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Consider what likely would hap-
pen in the game show Jeopardy if 

the category WHAT TISSUES DO were to 
roll up on the game board. The $200 
answer: “It moves the body.” The con-
testant delivers the question—”What 
is Muscle?”—earns her money, and 
the game quickly moves on. This sce-
nario typifies how muscle is generally 
viewed—as a simple part of the hu-
man anatomy that locomotes us.

Perhaps late-night television would 
allow a more sophisticated treatment 
of muscle’s function. Suppose David 
Letterman were to ask people on the 
street “What is skeletal muscle?” Some 
of the answers might be: “What I see 
at the meat counter”; “what I feel the 
day after those rare occasions that I ex-
ercise”; and “what I saw on TV during 
the Olympics.” 

All these responses in fact vastly 
underplay the role of muscle, even the 
subcategory of skeletal muscle, in our 
bodies. In the following paragraphs, we 
hope to present a more sophisticated 
view of the function of skeletal muscle 
from a genetic and molecular stand-
point, and in particular to emphasize the 
role of skeletal muscle in human health 
and well-being. Let’s start by recogniz-
ing that skeletal muscle is the largest 
single tissue type in the human body: 
We have more than 640 muscles, ac-
counting for between 30 and 40 percent 
of total body weight. Skeletal muscle 

also uses as much as 25 percent of the 
energy consumed by the body at rest. 

Furthermore, although today we con-
sider Olympic athletes to be extraordi-
narily fit, most of our ancestors from tens 
of thousands of years ago had bodies and 
muscles that were almost as fit. Many of 
the metabolic characteristics of modern 
humans evolved to support high levels 
of work efficiency and physical activ-
ity, a fact that undoubtedly contributes 
to the health problems facing sedentary 
21st-century societies. Our underuse of 
skeletal muscle may play an underrecog-
nized role in the rise of chronic diseases 
as a cause of modern mortality. Given 
these few simple facts, it is clear that the 
importance of skeletal muscle to humans 
extends well beyond athletics.

Plasticity: Genes Get a Workout
Skeletal muscle continuously adjusts its 
composition to meet the acute or chron-
ic demands placed on it—a process 
called plasticity. A very visual example 
of plasticity is what happens to skel-
etal muscle when the daily demand for 
weight-bearing activity is lost during 
bed rest, limb immobilization or space 
flight. One of us (Booth) has shown that 
one-third of skeletal muscle in an im-
mobilized limb can disappear within 
weeks. It is as if skeletal muscle recog-
nizes that it is not needed and “remod-
els” itself into weak muscle. The con-
verse is also true: If the work demand 
on muscle increases in a sedentary indi-
vidual, even for relatively short periods 
of time per day (for example, begin-
ning an aerobic-exercise program), the 
muscle adaptively remodels its protein 
composition to allow energy to be used 
more efficiently when it contracts. 

For example, Booth and others work-
ing in John Holloszy’s laboratory at 
Washington University in St. Louis, and 
elsewhere, found that mitochondrial 
content and capillary density in rats 

nearly doubled in skeletal muscle as a 
consequence of a four-month progres-
sive running program—and that these 
changes in protein composition were 
sufficient to allow the otherwise seden-
tary animals to become “marathoners.” 
Inside the cells, mitochondria serve as 
skeletal muscle’s power plant, using 
oxygen to make adenosine triphosphate 
(ATP) from breakdown products of glu-
cose and fatty acids. Capillaries supply 
the needed oxygen to the mitochondria. 
A doubling of mitochondria and capil-
laries doubles the capacity of the mus-
cle to make ATP with oxygen (known 
as aerobic capacity), and greater aerobic 
capacity allows the muscle to work lon-
ger before reaching the point of fatigue. 
How does this happen? 

