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Abstract/Resume

Sedentary death syndrome (SeDS) is a major public health burden due to its causing mul-
tiple chronic diseases and millions of premature deaths each year. Despite the impact of
physical inactivity, very little is known about the actual causes of physical inactivity-in-
duced chronic diseases, tt is important to study the mechanisms underlying molecular changes
related to physical inactivity in order to better understand the scientific basis of individual-
ized exercise prescription and therapies for chronic diseases, and to support improved pub-
lic health efforts by providing molecular proof that physical inactivity is an actual cause of
chronic diseases. Physical activity has a genetic basis. A subpopulation of genes, which
have functioned to support physical activity for survival through most of humankind's exist-
ence, require daily exercise to maintain long-term health and vitality. Type 2 diabetes (T2D)
is an example ofa SeDS condition, as it is almost entirely preventable with physical activity.
To determine the true role of physical inactivity in the development and progression ofT2D,
information is presented which indicates that comparisons should be made to physically
active controls, rather than sedentary controls, as this population is the healthiest. Use of
sedentary subjects as the control group has led to potentially misleading interpretations. If
physically active individuals were designated as the control group, a different interpreta-
tion would have been drawn. It is thought that there is no difference in GLUT4 concentra-
tion between T2D and sedentary groups. However, GLUT4 expression is higher in active
controls than in sedentary and T2D groups. Therefore, to obtain causal mechanisms for
SeDS in order to allow for scientifically based prevention and therapy strategies, physically
active subjects must serve as the control group.
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Le syndrome de la mortpar sedentarite (SeDS) provoque de nombreuses maladies chroniques
et des millions de dices prematures chaque annee. De cefait, il est devenu un des problemes
majeurs de sante publique. Bien que nous sachions I'impact de l'inactivite physique, nous
connaissons tres peu les mecanismes inducteurs des maladies chroniques. L'etude des
mecanismes de modification moleculaire associee a I 'inactivite physique s 'avere primordiale
afin de mieux comprendre les bases scientifiques de la prescription individualisee d 'exercice
physique etdu traitement des maladies chroniques. U elaboration d'une preuve moleculaire
que l'inactivite physique est vraiment une cause de maladie chronique viendrait soutenir
les efforts deja effectues pour ameliorer la sante publique. On connatt bien la base genetique
de I 'activite physique; une sous-population de genes, presente depuis I 'apparition de I 'homme
sur terre, apourfonction d'appuyer I'activite physique comme moyen de survie. Cependant,
cette fonction requiert l'exercice physique defagon quotidienne afin d'assurer la sante a
long terme et la vitalite. Pour illustrer notre propos, le diabete de type 2 (T2D) represente
un bon exemple de la problematique du SeDS, carl 'activite physique peut presque entierement
le prevenir. Afin d'etablir le role exact de l'inactivite physique dans la manifestation et
ievolution du 12D, l'analyse indique qu 'ilfaut comparer les diabetiques a des gens actifs
physiquement, car ces derniers sont en meilleure sante que des individus sedentaires. Le
recours a des individus sedentaires dans un groupe de controle a conduit a de mauvaises
interpretations. Un groupe de controle constitue d'individus physiquement actifs auraient
amene des conclusions fort differentes. Neanmoins, on pense a tort qu 'il n'y a pas de
difference de concentration de GLUT4 entre les T2D et les individus sedentaires. Toutefois,
I'expression de GLUT4 est plus importante chez les individus actifs que chez les T2D et les
sedentaires. Par consequent, pour identifier les mecanismes a la base du SeDS et pour
avancer des preuves scientifiques concemant les strategies de prevention et de traitement,
les individus physiquement actifs devraient constituer le groupe de controle.

Introduction: Inactivity is an Actual Cause of Death

It seems as if the only thing that is constant is change. Throughout history, emerg-
ing diseases have continued to present the challenge to fmd preventions and cures.
Examples are Poliomyelitis, Malaria, Tuberculosis, Severe Acute Respiratory Syn-
drome (SARS), West Nile Virus, new flu strains. Acquired Immune Deficiency
Syndrome (AIDS), and the Sedentary Death Syndrome (SeDS). Recent examples
are SARS, West Nile Virus, new flu strains, and SeDS. We estimate that 334,144
premature deaths were the result of physical inactivity in the U.S. in 2000
(Chakravarthy and Booth, 2003). The U.S. Centers for Disease Control (CDC) has
reaffirmed our estimate. In 1986 a total of 256,686 deaths in the U.S. were due to
"no regular exercise" (Hahn et al., 1990). Since the prevalence of obesity and type
2 diabetes (T2D) has doubled in the U.S. in the last 20 years, the 256,686 deaths in
1986 due to "no regular exercise" are likely an underestimation of 2004.

