exercised had a better chance of a vaginal
delivery.

How long and hard you exercise depends on your previous activity
levels. Exercise during pregnancy can reduce risk of gestational
diabetes. Exercise, including low- to moderate-intensity weight
training, can also help prevent excess weight gain, reduce back pain,
and ease constipation.

Hormonal changes during pregnancy will make your joints more
flexible, which can raise the risk of joint injury. Your balance may be
off, too, because of your growing belly. Your need for oxygen increases
as well.

Try to avoid contact sports in which you could get hit in the
abdomen or activities like skiing that increase your risk of falling.
“Hot” yoga is probably a bad idea, too, because you can overheat.
Exercising at altitudes more than 6,000 feet is also unwise, unless
you’re used to it.

Also, don’t exercise without asking your doctor if you have certain
types of heart or lung disease, cervical “insufficiency,” if you’re
carrying multiple fetuses, or if you have severe anemia or pre-
eclampsia (pregnancy-induced high blood pressure).

Exercise during pregnancy can reduce the risk of giving birth to a
baby with serious heart defects, too. In one experiment, mice allowed
to run during pregnancy bore far fewer babies with heart defects than
mice not allowed to run, even if the mothers-to-be were old.

Exercise is also important after pregnancy. Granted, time and sleep
are at a premium with a new baby, but exercise is key because it can
help strengthen your abs and help prevent postpartum depression. You
can start a few days after childbirth, but check with your doctor if
you’ve had a cesarean delivery.
Does exercise help with menopausal symptoms?
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It’s not clear. Some research finds that exercise does not help ease hot
flashes, though it does help with sleep quality, insomnia, and
depression.

Other research suggests that regular, moderate-endurance exercise
may reduce the frequency and intensity of hot flashes, though it’s not
clear how. In a 2016 interventional study of 21 women with hot flashes
who underwent a 16-week exercise training program, exercise was
linked with fewer hot flashes. But to get this effect, women had to build
up to working out vigorously four or five times a week for 45 minutes
each time. No one is sure how exercise might affect this, but it may be
by improving the body’s heat-regulation processes.
Should men and women exercise differently?
By and large, no, but there are some caveats, and responses to exercise
may differ. With weight training, for instance, men, with their higher
levels of testosterone, tend to bulk up more than women. But the
difference is small.

On the other hand, women, thanks to lots of estrogen, often have
looser joints, which can raise the risk of joint damage with sudden
twisting movements, as in basketball. Women’s knees are more
vulnerable than men’s because the “Q-angle,” the angle between the
hip and the knee, is greater because women’s hips are wider, which is
great for childbearing, but not so good for landing from a jump and
twisting. The extra torque in women’s knees can more easily shred the
ACL (anterior cruciate ligament).

Men tend to have stronger tendons than women because they
synthesize more collagen after exercise, making their tendons less
susceptible to injury. Men also tend to have somewhat higher VO2max
levels than women.

A caveat, though—some bodybuilding coaches, among them Menno
Henselmans, a business consultant turned fitness coach, contend that
there are some differences in the way men and women should train,
noting, among other things, that women may be less subject to fatigue
and may be able to handle more training.
Can you be allergic to exercise?
Yes. It’s rare, but it can be life-threatening, in which case it’s called
exercise-induced anaphylaxis (EIA), a kind of shock. In some cases,
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the allergic reaction is triggered by a combination of certain foods
followed by exercise, in which case it’s which called FDEIA, or food-
dependent exercise-induced anaphylaxis. Usually, the reaction happens
during or right after exercise and can be manifested by hives, swelling,
digestive problems, respiratory problems, and other signs of shock. The
most common food triggers are crustaceans and wheat flour. The cause
appears to be changes in immune cells called mast cells, which release
histamine. Immediate treatment involves epinephrine and
antihistamines, as well as airway maintenance and cardiovascular
support.
What causes muscle cramps?
Believe it or not, nobody is quite sure.

Historically, lots of things have been postulated to contribute to
exercise-induced muscle cramps, including overuse of a muscle,
dehydration, holding a position for too long, nerve compression,
inadequate blood supply to a muscle, imbalances of electrolytes such as
magnesium, potassium, and sodium, and accumulation of lactic acid.
But science hasn’t supported much of this.