In order for skeletal muscle to exhibit 
plasticity, specific genes in the muscle 
sense the change in muscle usage and 
respond by altering the quantities of pro-
teins that they produce. The mechanism 
by which genes in muscle undergo such 
profound responses during exercise 
training has recently been explored at 
the molecular level in humans. In collab-
oration with Bengt Saltin and Henriette 
Pilegaard at the Copenhagen Muscle Re-
search Centre and George Ordway at the 
University of Texas Southwestern Medi-
cal Center at Dallas, one of us (Neufer) 
had subjects perform one-legged knee 
extension (kicking) exercise for 90 min-
utes per day for five consecutive days 
using a modified cycle ergometer (see 
Figure 2). In this study, the leg had to 
move a lever against a resistance that 
was about 70 percent of the maximal 
effort the subject could achieve for two 
minutes. On the fifth day of training, 
muscle biopsy samples were obtained 
from the untrained leg before exercise 
(control), and from the trained leg before 
and immediately after the 90-minute 
exercise-training session and at various 
times during the subsequent 24-hour re-

Exercise Controls Gene Expression
The activity level of skeletal muscle modulates a range of genes 
that produce dramatic molecular changes—and keep us healthy

Frank W. Booth and P. Darrell Neufer

Frank W. Booth is a member of the Department of 
Biomedical Sciences, College of Veterinary Medicine, 
and the Department of Medical Pharmacology & 
Physiology, School of Medicine; Investigator, Dalton 
Cardiovascular Center; and Director of the Health 
Activity Center, all at the University of Missouri. P. 
Darrell Neufer is an associate fellow in the John B. 
Pierce Laboratory and associate professor of cellular 
and molecular physiology at the Yale University 
School of Medicine. Address for Booth: E102 Veteri-
nary Medicine Building, University of Missouri, Co-
lumbia, MO 65211. Internet: BoothF@missouri.edu



2005    January–February     29www.americanscientist.org © 2005 Sigma Xi, The Scientific Research Society. Reproduction 
with permission only. Contact perms@amsci.org.

covery period. The samples were then 
processed in Neufer’s lab at the John 
B. Pierce Laboratory at Yale University 
to determine (by measuring messenger 
RNA concentration or how quickly a 
specific gene was transcribed) whether 
exercise training activated specific target 
genes, and whether the activation took 
place within a specific time frame. 

The results revealed that a large num-
ber of genes in the exercising skeletal 
muscle were activated after exercise (see 
Figure 3). These genes can be broadly di-
vided into three categories based on the 
duration of their activity and, to a less-
er extent, the change in concentration 
of the proteins they produce. “Stress-
response” genes are activated quickly 
during the later phases of endurance 

exercise. Their protein output rises to 
quite high levels and returns to normal 
levels very quickly after exercise ceases. 
These acutely and transiently sensitive 
exercise-responsive genes appear to en-
code proteins that are part of a general 
response to stress in all cell types. Pro-
teins that fall in this category include 
heat shock proteins and some transcrip-
tion factors (immediate early genes). 

The “metabolic priority” genes, the 
second category, make proteins that are 
required as a consequence of a particular 
metabolic stress, such as when blood 
glucose or muscle glycogen levels be-
come low. A select number of these genes 
were induced to express themselves in 
the exercised leg at 15 or more times the 
rate of induction in the untrained leg. In-

terestingly, the increases peaked during 
the initial few hours of recovery from 
the exercise bout but returned to control 
levels within 24 hours.

The third category, “metabolic/mi-
tochondrial enzyme” genes, encode  
proteins whose function is to convert 
food to energy. These genes are ac-
tivated much more slowly, reaching 
only modest increases over baseline. 
Nonetheless, their products persist for 
some time in tissue. 

Let’s look more closely at a few of the 
hundreds of genes modulated by muscle 
activity. The role of one of the “metabolic 
priority” genes might at first seem para-
doxical. This gene codes for a protein 
known as pyruvate dehydrogenase ki-
nase 4, or PDK4. When PDK4 appears in 

Figure 1. Skeletal muscle is the most abundant tissue in the human body and has, over many millennia, evolved superbly to ensure our species’ 
survival. Yet skeletal muscle can, as any athlete will tell you, adapt on a very short-term basis to no usage (physical in activity). The authors’ research 
has explored the molecular-genetic basis for the short-term plasticity of skeletal muscule and looked into the ramifications of a number of these 
adaptations for an increasingly sedentary society. They posit that the molecular mechanisms that have tuned us, over the course of our species’ exis-
tence, to be superb hunter-gatherers may actually cause harm to the physically inactive. Failure to use what evolution has given us may facilitate the 
development of type-2 diabetes, cardiovascular disease, cancer and a number of other chronic diseases. Here a Nenets man of far northern Russia 
experiences normal physical activity while attempting to lasso a reindeer, an environment much like that under which our genes evolved.
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the cell, it inhibits the reaction that allows 
the breakdown products of glycolysis 
(glucose) to enter the mitochondria for 
further catalysis to ATP, thereby limiting 
the amount of energy gained from car-
bohydrates. Although shutting down a 
major source of energy for muscle during 
the later portions of prolonged aerobic 
exercise seems like a bad idea, consider 
that glucose is virtually the only fuel 