The CDC in 2004 published the fmding that actual deaths from poor diet and
physical inactivity increased by 1/3 from 300,000 to 400,000 individuals annually,
or 16% of all deaths in the U.S., from 1990 to 2000 (Mokdad et al., 2004). The
World Health Organization (WHO) in 2002 estimated that there are 2 million pre-
mature deaths worldwide each year from physical inactivity. Physical inactivity
should therefore be a major public health concern, but it is not. To draw greater
attention to the epidemic of physical inactivity, the term SeDS was coined to em-
phasize that sedentary living increases the prevalence of premature death.
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Contributing to premature deaths is that fact that physical inactivity leads to
an increased prevalence of over 25 chronic diseases, including heart disease
(Chakravarthy and Booth, 2003). Further, the actual cause of death is not necessar-
ily obesity, heart disease, or T2D, but often the modifiable behavioral risk factors
(such as physical inactivity) that lead to the onset of disease. In 1986 for example,
35% (205,254 deaths) of the total deaths from coronary heart disease (CHD) in-
volved persons with "no regular exercise" (Hahn et al., 1990). Only 25% of CHD
were associated with tobacco. Therefore, the actual cause of death for these 205,254
individuals v/as physical inactivity leading to CHD.

Inactivity is the Cause of Many Chronic Diseases

Physical inactivity is one of three modifiable lifestyle risk factors, which are the
main actual causes of most chronic diseases, the other two being poor diet and
smoking. Chronic diseases are a major cause of death—including cardiovascular
conditions, diabetes, stroke, cancers, and respiratory diseases—which account for
59% of the 56.5 million deaths worldwide annually, and 45.9% of the global dis-
ease burden (World Health Organization, 2004). (Chronic diseases accounted for
76% of health care costs in the U.S. in 1987 (Hoffman et al., 1996). Thus chronic
diseases are a major burden to humankind. Therefore, as one of the three major
contributing factors, physical inactivity is a major burden to humankind.

INACTIVITY AS A MODIFIABLE RISK FACTOR FOR CHRONIC DISEASES

Despite the fact that these risk factors are largely within the control of individuals
in developed nations, there is an overwhelming prevalence of poor lifestyle choices
in these populations. In terms of physical activity. Health Canada recommends 30
to 60 minutes of moderate-intensity physical activity 4 to 7 days per week. The
CDC reconmiends 30 minutes or more of moderate-intensity physical activity on
most, preferably all, days ofthe week. It is estimated that 62% of Canadians (Craig
et al., 1999) and more than 60% of Americans are physically inactive (Centers for
Disease Control and Prevention, 2003). It has been shown that individuals who
exercise more than the minimum recommendations offered by the CDC have a
30% reduced risk of coronary artery disease, stroke, and T2D (Hu et al., 1999;
2000; Manson et al., 1999).

Mechanisms of Chronic Diseases Leading to SeDS

BASIS FOR A HIGHER COMPLIANCE TO A PHYSICALLY ACTIVE LIFESTYLE

Despite overwhelming evidence of the benefits of physical activity, very little is
known about the mechanisms involved in the actual causes of physical inactivity-
induced chronic diseases. Since many ofthe molecular mechanisms by which physi-
cal activity treats a disease differ from those through which physical inactivity is
the actual cause ofthe disease, it is inappropriate to the well-being ofthe patient to
rely solely on the mechanisms of exercise treatment to individualize exercise pre-
scription. Rather, exercise prescription must also include knowledge of the actual
molecular causes of the disease, i.e., physical inactivity. For example, an AIDS
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vaccine cannot be made as well if the actual molecular cause of AIDS is unknown.
Likewise, it is contended that unless the molecular basis of physical inactivity-
induced chronic disease is known, prevention and treatment of specific chronic
diseases with individualized exercise prescription will be less effective, if not im-
possible.