Current thinking is that muscle cramps, generally thought to be
harmless, occur because of hyperactivity of the nerve-muscle reflex arc
—in other words, overuse of feedback communication involving
nerves and muscles. Prolonged sitting or bad posture may predispose
these reflexes toward malfunctioning. Stretching, for 15–30 seconds,
may help get rid of the hyper-excitability of a cramping muscle.

During a muscle cramp, the spinal cord may actually—mistakenly—
tell the muscle to keep contracting. Inadequate conditioning also
contributes to cramps because untrained muscles are more prone to
fatigue. Exercising in intense heat may also trigger cramps. Severe
muscle cramps can be extremely painful; if cramps are severe and
frequent, it makes sense to see a doctor.
Why do muscles feel sore after exercise?
It’s called DOMS, for delayed-onset muscle soreness, and it usually
strikes a day or two after a big workout. The main culprit is eccentric
exercise, that is, exercise that involves lengthening a muscle while it is
contracting, like lowering your arm after a biceps curl. (Eccentric
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movement seems to trigger DOMS more than other motions.)
Technically, DOMS is seen as a “Type I muscle strain injury.”

As we saw in Chapter 6, exercise triggers tiny tears in muscle tissue,
which lead to painful inflammation and, ultimately, repair and stronger
muscles. There are other theories, too, including lactic acid buildup,
muscle spasms, connective tissue damage, and enzyme changes. But no
single theory is likely to explain the entire process.

Although some exercisers contend that free radicals (toxic forms of
oxygen created during exercise) are to blame and that therefore
antioxidants are the answer, that’s not true. (See Question 22.) Icing the
affected area may not help, either.

What may help is massage or the do-it-yourself version, using a
foam roller on the sore muscles. NSAIDs (non-steroidal anti-
inflammatory drugs) can help. So can exercising non-sore parts of the
body for a few days until DOMS disappears.
Does exercise change the kind of fat you have?
Though most of us assume all our body fat is pretty much the same,
there are actually several different kinds. There’s subcutaneous fat,
which lies just under our skin and is basically harmless, and visceral
fat, which covers our internal organs and in excess amounts can be
metabolically harmful, in part because it secretes biochemical signals
that increase chronic inflammation and insulin resistance. Muscles can
use fatty acids from fat as fuel.

But fat also comes in different colors. Brown fat is considered
“good” because it can generate heat. In general, lean people have more
brown fat than obese people, and kids have more brown fat than adults.

Exercise can transform white fat into brown fat, which is desirable in
part because it is metabolically more active and burns more calories. A
hormone called irisin, produced in working muscles, can turn some
white fat cells into brown. People who exercise tend to have higher
levels of irisin than sedentary folks. Exercise may also stimulate
production of proteins that lead to growth of more blood vessels.
Does exercise alone help you lose weight?
Yes, but it takes an awful lot of exercise. Olympic swim champ
Michael Phelps, for instance, consumed 12,000 calories a day during
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peak training, but as he put it himself, all he did was “swim, eat and
sleep.”

But most of us ordinary mortals don’t exercise that much. And, as
we saw in the obesity section of Chapter 4, the math is against you. In
theory, since weight gain results from too much food and too little
exercise, you could lose weight just by increasing exercise and keeping
food intake constant. But for most of us, that doesn’t work because we
tend to underestimate the calories we ingest in food and overestimate
how many calories we burn in exercise. A 160-pound person walking
at a 20-minute-per-mile pace burns just 255 calories in an hour—the
calories in one small muffin!

Just by itself, without dietary changes, exercise usually won’t help
you lose weight. In fact, some data show that Americans have actually
been exercising more in recent years, even as the obesity epidemic has
worsened. Diet alone even edged out diet-plus-exercise in one study of
weight loss. But in general, combining exercise with diet seems to
work best.
How does exercise affect appetite?
It’s complicated. Most research shows that exercise suppresses
appetite, at least for a couple of hours. But not in everybody. Go figure.

Exercise, particularly strenuous exercise, can act as an appetite
suppressant by lowering levels of the hormone ghrelin, an appetite
stimulant often called the “hunger hormone,” and boosting levels of
blood lactate and blood sugar, which lessen the need to eat.