the brain can metabolize to make ATP 
(see Figure 4). When blood glucose avail-
ability becomes low (during prolonged 
exercise or fasting), the body cannot af-
ford to allow skeletal muscle to continue 
to utilize glucose at the expense of the 
brain. Instead of entering the mitochon-
dria, the breakdown products of glycoly-
sis travel out of the muscle to the liver, 
where they are turned into new glucose 

molecules and released back into circula-
tion to supply the brain. Thus the induc-
tion of PDK4 in skeletal muscle during 
the latter portion of a long exercise bout 
appears to serve as a natural defense 
mechanism reflecting priority given to 
the metabolic needs of the brain. Why 
then would PDK4 remain elevated or in-
crease even further for several hours after 
exercise when the availability of glucose 
is no longer an issue? Although research 
is ongoing, here again the answer likely 
reflects a different priority after exercise: 
to ensure that glucose is being used to re-
plenish glycogen stores (the storage form 
of glucose) in muscle and the liver as 
quickly as possible, preparing the body 
for the next challenge.

Exercise, Fitness and Blood Sugar
Neufer’s findings also showed that the 
transcriptional activity of other genes, 
including the metabolic stress-related 
genes uncoupling protein-3 and heme 
oxygenase-1, increased by three- to sev-
enfold in response to exercise, peaking 
after one to two hours of recovery. That 
work, as well as several similar stud-
ies, further revealed that exercise tran-
siently activates transcription of a large 
number of other mitochondrial genes 
but that the degree of activation is much 
smaller, increasing only two- or three-
fold (see Figure 3). The small transient 
rise was somewhat surprising at first, 
given that an increase in the expres-
sion of these genes is the response that 
ultimately leads to doubling of proteins 
in the mitochondria with a resultant 
improvement in metabolic function. 
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Figure 2. To measure the expression of certain genes activated by exercise, one of the authors 
and his colleagues conducted experiments on human subjects using a modified Krogh one-
legged cycle ergometer. In these experiments one leg went through 90-minute exercise bouts 
for five consecutive days, while the other (control) leg remained inactive. Muscle biopsy 
samples were taken from the control leg before the exercise session on the fifth day and from 
the exercised leg before the fifth session, immediately after it and at various times in the fol-
lowing 24 hours. (Illustration adapted from Andersen and Saltin 1985.)

Figure 3. Gene expression triggered by exercise 
can be broadly divided into three categories 
based on the duration of their activity and, to 
a lesser extent, on the change in concentration 
of the proteins they encode. “Stress response” 
genes are those that are activated quickly dur-
ing the later phases of exercise, when their pro-
tein concentrations rise to high levels. Their 
concentrations drop back to normal soon after 
exercise ends. Heat shock proteins are an ex-
ample. “Metabolic priority” genes can also be 
expressed at quite high levels, usually peaking 
a few hours after the end of the exercise bout 
but generally returning to pre-exercise levels 
within 24 hours. These genes assist with spe-
cific metabolic stresses, such as coping with 
low blood glucose. “Metabolic/mitochondrial 
enzyme” genes produce much lower concentra-
tions of proteins, but the levels persist for con-
siderable lengths of time—some have half-lives 
as long as a week (green). This last category of 
genes plays a role in muscle plasticity—the 
increase in mitochondrial and capillary concen-
trations that comes with fitness.
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How could such small transient in-
creases lead to the large increases in 
mitochondrial proteins associated with 
several weeks of endurance training? 
Again, although research is ongoing 
in this area, a key point is that mito-
chondrial enzymes typically have a 
slow turnover rate. For example, Booth 
showed that 50 percent of the mito-
chondrial protein cytochrome c in rat 
skeletal muscle is replaced every week. 
(Cytochrome c turnover contrasts 
sharply with that of the protein PDK4, 
which likely turns over within hours.) 
The relatively slow rate of replacement 
of old protein by new cytochrome c 
dictates that it takes one week for half 
of the final increase in mitochondrial 
protein levels to happen, a second week 
for half of the remaining 50 percent in-
crease to a new, higher, steady state to 
occur, and so forth. It also means that 
even a slight increase in the concen-
tration of cytochrome c will persist for 
several days to weeks because of the 

