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SYMPOSIUM REVIEW

Lack of adequate appreciation of physical exercise’s
complexities can pre-empt appropriate design
and interpretation in scientific discovery

F. W. Booth!?** and M. J. Laye**?>

Departments of ' Biomedical Sciences, ?Medical Pharmacology & Physiology and ’Nutrition ¢ Exercise Physiology, and *Health Activity Center,
University of Missouri, Columbia, MO 65211, USA
? Centre of Inflammation & Metabolism and Copenhagen Muscle Research Centre, Rigshospitalet-7641, Blegdamsvej 9, DK-2100 Copenhagen, Denmark

Two major issues are presented. First, a challenge is made by us that a misunderstanding
of physiology has led to incomplete or wrong functional designations of genes in some cases.
Normal physiological processes are dynamic, integrated and periodic, and, therefore, it is difficult
to define normal physiological function by looking at a single time point or single process in
a non-stressed subject. The ability of the organism to successfully respond to homeostatic
disruptions defines normal physiology. Genes were selected for survival and to appropriately
respond to stresses, such as physical activity. Omitting gene functions by restricting them
to non-stressful conditions could lead to less than optimal primary preventions, treatments
and cures for diseases. Physical exercise, as a stressor, should be used to better demonstrate
the complete functional classifications of some genes. Second, the challenge from others of an
‘exercise pill’ as a mimetic of natural physical activity will be shown to be lacking a scientific basis.
The concept of an ‘exercise pill’/‘exercise mimetic’ demonstrates an inadequate appreciation of
the complexities in integrating cell, tissue, organ and systems during both acute disruptions
in homeostasis by a single bout of exercise, and longer-term chronic adaptations to different
types of exercise such as resistance and endurance. It is our opinion that those promoting
drugs targeting a single or few molecules should not redefine the term ‘exercise’ and exercise
concepts in an attempt to sensationalize findings. Additionally, the scientific criteria that the
authors demand to be met to legitimately use the terms ‘exercise pill’ and ‘exercise mimetic’ are
presented.
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Is normal physiological function being obtained from
abnormal pathalogical models?

abnormal anatomical and physiological conditions’ The
logical construct is then set where any cause resulting in a
switch from normal to abnormal function is pathological.

What is normal function? A fundamental question for One such cause that fits this construct is a reduction in

medicine is What is normal physiology? Physiology is

defined in the Oxford English Dictionary (2009, online)
as ‘the branch of science that deals with the normal
functioning of living organisms and their systems and
organs’. Pathology is defined as ‘the branch of science
that deals with the causes and nature of diseases and

This review was presented at The Journal of Physiology Symposium on
Physiological regulation linked with physical activity and health, which
took place at the 36th International Congress of Physiological Sciences
in Kyoto, Japan on 31 July 2009. It was commissioned by the Editorial
Board and reflects the views of the authors.
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daily physical activity. A reduction in physical activity
levels cause abnormal function, initiating both increases
in risk factors for chronic disease in the short term and
pathology associated with overt clinical disease in the
longer term. In support of an increase in risk factors for
chronic diseases in response to even short-term reductions
in physical activity, we have recently reported that removal
of 8500 steps (dropping from ~10 000 to ~1500) in the
absence of a structured exercise programme for 2 weeks
results in abnormal physiological changes in healthy young
men. Such changes included decreases in maximal Vo,
and in whole body insulin sensitivity and increases in
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intra-abdominal fat. Epidemiological data show that if
reductions in physical activity are extended to the longer
term, prevalence of many chronic diseases increases. For
example, physically inactive humans have increased risks
of breast cancer, colon cancer, coronary heart disease,
hypertension, osteoporosis, stroke and type 2 diabetes
that are ~30%, ~40%, ~40%, ~30%, ~60%, ~60%
and ~50%, respectively (Katzmarzyk & Janssen, 2004).
Thus, studying physiological conditions in a population
of sedentary or less active humans is more a study of
pathology than normal physiology. Medicine must know
what biologically normal physiology is in order to know how
to prescribe the most optimal treatments to maintain optimal
health of all organ systems. Obviously, according to this
paragraph, low levels of physical activity do not produce
optimal health.