One study, for instance, found that vigorous aerobic exercise—60
minutes on a treadmill—lowered levels of ghrelin and also raised levels
of peptide YY, an appetite suppressor, although resistance exercise had
a more mixed effect. The hunger-suppressing effect of vigorous
exercise lasted about two hours. In a subsequent study, the same
researchers confirmed that exercise intensity and, to a lesser extent,
duration were linked to lower ghrelin levels. Exercise can also increase
levels of leptin, according to a Spanish research review. Leptin is an
appetite suppressor.

But exercise can sometimes stimulate appetite. While appetite does
go down immediately after exercise, as body temperature cools down
again, appetite may increase.
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Bottom line? It really is complex. But overall, it’s easier to regulate
appetite if you’re expending a lot of energy, one of the big benefits of
exercise. In essence, exercise makes for better “coupling” of energy
intake and energy expenditure. Besides, when you’re sedentary it’s
harder to control appetite.
Is caffeine a performance enhancer?
Yes. Caffeine can act as a performance enhancer (or “ergogenic aid”)
during exercise and competitions. Caffeine doesn’t actually boost
maximum oxygen capacity, but can improve speed and power during
races. Interestingly, this effect holds true in events lasting 60 seconds to
those lasting two hours. There’s no evidence that caffeine leads to
dehydration or ion imbalances. The bad news, at least in one study, is
that drinking coffee may not work as well as “doping” with pure
caffeine.

Moderate to high doses of caffeine (5–13 milligrams per kilogram of
body weight) have profound effects on exercise. Low doses (less than
or equal to 3 mg per kg of body weight) don’t change the whole-body
response to exercise, but can improve vigilance, alertness, mood, and
cognitive processing during exercise. The effects of caffeine probably
stem from changes in the central nervous system.

Caffeine may also help keep dopamine levels high in the brain areas
needed for concentration and reduce the perception of pain and effort
during exercise, potentially helping maintain effort longer.
Do antioxidant vitamins offset the benefits of exercise?
It’s fair to say that, at the very least, antioxidant vitamins don’t enhance
the benefits of exercise. Exercise does create free radicals, toxic forms
of oxygen. And free radicals do cause “oxidative stress.” But exercise
also triggers formation in the body of antioxidants, which can
counteract the effect of some free radicals. If you take supplementary
vitamin C or E, for instance, you may wind up with fewer of the
enzymes that trigger what you want—an increase in mitochondria (the
energy factories) in muscle cells. In other words, antioxidant
supplementation may actually retard the expected increase in fitness
and strength from exercise. This seems to hold true whether exercise is
aerobic or resistance training.
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To be sure, antioxidant supplements, which have been vigorously
promoted by the supplement industry, have long been popular among
athletes eager to improve performance. But the current thinking is that
free radicals are not as “bad” as once thought, nor antioxidant
supplements as “good.” In fact, an imbalance—too many antioxidants
compared to free radicals—can result in its own problem, dubbed
“antioxidant-induced stress,” in part because antioxidants themselves
become highly reactive after they donate their electrons to free radicals.
Antioxidants that occur naturally in food appear to be much safer than
large doses of supplements.
Is it safe to exercise if you take beta-blockers?
Beta-blockers are cardiac medications that block the effects of
adrenaline, the “fight-or-flight” hormone. They are used to lower heart
rate and blood pressure. In general, it’s fine to exercise while on beta-
blockers, but don’t push it in an attempt to get your heart rate up to the
level you attained without beta-blockers.

Check with your doctor to find out what target heart rate you should
aim for while on these medications. If you can’t talk while exercising,
back off a bit. There are also other drugs that your doctor might
consider switching to.
Are “accelerometers” and other “activity trackers” accurate?
Somewhat. These devices are a great way to guard against deluding
yourself about how many steps you actually get per day. Because they
are so much better than just asking people to remember how much they
exercised on a given day, accelerometers are the coming wave of
exercise research.

They’re also great when exercise researchers use them (notably, the
research-grade devices such as ActiGraph GT3X+) to track what you
do, as opposed to what you say you think you did.