slow turnover of this protein. Thus the 
longevity of proteins that cause plas-
ticity logically contrasts with the short 
lifetime of metabolic priority proteins 
such as PDK4, which are required only 
under certain specific conditions. 

Collectively, exercise studies have led 
Neufer to hypothesize that the adapta-
tions associated with several weeks of 
aerobic exercise training actually stem 
from the cumulative effects of the tran-
sient increases in gene expression that 
occur in response to each individual ex-
ercise bout. Only those proteins with a 
sufficiently long half-life will accumu-
late with successive bouts of exercise, 
independent of the level of activation of 
the corresponding gene. These findings 
explain why it takes weeks to months of 
aerobic training to improve the aerobic 
fitness of humans. 

In contrast to the lengthy period 
needed to increase aerobic fitness, other 
metabolic changes take only a day or 
days to occur but then quickly disap-

pear if daily physical activity does not 
continue. And although epidemiologists 
have long known that exercise is associ-
ated with lower blood sugar and insu-
lin levels, recent investigations into the 
mechanism for this effect have produced 
remarkable results. Physical activity ac-
tually limits the rise in blood glucose 
after the next meal—and it does so after 
only a single bout of exercise!—by mak-
ing insulin work better in moving glu-
cose into muscle. In popular language, 
it is as though physical activity lowers 
the glycemic index of carbohydrates. Al-
though research is ongoing in this area, 
it is thought that a single exercise session 
is able to accomplish this by affecting 
the property of one or more signaling 
proteins that are activated when insulin 
binds to the cell. These signaling pro-
teins may then become more sensitive, 
leading to a more rapid movement of 
the GLUT4 glucose transporter protein 
to the plasma membrane (see Figure 6). 
In a resting muscle cell, GLUT4 resides 
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Figure 4. One example of a metabolic priority gene is pyruvate dehydrogenase kinase 4, or PDK4. PDK4 plays what, at first glance, might seem 
a paradoxical role. It is activated when blood glucose levels become low in the late stages of endurance exercise. By phosphorylating the en-
zyme complex pyruvate dehydrogenase (PDH), it prevents PDH from doing its job, which is to enable the conversion of pyruvate to acetyl-co-
enzyme A—the process that allows carbohydrates to take part in the tricarboxylic acid cycle (often called the Krebs cycle). Thus PDK4 deprives 
muscle cells of carbohydrate energy supplies just when those supplies become crucially low. The likely adaptive explanation lies with the fact 
that glucose is virtually the only fuel the brain can metabolize. PDK4 prevents muscle from utilizing glycolytic products, allowing them to 
return to the liver for reprocessing to glucose (large blue circles), which becomes available to the nervous system. Meanwhile, muscle cells are 
able to metabolize fatty acids (yellow circles) through beta oxidation, albeit at rates insufficient to maintain high levels of physical effort.
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in vesicles below the plasma membrane. 
In response to insulin or exercise, these 
GLUT4 vesicles fuse with the plasma 
membrane to transport glucose out of 
the blood and into the cell. In addition 
to exercise’s stimulus to direct GLUT4 
to the plasma membrane, Neufer has 
shown that repeated bouts of daily ex-
ercise activate the GLUT4 gene to make 
more GLUT4 mRNA and thus GLUT4 
protein. Conversely, after a few days of 
physical inactivity in aerobically trained 
individuals, GLUT4 protein falls to lev-
els found in the skeletal muscles of those 
patients with type-2 diabetes. 