A fundamental question for physiology is ‘What is normal
function?’. Physiological processes are dynamic, integrated
and periodic, and therefore it is difficult to define
normal physiological function by looking at a single time
point or single process. First, normal physiology contains
circadian/diurnal rhythms modifying hormone levels and
behaviour though intrinsic mechanisms. Conversely, the
extrinsic decision to have meals or participate in physical
activity alters fluxes of metabolic and signalling pathways.
However, whether responding to intrinsic or extrinsic,
acute or chronic perturbations, physiological processes
react by minimizing disruptions to homeostasis. While
acute disruptions to homeostasis are normalized by rapid
changes in existing protein function, chronic disruptions
to homeostasis are often minimized by a more permanent
alteration of basal gene expression. Consequently, normal
physiology can be defined by the capacity of systems
to respond to acute as well as successfully adapt to
chronic disruptions in homeostasis. When responding
to disruptions in homeostasis, the greater the functional
capacity an organ system has, the greater functional reserve
is present, and thus the greater the likelihood of survival
if faced with an external challenge to homeostasis. An
example is a decline in organ systems’ capacity with ageing,
which leads to increased likelihood of death due to the
inability to counter a homeostatic disruption. Biologists
must recognize that mechanisms minimizing disruptions
to homeostasis by exercise are normal function and that
they provide the proper context from which to understand
gene—environment interaction.

Important differences exist between the normal physio-
logical periodicity of daily exercise and the abnormal
pathology caused when the exercise signal is continuously
stimulated. Kramer & Goodyear (2007) discuss the
paradox of healthy episodic vs. chronic diseased cellular
stress; and Carey & Kingwell (2009) provide examples of
how sustained effects of some genetic/pharmacological
manipulations ‘do not accurately model the episodic
nature of exercise’. Knocking out of ¢c-Jun amino-terminus
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kinases (JNKs) (Hirosumi ef al. 2002) or using salicylates
to inactivate IxB kinase-8 (Kim et al. 2001) diminishes
adiposity, improves insulin sensitivity and enhances
insulin receptor signalling capacity. On the other hand,
exercise increases the activation of NF«kB (Kramer &
Goodyear, 2007) and JNK (Goodyear et al. 1996), but
repeated daily exercise also diminishes adiposity and
improves insulin sensitivity. Another example is the
episodic release of IL-6 from contracting skeletal muscle,
and its consequent increase in blood and physiological
effect on target organs vs. its pathological effects during
its chronic increase in low-grade chronic inflammatory
diseases (Mathur & Pedersen, 2008).

What is the optimal way to study normal physiology?
Normal physiology is the dynamic interaction between
resting and stressed systems. Therefore understanding
a physiological process requires explanation of gene
or protein function at both rest and in response to
homeostatic disruptions. For example, studying people
at rest would not elucidate any of the commonly known
beneficial adaptations to chronic exercise training that
include (1) lowering cardiac work at a given absolute
workload (the adaptation to endurance exercise training
that switches to a higher metabolic cardiac work efficiency
by increasing stroke volume more and increasing exercise
tachycardialess, thuslowering myocardial O, uptake atany
given cardiac output); and (2) oxidizing more fatty acids
at a similar workload (the endurance exercise training
adaptation by switching away from glucose as a fuel to
using greater fatty acids as a fuel). Conversely, while
remaining sedentary certainly disrupts homeostasis, it is a
cause of pathological maladaptations (see above) and thus
not appropriate for understanding normal physiology.

Normal physiology includes the organism’s response
to daily or repeated high levels of physical stress.
The response allows for the physiological study of the
massive integration of cells, organs and organ systems
attempting to minimize homeostatic disruptions during
and following exercise stress. For this integration to
occur, thousands of changes in protein post-translational
modifications, protein abundance, and gene expression
happen simultaneously. Repeated moderate—high levels
of exercise stress are normal physiology because in
their absence, the sedentary organism loses the maximal
capacity of organ systems, sliding toward pathology.
Thus, individuals with high levels of exercise capacity
(high fitness) have become targets for physiological study
because they have lower prevalence of pathological chronic
diseases and of mortality.