But accelerometers and other movement sensors such as Fitbit,
Jawbone, Nike Fuel, Garmin, Samsung GearFit2, TomTom, and Apple
Watch, while pretty good at counting steps, are not so good at
calculating caloric expenditure and heart rate, especially during higher-
intensity workouts.

Research studies have shown mixed results. In one court case against
Fitbit, a non–peer-reviewed study commissioned by the plaintiffs and
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vigorously denounced by Fitbit found that the device was highly
inaccurate during intense exercise. (For what it’s worth, I wear a Fitbit
and have found it very inaccurate for heart rate with vigorous
workouts, but better step-counting, except on elliptical machines.)

In another study of different Fitbit devices and Jawbone UP24, the
devices were good at counting calories for sedentary activity, but
overestimated energy expenditure during exercise, including walking.
In this study, one device, the Fitbit Flex, was more accurate than the
others at judging energy expenditure and steps.

On the other hand, a Stanford University School of Medicine study
of seven wristband activity trackers came to completely different
conclusions: that six of the devices were fairly accurate for heart rate,
but none of the seven was accurate for calories burned.
Can exercise improve vision?
Surprisingly, yes, especially aging-related vision problems such as
AMD (wet age-related macular degeneration), cataracts, and glaucoma.

Among other things, exercise, as we saw in Chapters 8 and 9,
triggers production of BDNF (brain-derived neurotrophic factor),
which may boost the number of brain cells, including cells in the retina.
(The retina is technically part of the brain.) Some vision problems stem
from high blood pressure and cholesterol, which can be lowered via
exercise. Exercise also helps control type 2 diabetes, which can damage
the retina.

One 2013 study found that moderate walking and vigorous running
are both linked to a lower risk of cataracts. A massive 2015 Swedish
study of 52,660 people followed for an average of 12 years found that
those who exercised the most had a 13 percent reduced risk of cataracts
compared to people who exercised the least.

As for BDNF, dubbed “Miracle Gro” for the brain, exercise may do
as much for the eyes as for the rest of the brain. In a clever 2009 study
of more than 40,000 middle-aged distance runners, researchers found
that the runners who logged the most miles were the least likely to get
macular degeneration, regardless of weight, cardiorespiratory fitness,
and smoking.

In an interventional study in mice, researchers from Emory
University assigned half of a group of mice to a sedentary lifestyle and
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allowed the others to run on little treadmills for an hour a day. After
two weeks, half of the mice in each group were exposed to very bright
light for a few hours, a way of experimentally inducing retinal
degeneration. All the mice then went back for two weeks to whatever
condition they were in before, either sitting or running. Then the
scientists looked at all the animals’ retinas—the mice that didn’t
exercise had lost 75 percent of their retinal neurons and their vision
was failing. The mice that had exercised were able to maintain twice as
many neurons as the unexercised mice, despite exposure to that bright
light.

In a separate experiment, the researchers took another batch of mice
and had half exercise and half not for two weeks, then measured the
levels of BDNF in their bloodstream and in their eyes. The exercising
mice, as expected, had more BDNF. Then, the researchers injected still
other mice with a substance that blocks BDNF before they exercised
and were exposed to the bright light. Bingo! Without BDNF, these
animals’ retinas were not protected by exercise.

But there is a potential shadow over all this positive news. A 2017
Korean study that tracked 211,960 middle-aged and older men and
women found that those who exercised vigorously five or more days a
week had a 54 percent increased risk of macular degeneration. But, as
the authors themselves note, there is no strong biological rationale for
this finding, and no association was found for women. So this has to be
taken with a large grain of salt.
Does exercise benefit the skin?
Yes.

At a minimum, improved circulation is just as good for the skin as
for every other organ in the body, bringing freshly oxygenated blood to
skin cells and taking away cellular waste products. Since exercise can
also ease stress, it can help reduce stress-related skin problems such as
acne and eczema, too.

But recent research suggests that exercise may even reverse skin
aging. As we hit midlife, the layers of the skin begin to change, most
notably the outer layer of the skin called the stratum corneum, which
thickens, while a deeper layer of the skin, the dermis, gets thinner,
explains New York Times fitness columnist Gretchen Reynolds.
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It’s been known for a number of years now that exercise is good for
mitochondria, the energy factories inside cells (see Chapter 5). In fact,
in 2011, McMaster University researchers showed that in mice bred to
age prematurely, exercise restores sagging mitochondria and prolongs
life.