Inactivity and the Obesity Epidemic
Body weight is controlled by the bal-
ance between the number of calories 
consumed and the number of calories 
expended. Caloric intake is determined 
solely by the amount and type of food in-
gested. Caloric expenditure is more com-
plex as it is determined by four factors. 
The number of calories used each day is a 
function of the minimum energy required 
to keep cells, tissues and organs alive at 

rest (the basal metabolism, analogous to 
the idling of an automobile engine); the 
energy required for digesting food; the 
energy required to heat the body; and the 
energy required for movement or physi-
cal activity. The number of calories re-
quired for the first three is generally fixed 
from day to day in our modern world. 
Consequently, an individual’s level of 
skeletal muscle usage has the largest in-
fluence of the four factors on day-to-day 
caloric balance and thus plays a key role 
in the cause of obesity. 

Does a reduction in physical activity 
lead to a gain in body fat? A simple exam-
ple will demonstrate that the answer is 
“yes.” A 70-kilogram man who reduced 
the distance walked by two football fields 
per day for a year would add a pound of 
fat if his caloric intake went unchanged. 
Subtract a kilometer (approximately the 
length of 11 football fields) from each 
day’s walking for a year, and five addi-
tional pounds of fat would be gained. 
Obesity qualifies as an epidemic in the 
United States; currently more than 60 
percent of adults are overweight and 30 

percent are obese (see Figure 5). This is 
rapidly becoming a global problem; the 
World Health Organization estimates that 
60 percent of people worldwide are over-
weight. Many health scientists view this 
disease as resulting primarily from over-
eating. They often overlook the fact that 
the average sedentary individual actually 
consumes fewer calories today than did 
his forebears a few generations ago.

Only a few centuries ago, human 
beings had to perform physical labor 
almost daily to survive. Acquiring food 
and shelter, defending against enemies 
and rearing offspring who would sur-
vive to reproductive age all required 
strenuous effort. Only in the past cen-
tury did farms become sufficiently 
mechanized to eliminate much of the 
physical labor previously required by 
agriculture. Preparing materials for and 
constructing housing were done with-
out power tools as recently as 100 years 
ago. Even transportation required more 
effort a century ago. Prior to the indus-
trial and computer ages, the daily phys-
ical activity levels required just to get 
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Figure 5. In the United States, as in most developed and many developing countries, overweight and obesity have become much more com-
mon in the past 15 years. More than half of U.S. states now have at least 20 percent of their population classified as clinically obese, and about 
60 percent of the population worldwide is now overweight. This has commonly been viewed as a problem caused by overeating. The authors 
argue, however, that physical inactivity plays a larger role. Our typical hunter-gatherer forebear probably consumed about 3,000 kilocalories 
per day and used 1,000 kilocalories in subsistence activity, with 2,000 kilocalories used for basal life processes. Today, the typical U.S. resident 
eats 2,400 kilocalories, considerably less, yet expends only 300 kilocalories per day in physical activity. A surplus of 100 kilocalories per day 
above basal life processes adds pounds of fat each year. (Map data from the Centers for Disease Control and Prevention.)
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by were much higher than in today’s 
mechanized, electronic society. 

Although precise measurements of 
calorie usage during daily activity are not 
available from centuries ago, it has been 
estimated that the average hunter-gather-
er expended about 1,000 kilocalories per 
day in physical activity while consum-
ing about 3,000 kilocalories, a 3:1 ratio for 
what has been called subsistence efficien-
cy. In contrast, the typical sedentary per-
son in the 21st century consumes about 
2,400 kilocalories per day but expends 
only about 300 kilocalories in physical 
activity, a subsistence efficiency ratio of 
8:1. Thus, despite an overall reduction 
in caloric intake, the average person is 
burning a much smaller proportion of 
calories through physical activity on a 
daily basis and has a 100-kilocalorie-per-
day excess. We suggest that a major cause 
of the obesity epidemic is the huge de-
cline in physical activity brought on by 
the Industrial Revolution and the com-
puter age. There is considerable empirical 
evidence that the fitness level of muscles 
affects the basal metabolic rate, but just 

how wasn’t clear until recent investiga-
tions at the molecular level. Ron Evans of 
the Salk Institute engineered transgenic 
mice to overexpress the gene peroxisome 
proliferator-activated receptor delta (PPARδ). 
This caused an increase in skeletal mus-
cle mitochondria, like the conversion of 
some muscle fibers to a slow-oxidative 
phenotype—the type developed by aero-
bic physical activity—which protected 
against the development of obesity, even 
without an increase in exercise. It turns 
out that the transgenic mice burned more 
calories when fed a high-fat diet than did 
mice without the extra protein from the 
PPARδ gene. Serge Luquet, then of In-
serm U470 in France, found that exercise 
by mice increases the amount of PPARδ 
protein in skeletal muscle, producing a 
similar effect to that seen in Evans’s trans-
genic mice. Fit mice and fit people use 
more energy than do sedentary individu-
als, even when they’re not moving.