A question then becomes, are there other reasons why is it important to know
the molecular cause of a chronic disease before prescribing treatment? One an-
swer tnight be that the lack of known molecular disease mechanisms from physi-
cal inactivity contributes to a greater percentage of individuals in Canada and the
U.S. being sedentary than if molecular links from physical inactivity to chronic
disease were available to drive public health efforts. One example is the publica-
tion (Denissenko et al., 1996) providing a direct etiological link between a defined
chemical carcinogen in cigarette smoke and human cancer. This was associated
with subsequent anti-smoking policies, inducing tobacco companies to switch TV
ads from claims that there is no scientific evidence that cigarettes cause disease to
admissions by the same companies that smoking does cause disease. Further, once
mechanisms of physical inactivity-induced chronic diseases are delineated, early
detection of biomarkers may become valuable tools of preventive medicine (Licinio
et al., 2004).

Therefore, the actual molecular cause of inactivity-related diseases should
have an impact. Future research in exercise physiology must recognize the follow-
ing. Exercise is a treatment to attenuate disease symptoms, whereas physical inac-
tivity is the actual cause of the disease (Figure 1). There eu"e numerous excellent
reviews (Hamdy et al., 2001; Henriksen, 2002; Wallberg-Henriksson et al., 1998)
on exercise treatments applied to sedentary animals/humans. Exercise research
designs are not set up to study mechanisms of chronic diseases, but to study mecha-
nisms of the reversal of disease. Furthennore, mechanisms of exercise treatment
are not 100% identical to those by which physical inactivity causes disease.

Scientifically based preventions and treatments must be based on an under-
standing of the molecular basis by which physical inactivity interacts with genes
and gene polymorphisms to cause a threshold of biological significance to be at-
tained so that overt clinical chronic disease occurs. Since individuals vary in poly-
morphisms, exercise prescriptions will require individualization in the future.
However, if we do not know which genes produce chronic diseases from physical
inactivity, it will be impossible to evaluate the interaction of physical inactivity
with disease-predisposing polymorphisms. The purpose of this review, then, is to
discuss the role exercise physiology should play in determining the actual causal
links between physical inactivity, chronic disease, and SeDS.

MALADAPTATION TO PHYSICAL INACTIVITY IS GENETICALLY BASED

In order to value the manifestation of genes responsible for the clinical symptoms
due to physical inactivity, we must first appreciate the concept that our bodies
were made to expect daily exercise (Astrand and Rodahl, 1986). Most of our ge-
netic evolution occurred under a level of physical activity higher than in today's
sedentary culture. Human genetic evolution has largely occurred in conjunction
with a lifestyle based on hunting and gathering. From about 2 million years before
present (b.p.), during the transition from Australopithecus to Homo erectus until
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Figure 1. Schematic representation demonstrating that the "healthiest" group is the
most active group. The inactive control group is an intermediate group between the
healthiest and the diseased groups. Therefore, the onset of disease is actually initiated as a
result of physical inactivity. *Smaller proportion of individuals susceptible to chronic
disease despite an active lifestyle. **Exercise treatment is sometimes effective in stabi-
lizing symptoms of chronic disease by improving or reversing some symptoms of pro-
gressing chronic disease in order to stabilize.

the end of the Paleolithic era (12,000 b.p.), the human genome evolved under
conditions in which survival depended on the hunting and gathering of food. The
physical demands of such a lifestyle were certainly strenuous, as are apparent in
the musculoskeletal adaptation found in archeological remains of these individu-
als. This activity and feeding pattern evoked gene selection in order to optimize
survival under these conditions (Clastres, 1972).