Taken together, we contend gene functions differ at
low and high levels of daily physical activity. Clearly
then the definition of normal physiology is not limited
to rest, but in fact must extend to the capacity of
organ systems to maintain homeostasis when disrupted
by stresses such as physical activity. Categorization of

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



J Physiol 587.23

genes by normal function only at rest or in subjects who
have little daily physical activity leads to an incomplete
understanding of physiology and may eventually hurt
the health of patients. We contend protein functions
determined only at rest in sedentary subjects are being
listed in protein function databases as absolutes without
proper interpretation, and thus the functional databases
are not completely defined. The resulting problem is that
no one today knows how much physiology is incomplete or
wrong because of the near-exclusive usage of low activity
subjects at rest that omits gene functions in response to
acute and chronic environmental stresses such as exercise
or exercise training. A common way that these improperly
defined gene functions are being designated is through
the expanded use of transgenic animals in determining
gene functions. The next section will consider examples
of wrong functions being attributed to genes by the
using transgenic/knockout mice with restricted physical
activity.

Transgenic/knockout animals. We will contend here that
the physical activity level of genetically modified animals,
in some cases, is critical to the interpretation of a gene’s
complete function. This is important because the gene
often operates with fundamentally different functions
depending on the physiological context of high or low
physical activity (as described above). If the function of a
gene is characterized only during low physical activity, but
the function of this same gene differs in response to high

Forced inactivity

(Animal has no choice, inactive
in cage with no running wheel)
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physical activity, then the incomplete function of the gene
is obtained and placed into the database. Our contention
is demonstrated by two scenarios (Fig. 1).

Scenario A of Fig. 1 is demonstrates how exercise can
reveal phenotypes not present in resting transgenic mice.
For example mice with a mutated myosin binding protein
C appeared overtly healthy at rest, but they exhibited a
phenotype of decreased exercise capacity and death in four
out of eight of the mice within 24 h of ending treadmill
running exercise in one study (Yang et al 2001). A
review wrote, ‘There are numerous examples of transgenic
models in which the baseline cardiovascular phenotype is
unchanged or minimally changed from the wild type, only
to become manifest during the stress of exercise testing
(Bernstein, 2003). Another example is hormone sensitive
lipase (HSL) knockout mice that at rest have no differences
in circulating fatty acids or liver glycogen content, but
exercise reveals an inability to increase circulating fatty
acids and a accelerated reduction in liver glycogen,
thereby appropriately defining a physiological role for
HSL (Fernandez et al. 2008). By exercising, disruption of
physiological homeostasis necessitates attempts to restore
homeostasis through the activation of the specifically
targeted genes. Thus, physiological function of the genes
can better be elucidated.

To ensure proper characterization of gene function, we
believe that one must test the function of a gene in response
to physiological stresses (i.e. high physical activity) that
occurred during the evolution of our present genome.
Throughout evolution, high levels of physical activity were

Physically active
(Animal mimics activity in wild
with running wheel)

Scenario A No Phenotype

Mutated gene has no function
during inactivity state that
produces chronic diseases

Observation is

Conventional
interpretation put

Phenotype
Mutated gene has function
when mimicking activity level
during evolution

Mutated gene produces

into gene data

bases is.. go phenatype

Correct Mutated gene had functional

interpretation phenotype when selected for our

should be... current genome & in normal activity;
Inactivity removes phenotype

Scenario B Phenotype No Phenotype

Mutated gene has function
during inactivity state that
produces chronic diseases

Observation is

Conventional
interpretation put
into gene data
bases is..

Mutated gene has

Correct
interpretation
should be...

functional phenotype

Mutated gene had no function
when mimicking activity level
during evolution

Mutated gene had no functional
phenotype when selected for our
current genome & in normal activity;
Inactivity and gene cause phenotype

Figure 1. Presence or absence of phenotype when comparing forced inactivity to physically active in
Scenarios A and B and resultant conventional and correct interpretations

See the text for detailed explanations.
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obligatory for survival of animals and humans (Booth et al.
2000; Booth et al. 2002; Chakravarthy & Booth, 2004;
Booth & Lees, 2007). Bennett and Ruben elegantly wrote,
‘The selective advantages of increased activity capacity
are not subtle but rather are central to survival and
reproduction. An animal with greater stamina has an
advantage thatis readily comprehensible in selective terms.
It can sustain greater levels of pursuit or flight in gathering
food or avoiding becoming food. It will be superior in
territorial defense or invasion. It will be more successful
in courtship and mating’ (Bennett & Ruben, 1979). Until
only recently, physical activity was obligatory for survival.
Today, mice and rats housed in cages unable to mimic
evolution’s physical activity levels may not completely
elucidate the evolved gene’s function. Thus, the failure to
disturb homeostasis in a sedentary animal (without access
to voluntary wheel running) will often fail to uncover
the true evolutionary function of the gene. Humans also
inherited evolutionary gene functions during a physically
active lifestyle. For instance in scenario A, the appearance
of a new phenotype following voluntary physical activity
reveals the biological purpose for which the gene was
selected.