With that in mind, the McMaster team then set out to see what effect,
if any, exercise might have on the aging of human skin. In a meticulous
2015 study, they showed that endurance exercise does indeed slow
aging-induced changes in the skin. It does so by increasing levels of
hormones called myokines, which are made in contracting muscle
cells. Specifically, the researchers found that a myokine called IL-15
triggers the exercise-associated improvements in the skin of older
people. Indeed, they found higher levels of IL-15 in the skin of
exercisers compared to non-exercisers.
Does exercise affect the teeth?
Well, maybe, and perhaps not for the better. But don’t let that stop you
from exercising.

The data are preliminary, and potentially flawed. Working out long
and hard may temporarily change saliva in a more alkaline direction,
which could interfere with a protein in saliva whose job is to prevent
tooth decay.

A 2013 study in the British Journal of Sports Medicine looked at 278
athletes participating in the London 2012 Olympic Games. Their oral
health was remarkably poor, despite their stupendous overall fitness. In
fact, a majority had high levels of tooth decay, and some also had gum
disease and erosion of tooth enamel. It wasn’t clear why these ultra-
healthy folks had such bad dental health, but nearly half had not had a
dental exam or hygiene care in the previous year. The athletes studied
were not a random sample, but were recruited from a free dental care
clinic, and many of the athletes were from Africa, where dental care
can be less available.

In 2015, German researchers compared the teeth and saliva of 35
competitive triathletes and 35 healthy people who were not athletes.
Fifteen of the athletes also volunteered for an experiment in which they
did an increasingly strenuous run, during which their saliva was
collected several times. Overall, the athletes showed more erosion of
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tooth enamel than the controls. They had more cavities, too—and the
more hours they exercised, the more cavities they had.

When both the athletes, who trained hard (nine hours a week on
average), and the non-exercisers were at rest, their saliva was
chemically similar. But during the running part of the experiment,
runners produced less and less saliva (even if they were hydrated) and
their saliva became more alkaline, a process that can lead to the
buildup of plaque.

Surprisingly, the researchers found no direct link between sports
drinks and nutrition and dental decay. But stay tuned on this one—it
may be that athletes drink more sugary drinks than reported.
Why should you “surprise” your muscles?
Believe it or not, your muscles get “bored” if you do the same workout
over and over. After six to eight weeks of the same routine, your
neuromuscular system adapts and goes on cruise control. You’ll still
build muscle, but not as much as with a tougher workout. To prevent
plateauing, you can increase the intensity of training and/or substitute
new exercises for old ones every couple of months.

Many factors contribute to the beneficial effects of varying your
exercise routine. At the molecular level, the body doesn’t perceive easy
exercise as a stress. (In this case, “stress” is a good thing.) But when
exercise is hard enough, the sympathetic nervous system pumps out
catecholamines (the “fight-or-flight” hormones, adrenaline and
norepinephrine). These hormones act on a protein called CRTC2,
which in turn improves the body’s ability to use sugar and fatty acids,
ultimately yielding bigger, stronger muscles. If there’s insufficient
exercise stress, some researchers say, this catecholamine cascade never
gets cranked up. In other words, there’s some truth in the “no pain, no
gain” theory.
Does exercise affect circadian rhythms? Does it help remedy jet
lag?
Yes, and yes.

Circadian rhythms, which exist in animals, plants, and some
microbes, are physical, mental, and behavioral changes that follow a
daily cycle. In fact, many of our organs—the heart, liver, and brain—
even have their own distinct circadian rhythms.



A hot topic these days, “circadian” (which means “about daily,” or
roughly, 24-hour) rhythms, were the subject of a 2017 Nobel Prize.
These biological patterns are triggered when light hits a tiny part of the
brain called the suprachiasmatic nucleus. (During our evolutionary
history, the light that controlled this was sunlight; now, artificial light,
especially in the evening, often disrupts these natural rhythms.)

These natural rhythms have powerful effects on sleep, alertness,
hunger, activity, and many other functions. Indeed, one study showed
that the risk of having a car accident goes up 8 percent in the week
after the spring shift to daylight saving time, which causes people to
lose one hour of sleep. In the fall, when the shift provides an extra hour
of sleep, there’s a similar reduction in accidents.