Selection for Physical-Activity Genes
Tens of thousands of years ago, physical 
activity was not likely a luxury as it is 

now in developed countries. Those un-
able to move quickly and persistently 
were likely to perish before reaching re-
productive age, preventing their genes 
from being perpetuated. Has human 
evolution actually selected for genes 
that promote physical activity? The an-
swer to that provocative question may 
be “yes.” Evidence suggests that the 
metabolic status of skeletal muscle may 
influence not only the ability but also 
the will to run distances. 

When Maureen Charron at Albert 
Einstein College of Medicine and her 
collaborators genetically engineered 
mice to make an excess of the protein 
GLUT4 in their skeletal muscle, the 
mice voluntarily ran four times farther 
each day than did normal mice. These 
results can be interpreted to suggest 
that the brain senses the potential of 
skeletal muscle to remove glucose from 
the blood, the function of GLUT4. 

A different set of experiments show 
that the higher the aerobic capacity of 
skeletal muscle, the longer the distance 
that rats can and do run. Thirty years 
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Figure 6. Diabetes trends in the U.S. closely track obesity trends, and investigators have long recognized the correlation. The authors suggest that our 
species’ genetic adaptations for physical activity may be playing a role in both syndromes. As is discussed in detail in the text, the glucose transporter-
4 gene (GLUT4) can be activated by exercise without intervention of insulin. GLUT4 enables glucose to cross the plasma membrane from blood into 
muscle cells, which, from an evolutionary standpoint, provides a means of fueling active muscle cells and, thus, an alternative mechanism for clearing 
glucose from the blood. In the absence of physical activity, the burden for clearing glucose rests entirely on insulin and the pancreas that produces it. 
Over time, the inactive muscle gradually becomes less sensitive to insulin, the pancreas looses the ability to produce enough insulin to compensate, 
and blood glucose levels rise—the clinical definition of type-2 diabetes. (Map data from the Centers for Disease Control and Prevention.)
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ago, Robert Fitts in John Holloszy’s lab 
reported that exercise training produced 
a direct correlation of 0.79 between the 
increased expression of the cytochrome c 
protein and the ability of rats to run long 
distances. Cytochrome c is located in the 
electron-transport chain of mitochondria, 
where it assists in converting energy from 
food to ATP. In this case, an increase in 
protein quantity allowed the interpreta-
tion that gene expression for cytochrome 
c was increased. Booth later verified that 
the cytochrome c gene could be responding 
to exercise when he observed, in addition 
to the protein turnover mentioned above, 
that cytochrome c messenger RNA in-
creased in the skeletal muscle of rats who 
had aerobic training. These studies show 
that an increase in mitochondrial pro-
teins such as cytochrome c is associated 
with longer bouts of aerobic activity, but 
a more causal relationship has recently 
been found. 

Back at the Salk Institute, the same 
group of mice that had their skeletal mus-
cle genetically engineered to overexpress 
PPARδ  had an increase in mitochondrial 
protein volume in their skeletal muscle. 
When tested to see how far they could 
run on treadmills, the genetically engi-
neered mice were able to run almost twice 
as far as their normal relatives. Thus, en-
hancing aerobic enzymes in skeletal mus-
cle increases the ability to exercise. The 
health of the aerobic machinery in skeletal 
muscle appears to determine how much 
aerobic exercise may be performed. 

Insulin and Survival of the Fittest
As evidence mounts that selective pres-
sure has favored genes promoting physi-
cal activity throughout most of our spe-
cies’ existence, it becomes clear that many 
metabolic characteristics in modern hu-
mans likely evolved tens of thousands of 
years ago. This poses a paradox.