At the end of the Paleolithic era. Homo sapiens was beginning to domesti-
cate animals and develop agriculture. However, since the beginning of the indus-
trial revolution, there has been an ever growing divergence between the conditions
under which our genome evolved and the way society Uves today (e.g., the advent
ofthe steam engine in 1705 and the internal combustion engine in 1860, followed
by automobiles and tractors). In other words, genetic evolution has not changed as
rapidly as social evolution and trends of physical inactivity over the last 40 to 100
years. The human genome requires physical activity to lower the prevalence of
many chronic diseases.
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For hunter-gatherers, food procurement was directly related to physical ex-
ertion. Estimated energy expenditure attributed to physical activity (PA-EE) aver-
aged 19.6-24.7 kcal/kg per day for men and 14.6 kcal/kg per day for women in
hunter-gatherer societies, while estimates for modem sedentary office workers are
4.4 kcal/kg per day for men and 4.2 kcal/kg per day for women (Cordain et al.,
1997). This comparison is not limited to differences between the past and present.
Aerobic fitness in modem forager populations is about 40% higher than that of
modem affluent society (Cordain et al., 1997). Currently, children in the U.S. spend
an average of 40 hours per week watching television (Dietz and Cortmaker, 1995)
and 25 hours per week in the classroom. In the 1950s children averaged 10 hours
per week with TV (Kraus and Raab, 1961). With the majority of North Americans
leading a physically inactive lifestyle and a society that perceives exercise as a
burden rather than necessity, all available—not selective—countermeasures must
be used to increase daily physical activity. If current selective methods were com-
pletely effective, SeDS would not be killing >300,000 in the U.S. annually. Scien-
tifically based exercise prescription is currently not based on the actual molecular
causes of disease from physical inactivity.

As late as the middle of the 20th century, modem hunter-gatherer societies
still existed that had minimal influence from Westem society. These hunter-gath-
erer societies included the Canadian Igloolik Inuit and other indigenous popula-
tions ofthe circumpolar regions. In several studies comparing these populations to
Westem populations, it has been shown that there is a much lower incidence of
chronic diseases and their biomarkers, including deficiency in lean body mass
(Rode and Shephard, 1994), adiposity (Glanville and Geerdink, 1970), coronary
heart disease (Bjerregaard and Dyerberg, 1988; Kromann and Green, 1980;
Lederman et al., 1962; Middaugh, 1990), diabetes (Kromann and Green, 1980)
and insulin resistance (Joffe et al., 1971; Kuroshima et al., 1972; Lindeberg et al.,
1999; Merimee et al., 1972; Spielman et al., 1982). In fact, there is evidence that
certain populations in Canada who have only recently adopted a more sedentary
Westem lifestyle have had an alarming increase in T2D (Rode and Shephard, 1994).
Eurther, over a 10-year period of exposure to Westem society from 1970-71 to
1980-81, the Canadian Igloolik Inuit have shown a 15% decrease in predicted
V02max (Rode and Shephard, 1984). Clearly, the adoption of a physically inac-
tive lifestyle has had rapid and dramatic health consequences on these popula-
tions.

ONE ACTUAL CAUSE OF A SEDS CONDITION

As the purpose of this review is to discuss the role exercise physiology should play
in determining the actual causal links between physical inactivity, chronic disease,
and SeDS, one aim of this review is to illustrate an appropriate scientific approach
to determine a causal link between physical inactivity and chronic disease. The
specific example will be T2D. T2D is largely a human-made worldwide pandemic.
In 2000 the WHO estimated that over 176 million people in the world have diabe-
tes. According to the Canadian Diabetes Association, over 2 million Canadians
have T2D. The WHO projects that the number of Canadians with T2D will rise to
over 3.5 million by the year 2030. Eurther, once a person develops diabetes, it is



Sedentary Death Syndrome • 453

incurable and progresses to cause other serious diseases/complications such as
cardiovascular disease, kidney disease, blindness, and conditions that may require
amputation. It is estimated that the cost of treating individuals with diabetes and its
complications in Canada is at least 9 billion ($U.S.) (Health Canada). Despite the
severity of T2D, both as a disease and in its prevalence, little is known about the
cellular and molecular mechanisms from physical inactivity that lead to its onset.

Available data suggest that ~90% of T2D is largely preventable by a physi-
cally active lifestyle. Epidemiological information supports the conclusion that
physical inactivity plays an important role in the development of T2D. Erom 1958
to 1998 the number of diagnosed cases of T2D in the U.S. rose from 1.3 million to
10 million. Because genes and gene polymorphisms have not changed in the last
40 years, the increased incidence of T2D has to be completely explained by the
changes in environmental modulation of genes predisposing to T2D (for review,
see Diamond, 2003).