Young people tend to move around a lot during the day and not so
much at night, but this pattern becomes somewhat less regulated as we
age. (Older people tend to move less during the day and to be restless
at night.)

But, crucially, exercise, by pumping out important biochemicals that
act on various organs, can help keep circadian rhythms synced
properly, while lack of exercise can do the opposite. Exercise can even
restore an out-of-sync circadian rhythm to a more normal, healthy one.

In studies in mice, carefully scheduled exercise was able to re-set
dysregulated circadian rhythms, in part by changing gene expression in
the suprachiasmatic nucleus in the brain. In other studies, exercise
seems able to affect circadian rhythms, especially those linked to
activity and moving around, and lack of exercise can disrupt these
rhythms. Exercise can shift the molecular circadian clock in muscle
tissue, too.

As for jet lag, scientists are trying to see if exercise, as well as
exposure to sunlight, in the new time zone helps re-set the circadian
clock. In one study, researchers simulated jet lag in hamsters by
altering the normal day-night lighting in their cages, then allowed some
animals to run on little wheels. The animals allowed to run adjusted to
“jet lag” much faster than non-exercising animals. Humans, too, can
benefit from exercising, especially exercising outdoors, to reduce jet
lag. Some researchers suggest exercising in the new time zone at the
same time of day when you would work out at home.
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Is there an optimal time of day to exercise?
The best time to exercise is whenever you can fit it in. Scientifically,
alas, the data are mixed. Some studies say morning is best, in part
because you can do it before your day gets away from you. Others say
late afternoon is best, perhaps because that’s when body temperature
peaks and perceived exertion (how hard you feel you are working) is
lowest. This may be especially true for non-aerobic exercise.
Does exercise affect sleep?
Yes. Regular, aerobic exercise during the day can help relieve stress
and in other ways help with sleep, though it may take four months for
the benefits—including falling asleep more rapidly and staying asleep
longer—to solidify. Interestingly, in the short run, a good night’s sleep
may have a stronger effect on exercising well the next day than the
reverse, at least in people with diagnosed insomnia.

The mechanisms are not totally clear, but exercise does help keep
circadian rhythms humming along nicely. And it temporarily increases
body temperature, with the subsequent drop in temperature helping to
promote sleep.

That said, research suggests avoiding exercise within three hours of
bedtime, lest it rev you up and interfere with falling asleep. Among
other things, the body needs to cool down in the late evening, which
sets the stage for sleep. But a small study found that late-night exercise
does not seem to disturb subjects’ sleep quality, though it was linked to
a faster heartbeat during the first three hours of sleep.
Is exercise addictive?
To some extent, in some people, but it’s tough to tell exercise addicts
from people who just like to exercise a lot. Exercise addiction is not
recognized in the DSM-5, the Diagnostic and Statistical Manual of
Mental Disorders, a handbook of psychiatric disorders.

Exercise may be viewed as addictive if you prioritize it above all
else, potentially damaging your work and personal life—in other
words, when exercise becomes life’s organizing principle. Some
researchers estimate the prevalence of exercise addiction to be about 3
percent of the general population.

The psychological effects of exercise, as we’ve seen earlier in this
book, can be powerful—so powerful, in fact, that “exercise may be
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considered as a psychoactive drug,” write Spanish researchers. This
may pose a risk for extreme exercisers, such as ultra-marathoners,
bodybuilders, and sports science students, they add. Exercise does
trigger release of important biochemicals, including endorphins,
dopamine, BDNF, and stress hormones. Exercise also boosts
endocannabinoids, marijuana-like substances made in the body. (See
Chapter 9.) Whether this triggers a genuine physical addiction is not
fully clear. In addition, exercise may reduce anxiety by raising body
temperature.

To qualify as a genuine “behavioral addiction,” California
psychologists argue that several features must be present.

These include the following: tolerance (you need more and more
exercise to get the desired effect); withdrawal (skipping exercise
triggers negative emotions like anxiety and irritability); lack of control
(unsuccessful attempts to cut back on exercise); intention effects
(inability to stick to your normal routine because exercise gets in the
way); time (large amounts of time go toward exercising and planning
and recovering from it); reduction in other activities (like family, work,
or socializing); and continuance (keeping up exercise despite knowing
it is contributing to physical or psychological problems).