The same genes that were selected for 
survival when people had to forage for 
their food thousands of years ago may 
now shorten survival in the absence of 
sufficient physical activity. In the inac-
tive individual, these genes make dif-
ferent quantities of proteins that interact 
with proteins from susceptibility genes 
for chronic diseases. Over time, these 
interactions can reach a threshold of bio-
logical significance that results in overt 
clinical disease. Atherosclerosis, certain 
cancers, obesity, type-2 diabetes, weak-
ness in old age and many other chronic 
diseases are increased by sedentary life-
styles. Diagnosis of type-2 diabetes at 
the age of 40 years shortens the average 
lifespan of males and females by 12 and 
14 years, respectively. Failure to use the 
genes for physical activity decreases sur-
vival. As an example, let’s look at how 
physical inactivity contributes to the 
progression to type-2 diabetes.

The effect of physical activity and inac-
tivity on insulin’s action to remove blood 
glucose may have been selected as a 
protective process during evolution. The 
human body stores very little glucose in 
muscles and the liver (it becomes deplet-

ed within 24 hours of fasting). Therefore, 
it needs mechanisms to be stingy in its 
use of glucose when body stores are near 
empty—such as during famine or after 
prolonged exercise. (Recall that PDK4 de-
prives muscles of glucose to protect the 
brain.) Consequently, it would have been 
advantageous to our ancestors to develop 
a system that allowed only physically ac-
tive muscles to remove blood glucose. 
We posit that just such a mechanism is in 
evidence when only working muscle ac-
tivates GLUT4 to transport blood glucose 
into the muscle. We speculate that skel-
etal muscle has been engineered through 
evolution to have physical activity and 
inactivity cause and prevent, respectively, 
glucose uptake into skeletal muscle. Al-
though this was an exquisite system for 
survival 10,000 years ago, a continuously 
sedentary life-style today keeps blood 
glucose and insulin levels high, leading to 
type-2 diabetes. The best way to reverse 
the high levels of blood insulin and glu-
cose in sedentary individuals is to have 
muscles contract during exercise. 

To emphasize just how profound this 
effect is and how recently it has become 
critical, consider that a century ago type-
2 diabetes was never seen in humans 
younger than 40 years. Even two de-
cades ago it was routinely called “adult-
onset diabetes.” Today, physicians are 
seeing “adult” diabetes in 10-year-olds. 
But it’s not just diabetes that’s cropping 
up in youth. Sixty percent of overweight 
teenagers already have at least one risk 
factor for coronary artery disease. What-
ever merits youth sports may have for 
social development, young people (and 
old) need physical activity outside of 
sports just to maintain metabolic homeo-
stasis to prevent many chronic diseases 
that will shorten their lives. 

Exercise and Other Chronic Diseases
Evidence from epidemiological stud-
ies shows that a sedentary life-style in-
creases the incidence of more than 20 
chronic diseases. For example, among 
70,000 female nurses aged 40 to 65 years 
in the Nurses’ Health Study, when 
nurses who walked the equivalent of 
three or more hours per week at a brisk 
pace had 30 percent less coronary ar-
tery disease, ischemic stroke and type-2 
diabetes compared to sedentary nurses. 
Some site-specific cancers are also more 
prevalent when moderately active fe-
males become inactive. Breast cancer 
rates rose 25 percent among the seden-
tary in one study, and each one-hour 
decrease of recreational physical ac-
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Figure 7. Physical inactivity now ranks as the number three actual cause of death in the United 
States, according to the Centers for Disease Control and Prevention. Further, lack of exercise plays 
a role in many of the other chronic illnesses that lead to early mortality.  (The second bar may re-
quire adjustment pending a revision of CDC data, but the overall rank will not change.) 



2005    January–February     35www.americanscientist.org © 2005 Sigma Xi, The Scientific Research Society. Reproduction 
with permission only. Contact perms@amsci.org.

tivity per week during adolescence was 
associated with a 3 percent increased 
risk of breast cancer. In a Scandinavian 
study of twins, life-style caused 58 to 
100 percent of sporadic cancers. Such 
research underlies the recent decision 
by the U.S. Centers for Disease Con-
trol and Prevention (CDC) to designate 
sedentary life-style as an actual cause 
of most chronic diseases (see Figure 7). 
Indeed, physical inactivity is now the 
third leading cause of death in the Unit-
ed States and contributes—to a great 
extent, we argue—to the second lead-
ing cause (obesity). Physical inactivity 
is the cause of least 1 in 8 deaths. 