Regular physical activity is required to maintain optimal insulin-stimulated
glucose uptake. Physically trained individuals have a markedly blunted insulin
response to a glucose load and yet have normal plasma glucose concentration at
rest (Seals et al., 1984). However, the residual effects of the last bouts of exercise
have been shown to play an important role in the training adaptation. Heath et al.
(1983) found that when 8 well-trained subjects stopped training for 10 days, their
V02max, estimated percent body fat, and body weight did not change. The maxi-
mum rise in plasma insulin concentration in response to a 100-g oral glucose load
was 100% higher after 10 days without exercise than when they were exercising
regularly. Despite the increased insulin levels, blood glucose concentrations were
higher after 10 days without exercise. Amazingly, one bout of exercise after 11
days without exercise almost retumed the subjects' insulin and glucose responses
to an oral 100-g glucose load to the initial "trained" value. Thus we must consider
levels of physical activity when assigning "healthy" subjects to a control group.

Impaired glucose tolerance is not an inevitable consequence of aging, as
believed in the medical community (Resnick, 1998). Rather, insulin resistance and
glucose intolerance are an inevitable consequence of physical inactivity. Seals et
al. (1984) reported the absence of glucose intolerance in highly active 60-year-old
men. Glucose tolerance was similar between three groups: active, young (endur-
ance trained, 26 ± 1 yr, V02max: 65.8 ± 1.6 ml-kg"'-min"'), sedentary, young (un-
trained, 28 ± 1 yr, V02max: 44.4 ±1.3 ml-kg"'-min"'), and active, older subjects
(masters athletes, 60 ± yr, V02max: 52.9 ± 1.6 ml-kg"'-min"'). However, insulin
resistance differed between the three groups. The insulin response to the glucose
tolerance test was three times higher for the sedentary, young group compared to
both the active, young and older groups. Young, sedentary subjects had two- and
five times greater plasma glucose and insulin responses, respectively, than did
either the active, young or the active, older group. These data clearly demonstrate
that aging is not the sole factor determining onset of glucose intolerance and insu-
lin resistance, since young, sedentary men were already insulin resistant while
older, active men were not. These early studies by Heath et al. (1983) and Seals et
al. (1984) provide convincing data that physical activity is a crucial element in
regulating optimal glucose tolerance and insulin sensitivity.
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INSULIN-MEDIATED SIGNALING OF GLUCOSE UPTAKE

An important role for physical activity in insulin-mediated glucose uptake was
established above. Glucose transport into skeletal muscle is accomplished via fa-
cilitated diffusion, and insulin-stimulated muscle glucose transport activity is con-
sidered the rate-controlling defect (Perseghin et al., 2003). GLUT4 is the major
isoform of glucose transporter carrier proteins present in mouse, rat, and human
skeletal muscles. GLUT4 translocation to the plasma membrane is needed for glu-
cose transport into skeletal muscle. Furthermore, GLUT4 activity in the sarco-
lemma may be regulated by insulin through p38 MAPK (Lemieux et al., 2003;
Somwar et al., 2000).

Normal insulin stimulation of glucose transport is as follows: When insulin
binds the insulin receptor, the result is an autophosphorylation of the p subunit and
activation of intrinsic tyrosine kinase activity (for review, see Cheatham and Kahn,
1995). Activation of the insulin receptor initiates a cascade of events including the
phosphorylation of downstream targets such as insulin receptor substrate (IRS)
proteins. These proteins then facilitate the activations of phosphatidylinositol 3-
kinase (PI3K) and protein kinase B/Akt (PKB), initiating GLUT4 translocation
from an intracellular storage site to the plasma membrane. Protein kinase C (PKC)
also may have a putative role in GLUT4 translocation (for reviews, see Elmendorf,
2002; Tomas et al., 2002).

To date, several points in the insuhn signaling pathway that mediate skeletal
muscle glucose uptake are recognized to be adversely affected in persons with
T2D and obesity: decreased insulin receptor tyrosine kinase activity, decreased
insulin receptor substrate-1 (IRS-1) tyrosine phosphorylation, and decreased insu-
lin-stimulated PI3K activation (Bjomholm et al., 1997; Caro et al., 1987; for re-
view, see Zierath et al., 1998). Many of these studies used a group of sedentary
controls without T2D as the point of comparison for interpretations of the effect of
T2D on insulin-mediated glucose signaling.

The Healthy Group Should be Assigned as the Control

It is dogma in medicine that healthy individuals serve as the control group and that
sick patients serve as the treatment group. When studying T2D, standards of insu-
lin sensitivity and glucose tolerance have been used to determine group assign-
ment of a subject, usually without reference to his or her initial level of physical
activity. As a rule, subjects have been assigned to one of two groups: a T2D group
or a "healthy control" group whose activity levels were usually not designated.
Group assignment of subjects is a vital aspect of experimental design, as it deter-
mines interpretation of data and conclusions. A reanalysis of the interpretation of
published data from T2D studies in which controls are now divided into inactive
and active controls has produced different conclusions than those commonly found
in most publications on T2D.