On the plus side, it’s possible that exercise may help combat drug
addiction. A small 2010 study in rats showed that running on a little
exercise wheel may help reduce relapses with cocaine addiction.
Is running the best exercise?
Maybe. Running is efficient, in the sense that you expend more calories
per unit of time spent than walking, biking, or many other activities.
Compared to non-runners, runners have a reduced risk of dying early
from any cause by between 25 and 40 percent, regardless of drinking,
smoking, or being overweight. An hour of running can increase life
expectancy by about 7 hours, making it a better way to prolong life
than walking, cycling, or swimming, although, as we’ve consistently
noted, any exercise is far better than none. Running achieves this
mainly by reducing the risks of heart disease and cancer.
Endurance versus resistance—Do you have to choose?
Yes, if you’re an elite athlete dedicated to a specific event, such as
weightlifting or marathon running. No, if you’re just trying to stay as



fit and strong as possible. In fact, except for truly elite athletes, the
ideal path is a combination, to both ward off sarcopenia and maintain
overall fitness.

Doing both makes sense, evolutionarily. After all, we evolved both
to be fit enough to escape predators and hunt food, and to be strong
enough to carry animal carcasses back to the fire.

On the other hand, you can’t be great at both. It is “hardly surprising
that simultaneously training for both endurance and strength results in a
compromised adaptation compared with training for either exercise
alone, a phenomenon known as the ‘interference effect,’ ” writes
Australian researcher John A. Hawley.

Then again, consider a 1980 study that compared strength and
endurance training. Researchers divided participants into three groups:
one did endurance training only, one did strength training only, and one
did both. Only the folks whose workouts included endurance training
showed increases in VO2max. Only the strength training group showed
improvement in leg strength.

Research in rats seems to verify the idea that there is a “master
switch” that, depending on the stimulus, sends a muscle along either
the mitochondrial or the hypertrophy pathway (see Chapters 5 and 6).
Whether such a master switch occurs in humans is not so clear.

In one 2006 study, researchers used highly trained endurance athletes
and highly trained resistance athletes and had both groups do a tough
bout of exercise in their own expertise. They then “crossed over” to the
other type of exercise—and did just fine, suggesting considerable
“response plasticity.”

In his excellent 2011 book, Which Comes First, Cardio or Weights?,
Canadian physicist and journalist Alex Hutchinson writes, “You can’t
fulfill your ultimate potential as both a weight lifter and a marathoner
at the same time.” But for most of us, he says, you can mix it up, that
is, do both.

Bottom line? Unless you’re an elite athlete, “[y]ou don’t have to
choose,” says Mark Tarnopolsky, a mitochondrial disease specialist at
McMaster University. “My conclusion is to combine the two, resistance
and endurance, either on the same day or on alternate days.”
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Does exercise offset the cancer and heart disease mortality risks of
drinking?
Yes, according to a study of more than 36,000 men and women aged 40
and over. So long as a person meets the recommended physical activity
guidelines, exercise can offset some of the risks of cancer and all-cause
mortality that are associated with drinking. But you can’t rely on
exercise to cancel out the effects of heavy drinking.
If you do all this exercise, will you live forever?
No, but you’ll die buff!



CHAPTER 16

Dodging Bullets

WHAT WILL GET YOU WHEN

Like all other creatures on earth, we are dodging bullets all the
time.

From the moment we are born until the last cancer cell,
bacterium, heart spasm—or real bullet—does us in, we live in peril.
In a very real sense, we’re lucky if we live long enough to age at
all.

But in case you’re curious, here’s what’s likely to do you in. And
when.

As a newborn American baby, the worst danger you face is being
born with a congenital abnormality. By age one—and up until age
45—unintentional injury is the biggest risk of death, though
starting in adolescence, homicide and suicide also begin to be big
risks. In your mid-30s, cancer and heart disease begin to creep up
as threats.

Once you hit 45, you’ve made it through a huge statistical
minefield. But it’s also at midlife that your bad habits—smoking
and Dante’s deadliest sins (sloth and gluttony)—start to catch up
with you. (Unless you’re a Seventh Day Adventist. These religious
folks don’t smoke or drink, are physically active, eat their veggies,
and have strong social ties. It pays off: Their life expectancy is 86
years for men, 89 for women.)