In scenario B of Fig. 1 we discuss the situation where
normal physiology rescues the disease phenotype that
occurs at rest. As an example, we will use melanocortin-4
receptor knockout (MC4R~/~) mice that develop a
maturity-onset obesity syndrome associated with hyper-
phagia, hyperinsulinaemia, and hyperglycaemia (Huszar
et al. 1997). In response to this phenotype, the Mouse
Genome Informatics Website of Jackson Laboratories
states, ‘Mutations in this gene (MC4R) result in hyper-
glycemia and weight gain’. However, this phenotypic
information was obtained from laboratory mice with alow
level of physical activity. When MC4R ™/~ mice are allowed
to increase physical activity levels with voluntary wheel
running, this led Haskell-Luevano et al. (2004) to write,
‘Herein, we present the effects of voluntary exercise on the
MCA4R knockout mice in terms of bypassing the morbid
obesity and hyperphagia phenotypes associated with this
genetic obesity model” (italics added); and also wrote
(Haskell-Luevano et al. 2009), ‘voluntary exercise can
prevent the genetic predisposition of MC4R-associated
obesity and diabetes.” Allowing mice to have normal
physiology by placing wheels for running into a cage
prevented obesity, making the interpretation of Jackson
Laboratories only valid with sedentary mice. The opposite
conclusion is reached when the mutation interacts with
increased levels of physical activity, suggesting that MC4R
plays no role in metabolic dysfunction. Studied in the
context of a sedentary environment, gene interaction is
more akin to a gene’s role in pathology than in normal
physiology. In this way the interaction between sedentary
behavior and gene function may provide information
about current sociological levels of physical activity in
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a pathological context, but not a physiological context.
Indeed in the context of normal physical activity, the
effect of MC4R on the lean phenotype is minimal.
A revised entry into the functional protein database
should read, ‘The response to the physiological stress
of increased physical activity results in no phenotype in
the MC4R mouse. However, in response to a sedentary
pathological stress, the MC4R mouse develops obesity,
hyperinsulaemia, and hyperleptaemia associated with type
2 diabetes.” An amazing discovery is thus made for an inter-
action between the MC4R gene and low physical activity
compared to evolutionary levels.

OLETF rats, have a spontaneous mutation to inactivate
the cholecystokinin-1 receptor (CCKR1), causing hyper-
phagia. Similar to MC4R~/~ rats, above, no disease
phenotype exists when OLETF rats are permitted
voluntary running (Morris et al. 2008). However, a disease
phenotype of obesity, type 2 diabetes and non-alcoholic
fatty liver disease is revealed when voluntary running is
abolished with CCKR1 mutation (Rector et al. 2008b),
indicating that CCKR1, like MC4R~/~, should be labelled
as having no phenotype in physically active animals. If
protein function databases wish to designate a disease
phenotype, they need to indicate that the interaction of
low physical activity is necessary to show disease. These
examples provide evidence to study knockout transgenic
models both during an acute exercise bout and at rest
following chronic repeated exercise training better insight
into ‘normal’ physiology is gained.

Summary. A challenge has been presented. What is
normal physiology? Are correct models of chronic diseases
being tested to obtain correct biological functions of genes
as orchestrated for survival in the last thousands of years?
These questions challenge whether biologists are studying
and interpreting gene functions correctly.

Liabilities of the terms ‘exercise pill’ and ‘exercise
mimetics’

The term ‘exercise mimetic’ has recently been used in
numerous publications. In the first publication, to the
best we can determine gene expression for PGC-la
and PKC-¢ along with 10 other genes were said to suit
their ‘goal of identifying a tractable number of inter-
vention points for the development of “exercise mimetic”
pharmaceuticals that improve integrated area under the
curve for glucose (Ort et al. 2007). The second publication
was professor Evans paper in Cell entitled ‘AMPK and
PPARS agonists are exercise mimetics’ (Narkar et al
2008). The 2008 Scientific Report of the Salk Institute
page for the accomplishments of Professor Evans, states,
‘By tinkering with a metabolic program in muscle, we
stumbled upon “exercise in a pill”>’ This finding begs