The remainder of this review reanalyzes selected examples of previous pub-
lications of the T2D studies. The general theme for the outcome of the reanalysis is
that active controls usually have superior insulin-mediated cell signaling than in-
active controls, with the signaling component of inactive controls either being
similar, or greater than, T2D. The significance of reinterpretations using an active
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control group is that the effect of physical inactivity and T2D on insulin-mediated
signaling is often underestimated.

INSULIN-MEDIATED GLUCOSE UPTAKE

Zierath et al. (1996) found no differences in whole-body insulin-mediated glucose
uptake and in basal GLUT4 protein in the vastus lateralis muscle between the T2D
and sedentary controls. The T2D group consisted of 55-year-old subjects (V02max
= 30.5 ml-kg"'-min"') and "healthy controls" included individuals who were 54
years old (V02max = 28.0 ml-kg"'-min"'). On the other hand, masters athletes
(age 60; V02max = 52.9 ml-kg"'-min"') had 30% and 41% of the areas under the
glucose and insulin curves, respectively, during an oral glucose tolerance test (Seals
et al., 1984), implying that the active control group had increased whole-body
insulin-mediated glucose uptake compared to lean untrained age-matched con-
trols. Designation of the activity level of the control group in 50- to 60-year-old
subjects is important to the outcome of the interpretation. If the control group is
active, the interpretation becomes that physical inactivity lowers insulin-mediated
glucose uptake to a level similar to T2D. On the other hand, if the control group is
physically inactive, the interpretation in the Zierath et al. (1996) study becomes
that T2D does not lower insulin-mediated glucose from control levels. While the
former interpretation would support physical inactivity as a cause of insulin resis-
tance with aging, the latter interpretation would not. For the above example, selec-
tion of an active group as the control allows the observation of inactivity-associ-
ated onset of disease.

GLUT4

It is conmionly reported that skeletal muscle GLUT4 content is the same in sub-
jects with T2D as control sedentary subjects (Andersen et al., 1993; Friedman et
al., 1992; Garvey et al., 1992; Pedersen et al., 1990). However, it is well estab-
lished that training of sedentary subjects increases GLUT4 protein, implying that
physical inactivity causes GLUT4 expression to be attenuated in sedentary sub-
jects. Voluntary wheel mnning induced a 50% increase in GLUT4 protein in rat
epitrochlearis muscle (Rodnick et al., 1992), and treadmill training induced a 47%
increase in GLUT4 protein in rat soleus muscle and a 38% increase in GLUT4
mRNA in rat gastrocnemius muscle (Kim et al., 1999a; Slentz et al., 1992). Simi-
lar findings have been extended to humans. For example, Langfort et al. (2003)
found that GLUT4 expression is 36% higher in the trained leg compared to the
contralateral untrained leg in lean, young, healthy males. Thus, different interpre-
tations and conclusions are dependent upon whether the control group is active
with less chronic disease or the sedentary group with more chronic disease.

If active subjects were to have been used as the control group, then a likely
interpretation would be that subjects with T2D would have had a lower GLUT4
protein content than control. However, if inactive controls were the comparison,
the prevalent conclusion would be that T2D does not affect GLUT4 expression,
and inactivity as an initiator of cellular and molecular mechanisms for T2D would
be underemphasized, as is the current situation. A better approach to control groups
is illustrated in Figure 1. The physically active group as the healthiest population
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from chronic diseases is shown as normal. Physical inactivity lowers health and is
the sedentary group. Sufficient inactivity will induce genes predisposing to a chronic
disease to produce proteins whose integrated function causes passage through a
biological threshold to overt clinical disease. Exercise is prescribed as a treatment
to prevent further disruptions in homeostasis.

Utilization of a sedentary group as the control group misses inactivity-
induced decreases in GLUT4 expression from an active control group. Since inac-
tivity is one actual cause of events initiating muscle GLUT4 to decrease, and the
GLUT4 deficiency may be a mediating factor in the progression to prediabetes,
important causal information may be missed when calling sedentary individuals
as the healthiest normal group.

