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growth factor called IGF-1 (insulin-like growth factor-1) which
stimulates the production of new proteins while reducing the
breakdown of old ones (except during fasting). But exercise is not
easy in a space capsule under zero-gravity conditions.

The Physical Response to Training
“Muscles adapt to the kind of work that they do,” says Gold-
berg. We all possess a mix of muscle fibers, some better for short
bursts of activity, some superior for endurance. “The dark meat of
a chicken or a turkey or a fish is muscle that is continually active.”
These muscles have a large blood flow and lots of mitochondria in
their cells, and they burn fats and glucose all the time. The meat is
dark because it is full of iron, which carries oxygen and is used by
the mitochondria to burn fuels. These are the type of muscle fibers
found in greater abundance in the legs of marathoners. In contrast,
“The big muscles you see in a weightlifter,” says Goldberg, “are the
pale white muscles used for maximum strength in a short time.” 

But exercise is more than just a problem of the muscles work-
ing, Goldberg points out. A marathoner will have more dark mus-
cle fibers that are fatigue resistant, but will also exhibit many
other kinds of specialized adaptations. The body has to mobilize
enough energy to keep the muscles working by delivering oxygen,

fats, and glucose. That means the circulatory system has to work
well. The heart has to adapt to pump more blood and the red cells
need to be able to carry oxygen better. The circulation has to be
able to carry away waste, like carbon dioxide and lactic acid; cir-
culating hormones need to mobilize the energy, whether from
blood glucose or fats, to keep the muscles working. The circula-
tory system must also redistribute the heat generated in working
muscles by delivering it to the heart, where it is pumped to the
surface and radiated (when you turn red) or spread by the evapo-
ration of sweat. “A person who is trained,” says Goldberg, “has to
have all these systems working pretty well.”

People who engage regularly in vigorous aerobic exercise un-
dergo some remarkable adaptations. Not only will they develop
more mitochondria, glucose transporters, and oxidative enzymes
in their muscles, they will grow new capillaries in the skeletal

muscles, the heart, and the brain. The left ventricle of the heart
will grow larger, and pump even more e≠ectively as total blood
plasma volume increases. The number of circulating red blood
cells will also rise, improving the ability to carry oxygen. Blood
pressure will go down, as will the heart rate at rest.

Peak bone density in the young will improve, and in adults, the
rate of bone mass loss will slow with exercise, says anthropolo-
gist Daniel Lieberman, who recently completed an experiment
providing the first definitive proof of this e≠ect. Even the joints
change, he says, as “mechanical loading leads to enormous and
prevalent e≠ects throughout the skeleton.”

Muscles will quickly become much stronger, even without get-
ting bigger. This is thought to be the result of improved muscle
fiber “recruitment patterns,” as the neuromuscular system learns
to contract just the right combination of fibers within a muscle in
order to complete a particular task e∞ciently. Strength gains may
also come from improved synchronization, the coordinated firing
of individual motor neurons that control muscle fiber. Muscles
and liver will learn to store more fuel in the form of glycogen, fur-
ther improving endurance. Circulating levels of cortisol, an anti-
inflammatory hormone and mood enhancer, will go up, as will ep-
inephrine and norepinephrine, hormones that regulate, among
other things, the burning of adipose tissue. 

Many of these positive adaptations involve common physiologi-
cal markers of aging, including blood pressure, cardiac output,
cholesterol levels, endurance, and strength, says SPH and HMS
associate professor I-Min Lee. “Almost everything that declines
physiologically as you grow older improves with exercise.”

Staying Young by Keeping Fit
Jennifer sacheck is a postdoctoral fellow in Alfred
Goldberg’s laboratory. She likes to run marathons, row in the
Head of the Charles Regatta, and race to the top of Mount Wash-
ington (not all in one day, of course). A former national-level
rower, Sacheck has a master’s degree in exercise physiology and a
Ph.D. in nutritional biochemistry. Now she is studying the bio-
chemical basis of use and disuse in muscle tissue in order to under-
stand both what is lost with age and what exercise can do to pre-
vent or reverse that.

Not all changes from aging can be reversed, she explains. The
maximum heart rate goes down about one beat per year. The
number of motor neurons decreases. And the ability to increase
muscle mass declines.

But her work with older populations has convinced
her that there are lifelong benefits to both strength
and aerobic training. “Don’t tell me that someone
is old when they are 50,” she says. “I’ve had 90-
year-olds lifting weights, still reaping the
benefits. Resistance training helps with
balance, stability, and the strength of
the core muscles” that girdle the
back and the abdomen. This
reduces the risk of falls and
hip fractures. “Strength train-
ing also helps maintain muscle mass,”
she continues. In an aging person, muscle
mass helps keep the resting metabolic rate
from falling. (Muscle mass is the most impor-
tant determinant of energy needs at rest.)

Fuel for an Active Lifestyle
Everyone should eat a balanced diet, but exercisers in particular
should pay attention to the following advice, says nutritional bio-
chemist Jennifer Sacheck.
• Drink plenty of water before, during, and after exercise.Your heart
and body work much harder when you become dehydrated.
• Within 30 minutes after exercise, consume a carbohydrate-rich food
along with a little bit of protein: a multigrain sandwich with lettuce,
tomato, and a slice of lean turkey, for example.That is the best way to
replenish intramuscular energy stores. It will also keep you from get-
ting so hungry that you reach for the potato chips when you get home.
• Include nonfat dairy, whole grains, and lots of different-colored fruits
and vegetables in your diet. Lean meat, fish, nuts, tofu, and the combi-
nation of beans and rice, bread and lentils, peas and corn, and cereal
and milk are good protein sources. Many nuts, such as pistachios, al-
monds, cashews, hazelnuts, macadamias, pecans, peanuts, and natural
peanut butter, are also a source of healthy fats.
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