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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the question: what is an exercise mimetic? The term
‘mimetic’ is defined by the Oxford English Dictionary
(1989, online) under the subheading “Pharmacology and
Biochemistry’ as ‘relating to or practicing mimesis or
mimicry synthetic compound that produces the same (ora
very similar) effect as another (esp. a naturally occurring)
compound’. The term ‘exercise’ is defined by the Oxford
English Dictionary (1989, online) as ‘exertion under-

-Absence of emotional highs after exercise

-Less blood flow to dentate gyrus

-Less executive control in memory

-Less neurogenesis

-Loss of coordination/balance

-Less endorphin release

-Smaller frontal and superior lobes
with aging

-Breast cancer

-Non-alcoholic
fatty liver disease

-High LDL
-Hypertension
-Low HDL
-Low immunity

-Type 2 diabetes

-Erectile dysfunction
-Osteoporosis

-Loss of structure and

function of joints,

ligaments and tendons

-Reduced skin

wound healing

-Reduced quality of life

= -Inflammation of vascular wall
\- 2 -Lower maximal cardiac output
-Lower cardiac reserve
=7 -Lower maximal Vo:
.\
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taken with a view to the maintenance or improvement of
health’ and by the Merriam—Webster Medical Dictionary
(2002) as ‘Active bodily exertion performed to develop or
maintain fitness’ It is our opinion that drugs targeting a
single or few molecules should not be used to redefine
the term ‘exercise’ to fit the need to sensationalize their
findings. Exercise scientists have defined hundreds of
biochemical, molecular, and physiological adaptations to

-Alzheimer’'s disease
-Dementia
-Depression

-Stroke

-Incidence

-Poor recovery

-Congestive heart failure
-Endothelial dysfunction
-Greater damage to ischemic event

-Visceral obesity

-Colon cancer

-Loss of neuromuscular strength
with aging

\—\—__-R&ﬂuced g,ucmﬂ l.lptakﬂfl'&dllﬂﬂ‘d
insulin sensitivity

-Reduced oxidative capacity

-Skeletal muscle atrophy with aging

-Hypertension
-Increased arterial stiffness
-Peripheral artery disease

-Premature death

Figure 2. Changes induced upon decreasing physical activity from high to low levels
A proposed exercise mimetic would have to prevent the same changes as natural exercise or the exercise pill would
not be an authentic mimetic. Original drawing was generously made by Gheorghe Constantinescu.
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‘exercise’ for two score years. The cumulative body of
exercise publications shows adaptations to exercise in
almost every cell type, tissue, organ and system (Fig. 2).
The term exercise should be reserved to describe all
complex regulatory and adaptive responses to the physio-
logical perturbations of physical exertion rather than being
used to describe the limited adaptive responses to a drug.
A third publication (Carey & Kingwell, 2009) concludes,
‘the term ‘exercise mimetic’ is probably not appropriate;
rather a term that better reflects the specific aspect of
exercise being targeted may achieve better acceptance’.

The second part of this review will consider our
opinions of the concept of drugs mimicking exercise. The
consideration is divided into two sections — science, and
€COonomics.

Science

The question of whether, in our opinion, science supports
the possibility of a true ‘exercise mimetic’ will be split
into three sections — exercise sciences, pharmacological
sciences and health sciences.

Exercise sciences. The first reservation is that human
physiological adaptations to disruptions in homeostasis
caused by exercise are so complex that no mono- or
poly-pill will ever be able to mimic every exercise
adaptation for six reasons.

(1) Exercise adaptations are multi-organ. Adaptations
to exercise and lack of exercise occur in almost every
organ system, such as circulatory, neural, endocrine,
skeletal muscle, connective tissue (bones, ligaments and
tendons), gastrointestinal, immune and kidney (Fig. 2).
Systems where exercise adaptations don’t occur or are
not well documented to occur are lungs and senses.
Pharmaceuticals, on the other hand, must limit their
effects to single organs. This is recognized in the
Concluding Remarks and Future Perspectives in a review
article by Puigserver and Spiegelman, writing, ‘Because
of the role of PGC-lo in many important metabolic
processes, it is worth asking whether and how the activities
of PGC-1o might be modulated for therapeutic purposes

. [of course, this wide range] wide range of physio-
logical actions [by PGC-1« in multiple tissues] also points
out a problem: activation or inhibition is going to have
to be tissue selective or tissue specific to be useful.
... This suggests that the usefulness of PGC-lo as a
therapeutic target will all come down to an ability to
achieve biological specificity’ (Puigserver & Spiegelman,
2003). Since exercise produces adaptations in multiple
organs, exercise has a natural ‘built-in’ specificity that is
unmatched by the therapeutic limitations of drugs.