INSULIN RECEPTOR SUBSTRATE 1 (IRS-1) AND PHOSPHATIDYLINOSITOL
3-KINASE (PI3K)

IRS-1 and POK are both downstream signaling molecules ofthe insulin receptor
that are involved in insulin-stimulated GLUT4 translocation to the plasma mem-
brane. However, unlike GLUT4 content, insuUn-stimulated IRS-1 phosphoryla-
tion and IRS-1-associated PI3K activity have been shown to be lower in T2D
compared with a presumably sedentary control group (no physical activity levels
were reported) (Bjomholm et al., 1997). Bjomholm et al. (1997) reported an ap-
proximately six-fold increase in insulin-stimulated IRS-1 phosphorylation in the
control group (age 55 ± 3 yrs; BMI 27.5 ±1.2 kg/m^) compared to basal levels,
while there was no difference in insulin-stimulated IRS-1 phosphorylation in the
T2D group (age 56 ± 3 yrs; BMI 27.1 ± 2.0 kg/m^).

Without considering the adaptive response due to exercise training, the mag-
nitude of decreases in this signaling pathway likely has been underestimated. For
example, Luciano et al. (2002) reported an approximately six-fold increase in in-
sulin-stimulated IRS-1 tyrosine phosphorylation in sedentary rats compared to basal
levels. However, insuhn stimulated IRS-1 tyrosine phosphorylation was 1.8-fold
higher in endurance-trained rats compared to the sedentary animals (Luciano et
al., 2002). Differences in IRS tyrosine phosphorylation are not attributed to differ-
ences in IRS content (Bjomholm et al., 1997). Furthermore, exercise training does
not seem to result in differences in IRS-1 content and may even attenuate IRS-2
expression (Luciano et al., 2002; Wadley et al., 2001). Therefore, to summarize
these data, there is no difference between basal and insulin stimulated IRS-1 ty-
rosine phosphorylation in T2D; there is a six-fold difference between basal and
insuUn-stimulated IRS-1 tyrosine phosphorylation in the sedentary group and an
~11-fold (6- X 1.8-fold increases, as above) difference between basal and insulin-
stimulated IRS-1 tyrosine phosphorylation in the exercise-trained group (experi-
mental group distinctions are further illustrated in Figure 1).

Similar to insulin-stimulated IRS-1 phosphorylation, insulin-stimulated IRS-
1-associated POK activity in human skeletal muscle was absent in T2D subjects,
increased two-fold in a presumably sedent£iry control group (no physical activity
levels were reported, Bjomholm et al., 1997) and in a true sedentary group (Kirwan
et al., 2000), and rose four-fold in the aerobically trained group (Kirwan et al.,
2000). Therefore, we submit that sedentary animals/humans are inappropriate con-
trols when studying the roles of IRS-1 and POK in T2D.
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Conclusion

It is in the best interest of everyone to focus on disease prevention to both alleviate
the burden of chronic disease on the public health system and to improve the qual-
ity oflife of the world's population. Although the evidence suggests that sedentary
living causes increases in the prevalence of chronic disease and premature death,
delineation of the molecular mechanisms of physical inactivity-induced chronic
disease is essential for detecting early biomarkers of disease and appropriate pre-
ventative exercise prescription. In this review we provided evidence that the sed-
entary group often used in T2D research is an inappropriate control because an
active control group is more healthy. For example, compared to inactive subjects,
active control subjects had increased GLUT4 content and insulin-mediated glu-
cose uptake, which have been previously interpreted as unchanged during the on-
set of T2D as compared to sedentary subjects. Moreover, optimal IRS-t tyrosine
phosphorylation and IRS-1-associated PI3K activity, which have been shown to
be completely defective in T2D, have been underestimated due to the use of sed-
entary subjects, instead of active, more healthy subjects for comparison. Further-
more, impaired glucose tolerance is not an inevitable consequence of aging, but
rather, physical inactivity is a cause of insulin resistance with aging.

Therefore, exercise physiology needs to redesignate the sicker sedentary
population (as does the rest of the medical profession) to the unhealthy experi-
mental treatment group, and assign the healthy physically active population as
normal or control. We challenge others to find ways to express in their own terms
the critical importance of understanding the mechanisms by which physical inac-
tivity causes disease and the alternative mechanisms by which exercise reverses
the mechanisms of physical inactivity.
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