Lack of exercise is only one of many 
life-styles killing people in affluent na-
tions. The major three current life-style 
factors (tobacco, poor nutrition and phys-
ical inactivity) account for 1 in 3 deaths in 
the U.S. However, other data place this 
percentage higher. Ninety-one percent of 
the cases of type-2 diabetes and 82 per-
cent of the coronary artery disease cases 
in 84,000 female nurses in the Nurses’ 
Health Study were attributed to unhealth-
ful habits and so-called high-risk behav-
iors. (A high-risk life-style is defined in 
the study cited as a body mass index of 
greater than 25, a diet low in cereal fi-
ber and polyunsaturated fat and high in 
trans-saturated fat and glycemic load, a 
sedentary life-style and current smoking.) 
Obese males and females live an average 
of 6 and 7 years less, respectively, than 
their trim counterparts. 

It is also worth emphasizing that 
deadly life-styles that produce chronic 
diseases are a relatively recent develop-
ment. Since 1900 there has been a dra-
matic shift from a preponderance of in-
fectious disease to a preponderance of 
chronic disease affecting both morbidity 
and mortality. As a society, we have not 
adapted well to this change. We ignore 
not only the prevention but also the pro-
gression of chronic diseases. Even if we 
take action before the diseases prove fa-
tal, full recovery is often impossible.

Is the increase in chronic diseases all 
of genetic origin? The answer is both 
“no” and “yes.” According to the CDC, 
the answer is “no” if we are referring to 
disease-susceptibility genes; there’s no 
evidence that we are becoming more 
genetically susceptible to heart disease, 
cancer or other chronic diseases. Ac-
cording to us, the answer is “yes” if we 
are referring to genes whose expression 
is altered by life-style. For example, 
the GLUT4 gene is in reality a life-style 
gene. Its expression is altered by the 

level of muscle contraction. The failure 
to be active enough to have GLUT4 in 
the plasma membrane of skeletal mus-
cle predisposes one to be pre-diabetic. 

Muscles and Aging
Finally, having weak skeletal muscles 
has been shown to be a health threat 
in and of itself, at least in the elderly. 
The prevalence of clinically significant 
weak skeletal muscle is estimated to 
range from 8.8 percent in individuals 
less than 70 years old to 17.5 percent in 
those 80 and older, and recent research 
indicates that these people are at greater 
risk for mortality compared with age-
matched individuals without weak skel-
etal muscles. Further, as the amount and 
the rate of loss in size of skeletal muscle 
increases, the risk of premature death 
also increases. John Morley of St. Louis 
University and others have written that 
decreased physical activity with aging 
appears to be the key factor involved 
in producing weak muscles in old age. 
A vicious cycle exists between physical 
inactivity and muscle strength. Weaker 
and smaller skeletal muscles with ag-
ing engender reduced physical activity, 
the diminished physical activity further 
decreases the size of skeletal muscle, and 
the downward spiral continues. 

Work to understand how physical in-
activity changes the mixture of proteins 
made as old skeletal muscle becomes 
physically inactive remains ongoing. 
Booth and Scott Pattison of the Univer-
sity of Missouri used small glass plates 
containing thousands of copies of genes 
to measure mRNA made by muscle. We 
found that more than 700 genes (out 
of about 24,000 measured) changed 
when comparing old to young skeletal 
muscles. Since many patients with, for 
example, broken hips successfully sur-
vive the surgical repair but later die with 
weak skeletal muscles, we wanted to 
identify the genes responsible for the 
inability of the weak skeletal muscles 
to get strong again in old humans. Old 
rats experience a similar loss in ability 
to enlarge skeletal muscle after limb im-
mobilization, so we looked at differences 
using the animal model. A total of 354 
genes differed in their expression in skel-
etal muscle between young and old rats 
with immobilized limbs. As we write, 
our current work focuses on determin-
ing which of these genes are the culprits 
that prevent recovery of skeletal-muscle 
strength after limb immobilization. 

By now we hope you’ll agree that 
skeletal muscle is a fascinating and 

largely underrated tissue. But a richer 
scientific understanding of its function 
may also require some changes in the 
linguistic world. The profound effects 
of underutilizing skeletal muscle sug-
gest that the old adage “use it or lose it” 
turns out to be a gross understatement.
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