(2) Molecular biology has led to the idea that exercise
is polygenetic. Already in 1996, 50 mRNAs had been
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reported to be altered by exercise/exercise training in
skeletal muscle alone (Booth & Baldwin, 1996). More
recently, 900 mRNAs in skeletal muscle had greater than
2-fold changes during the 24 h after either 3 or 12h
of voluntary running (Choi et al. 2005). Interestingly,
lack of physical activity by hindlimb immobilization of
rat (involving the soleus muscle) required an exhaustive
search for an mRNA in skeletal muscle that did not
change (Pattison et al. 2003). Both of these studies indicate
that many more than just one or two mRNAs change
after alterations in contractile activity. The cumulative
data demonstrate that the complexity of tissue physio-
logical responses to alterations in exercise levels extends
to changes in thousands of mRNAs in skeletal muscle. In
addition to skeletal muscle, data exist to support several
hundred mRNAs changing in peripheral blood mono-
nuclear cells (Radom-Aizik et al. 2009) and neurophils
(Radom-Aizik et al. 2008) of humans, and in the liver
(Colombo et al. 2005) and cardiac muscle of rats (Strom
et al. 2005). Carey & Kingwell (2009) conclude with
regard to health benefits of regular exercise. ‘Obviously no
single pharmaceutical agent could mimic this response.
Altogether, the combination of a number of different
organs having individualized changes of hundreds of genes
in response to exercise presents science that makes it very
unlikely that one or two molecules could prove to be
therapeutic targets for an ‘exercise pill’ in the near future.

(3) Different exercise modalities result in different
mRNA expressions, protein expressions, and physiological
phenotypes. At the mRNA levels, differential gene
expression occurs in the same tissue in response to
resistance and endurance exercises (Holloszy & Booth,
1976; Stepto et al. 2009). For example, at the protein
level, contractile protein content (per whole muscle)
increases per whole skeletal muscle with resistance
training, but remains unchanged per unit of mass. On the
other hand in response to endurance training, contrac-
tile protein content and concentration remain largely
unchanged. Conversely, both mitochondrial protein
concentration and content (per whole muscle) increase in
endurance-trained individuals, while for strength training
only total content and not concentration increases. Lastly,
an example of differing phenotypes in the same organ in
response to two types of endurance exercise is provided by
changes in bone mass. While bone mass increases in end-
urance running, it decreases in endurance cycling (Rector
et al. 2008a). Thus even if an ‘exercise pill” produced the
same (or a very similar) effect as one type of exercise, it
would have difficulty replicating other types of exercise
that have their own unique health benefits.

(4) Knockout animals show us that one key exercise gene is
unlikely to exist. The observation that most mitochondrial
genes were reduced in peroxisome proliferator-activated
receptor y coactivator 1 (PGC-la) knockout mice
led to the conclusion that PGC-la was the ‘master
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regulator gene of mitochondrial biogenesis’ (Wu et al
2002). However, these results were obtained with
sedentary mice. When PGC-lo knockout mice were
endurance-exercise trained, they still had some or all
exercise adaptations in two different studies. Piltgaard
and colleagues (Leick et al. 2008) found that endurance
exercise training increased aminolevulinate synthase,
cytochrome oxidase I, cytochrome ¢, and hexokinase I
mRNA and protein levels in skeletal muscle equally in
wild-type and PGC-Ia whole-body knockout (KO) mice.
They concluded that ‘PGC-Ix is not mandatory for
exercise training-induced adaptations in skeletal muscle
mitochondrial proteins.” (This is another example of
an error in gene classification presented earlier in the
first portion of this review.) Another putative master
regulator of exercise induced phenotypes is AMPK, which
is the target of the proposed ‘exercise mimetic’ AICAR.
However, when Pilegaard and colleagues tested the
response of whole-body a2-and o 1-AMPK knockout mice
to an endurance-exercise training protocol, a different
conclusion was reached (Jorgensen et al. 2005). They
stated, ‘In conclusion, KO of the «2- but not the o« I-AMPK
isoform markedly diminished AMPK activation during
running. Nevertheless, exercise-induced activation of the
investigated genes in mouse skeletal muscle was not
impaired in o I- or 2-AMPK KO muscles.” Pilegaard and
colleagues also concluded, ‘other factors can take over for
training-induced responses in muscles when either AMPK
or PGC-1u is lacking’ (Leick et al. 2008).