For the rest of us, the picture begins to change between 45 and
54. Cancer suddenly becomes the biggest killer, followed by heart



disease. This pattern holds from age 55 to 64, with cancer the
biggest danger, followed by heart disease, and diseases triggered
mostly by cigarettes: chronic lower respiratory disease (COPD, or
chronic obstructive pulmonary disease), chronic bronchitis, and
emphysema.

Even so, once you make it to 65, your odds of making to 100
keep getting better. Dangers still lurk, with heart disease being the
biggest, followed by cancer, chronic respiratory disease, strokes,
Alzheimer’s disease, diabetes, influenza, kidney failure, injury, and
septicemia (blood poisoning).

By age 85 or 90, you’re a statistical rocket. Your biggest risks
now are heart disease, cancer, and Alzheimer’s, in that order. But
your chances of making it to 100 are terrific. (And if you’re a
woman who has been able to have a baby later in life without
technical assistance, you’ve probably got the great genes for an
exceptionally long life.)

This is remarkable. One hundred years ago, most people didn’t
make it past 50. Today, the average life expectancy at birth for
Americans is 78.6 years, though this number has dipped slightly of
late.

We’re living longer today mostly because of better sanitation,
cleaner drinking water, refrigeration, better diets, antibiotics, other
medical advances, and, especially, childhood immunizations. (After
all, if many children die in their early years, the pool of people with
a fighting chance to make it to old age is greatly diminished.)

Growing numbers of us—55,000 at last count—are making it to
100 and beyond. Two decades ago, it was half that. And the odds
are still improving, thanks to better treatment of high blood
pressure, better surgical techniques, and better treatments of some
cancers. These advances have made it possible for many
Americans who otherwise would have died in mid-life to make it to
old age.



And your chances for making it to 100? They get better the older
you get.

Right now, for a newborn baby, the odds of making it to 100 are
1.939 percent. For a teenager (aged 15), they’re slightly better,
1.944. For a 30-year-old, they’re a bit better still, 1.965. If you
make it to 45, your odds of reaching 100 improve again—to 2.012
percent.

By 60, things are looking even brighter—you have a 2.172
percent chance of making it to 100. By 75, you have a 2.277
percent chance. And once you make it to 90, luck—or the “hardy
survivor” effect—is with you. Your chances of making it to 100 are
8.101 percent.

Until very late in life, your lifestyle choices—including exercise
—control 75 percent of your health and longevity, with only 25 or
30 percent depending on your genes. In other words, until extreme
old age, it’s good behavior, not good genes, that determines
successful aging. It’s only at very old ages—100 or more—that
good genes trump good behavior.

Thomas Perls, a Boston University gerontologist who studies
centenarians, puts it this way: The older you are, the healthier
you’ve been.



APPENDIX

Determining Your “Fitness Age”

Short of having a cardiac stress test on a treadmill at a medical
institution, you can make some reasonable estimates with a few
simple measurements at home. One way is to use the online
methodology developed by researchers at the Norwegian
University of Science and Technology. You can also follow the
procedure on the Mayo Clinic website.

How fit are you, really? World Fitness Level. Retrieved from
https://www.worldfitnesslevel.org/#/

The Fitness Calculator (2017). Cardiac Exercise Research
Group, NTNU. Retrieved from https://www.ntnu.edu/cerg/vo2max

Reynolds, G. (2014, October 15). What’s your fitness age? New
York Times, Well. Retrieved from
https://well.blogs.nytimes.com/2014/10/15/whats-your-fitness-age/

Mayo Clinic Staff (2017, March 14). How fit are you? See how
you measure up. Mayo Clinic. Retrieved from
http://www.mayoclinic.org/healthy-lifestyle/fitness/in-
depth/fitness/art-20046433

https://www.worldfitnesslevel.org/#/
https://www.ntnu.edu/cerg/vo2max
https://well.blogs.nytimes.com/2014/10/15/whats-your-fitness-age/
http://www.mayoclinic.org/healthy-lifestyle/fitness/in-depth/fitness/art-20046433
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