Furthermore, AICAR does not mimic many
biochemical adaptations to either an acute exercise
bout or endurance exercise training. For example, (a)
after a single injection of AICAR, plasma fatty acids
fell with no change in plasma glycerol while an exercise
bout increases both of them — in the same rats, AICAR
had no effect on skeletal muscle glucose-6-phosphate or
glycogen concentration, but both decreased after a single
bout of exercise (Rantzau et al. 2008); (b) AICAR is less
effective in attenuating ACCB Ser?'® phosphorylation
(inferring less AMPK activation) than exercise training
(both 10days of treatment) (McConell et al. 2008);
(c) AICAR reduces IL-6 mRNA expression and protein
release (Glund et al. 2009), while exercise increases both
of them (Ostrowski et al. 1998); and (d) AICAR does
not increase sarcolemmal fatty acid binding protein
concentration, but muscle contraction does (Jeppesen
et al. 2009). Therefore, AICAR does mimic biochemical
adaptations to endurance exercise as claimed in a recent
publication (Narkar et al. 2008).

These examples clearly show that no one putative master
regulator of exercise phenotype can completely prevent
exercise-induced adaptations from occurring. Indeed,
from an evolutionary viewpoint, the ability to adapt to
increased levels of physical activity was necessary for
survival, likely containing multiple overlapping pathways
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responsible for single adaptations. Thus, both the science
and evolutionary logic predict that a single molecule will
be unable to ‘mimic’ exercise-induced adaptations.

(5) Multiple signalling transduction. It is beyond the
permitted word length here to review the tremendous
number of signalling pathways activated by exercise,
but others have just commented on the complexity
of metabolic homeostasis during exercise and the
inappropriateness of the term ‘exercise mimetic’ (Carey
& Kingwell, 2009). In the above examples, two such
pathways are examined. What will be mentioned is that
some of these pathways are likely to be differentially
modified by resistance- and endurance-type exercise. It
is unlikely that a single molecular target, like AMPK,
would activate the same, or similar, pathways for
increasing mitochondrial concentration and skeletal
muscle mass to meet the definition of mimetic as
claimed (Narkar et al. 2008). It would be dangerous to
claim, as is being done on Nova’s Marathon Mouse web
site  (http://www.pbs.org/wgbh/nova/sciencenow/0403/
03.html), that AICAR is an exercise pill for the elderly
because AICAR does not counter loss of muscle strength,
a major cause of mortality in elderly (Metter et al. 2002;
Newman et al. 2006; Cesari et al. 2009), but decreases
signalling by inhibiting signalling proteins that regulate
the initiation of protein synthesis in skeletal muscle
(Deshmukh et al. 2008).

(6) Claims of ‘exercise pill’ are flawed. Methodological
concerns for the paper claiming that AMP kinase is
an exercise mimetic have been presented in our recent
Viewpoint article (Booth et al. 2009).

Pharmacological sciences. EDsy and LDsy. The dose of
drug required to produce a specified effect in 50% of the
population is the median effective dose (ED), abbreviated
as EDsq. In preclinical studies of drugs, the median
lethal dose (LD), as determined in experimental animals,
is abbreviated LDs,. The ratio of LDs, to EDsy is an
indication of the therapeutic index. An exercise pill would
be required by the US Food and Drug Administration
to obtain a therapeutic index in pre-clinical testing.
Comparisons of therapeutic indices would be demanded
by us in order to prove that an ‘exercise pill’ was as effective
as natural physical activity in healthy populations.

No known LDs exists for exercise. It is unlikely that an
exercise LDs, exists. In order to determine whether LDs,
exists for exercise or not, an American Heart Association
Statement on Exercise and Acute Cardiovascular Events —
Placing the Risks into Perspective was used as a reference
source by Thompson et al. (2007) and some of their
cited studies were used to obtain the following death
rates. The absolute rate of exercise-related death among
US high-school and college athletes was 1 per 133 000
men and 1 per 769000 women (numbers include all
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sports-related non-traumatic deaths, so other causes than
cardiovascular events were included) (Van Camp et al.
1995). An incidence of 1 sudden death per 33000 was
reported in Italy in older individuals participating in
more intense sports. In less intense sports, death rates
in adults have been reported in two articles. The first
indicated that 1 death occurred per 396 000 person-hours
of jogging, or at a rate of 1 death per year for every
7620 joggers; these numbers include known or readily
diagnosed coronary artery disease (Thompson et al. 1982).
However, when only previously healthy individuals were
examined in the same study, death rates were about half
— 1 death per 792000 hours or 15260 subjects. The
second article reported 1 death per 82 000 club members
at a large commercial fitness chain, a rate of 1 death
per 2.57 million workouts (Thompson et al. 2007). Club
members who exercised infrequently or less than once a
week composed ~50% of the exercise-related deaths. In
agreement, individuals who exercise regularly have both
a lower base-line risk of myocardial infarction and lower
relative risk during heavy physical exertion (Mittleman
etal. 1993).

Therapeutic index (LDso/EDsp). Drugs with wide
therapeutic indices are better than ones with narrow
indices. No level of exercise is known to be so toxic
as to produce 50% mortality. Therefore, no LDs, exists
for exercise. Theoretically then the dosage (duration x
intensity) of exercise to cause a LD5, must be very high.
Therefore, the LDsy/EDs ratio approaches infinity. Any
‘exercise mimetic’ drug must also have an extremely high
LDsj and a therapeutic index of near infinity to perform
as well as natural exercise. Without an exercise mimetic
as therapeutically effective as exercise, it is questionable
whether it would be ethical to give an exercise pill to
someone capable of being physically active.

Health sciences. In addition to meeting scientific criteria
to qualify as an exercise mimetic, any such pharmaceutical
should ultimately improve health with a similar efficacy
as exercise. Simply put, an exercise mimetic must
have, at least, similar EDsy levels to physical activity
guidelines to justify cost effectiveness. While the health
benefits of exercise are undisputed based on numerous
epidemiological and clinical studies, it will be difficult
to obtain a single EDsy. For each patient, the EDs, of
exercise for a specific chronic disease will vary depending
on exercise type, age, sex and exercise frequency, intensity
and duration (Church & Blair, 2009). Nevertheless in
attempting to determine the level of physical activity
that an exercise mimetic must meet for substantial health
benefits to be achieved, we defer to the Physical Activity
Guidelines Advisory Committee Report (Physical Activity
Guidelines Advisory Committee, 2008). While the report
astutely states that there are no simple guidelines for daily
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physical activity, they make the following statement as
a general overall recommendation for aerobic exercise:
‘However, as a starting place for overall public health
benefit, data from a large number of studies evaluating a
wide variety of benefits in diverse populations generally
support 30 to 60 minutes per day of moderate- to
vigorous-intensity physical activity on 5 or more days of
the week. For a number of benefits, such as lower risk for
all-cause mortality, coronary heart disease, stroke, hyper-
tension, and type 2 diabetes in adults and older adults,
lower risk is consistently observed at 2.5 hours per week
(equivalent to 30 minutes per day, 5 days per week) of
moderate- to vigorous intensity activity’ (Physical Activity
Guidelines Advisory Committee, 2008). The Physical
Activity Guidelines Advisory Committee Report presents
data showing that this amount of aerobic physical activity
reduces mortality risk by 30%, cardiovascular diseases by
20-35%, and metabolic diseases by 30-40% in healthy
populations. In addition the Committee recommends that
progressive muscle strengthening exercises that target all
major muscle groups be performed on two or more days
per week consisting of 8-12 repetitions of each exercise
performed to volitional fatigue in order to improve muscle
strength.

Known negative health consequences of drugs that
enhance physical performance. Although there are
many current drugs that mimic some adaptations to
exercise, none have been considered exercise pills. For
example, while never being called exercise pills, anabolic
steroids and recombinant erythropoietin both mimic
and enhance a minimal number of exercise adaptations.
However, these drugs contain major side effects. For
example, Sjoqvist er al. (2008) list some side effects
of anabolic steroids as endocrinological, blood lipid
dysfunction, cardiac arrest, premature mortality and
neuropsychiatrical. Side effects of erythropoietin are myo-
cardial infarction, cerebrovascular disease and serious
thromoembolic events. A true exercise mimetic would
not have any side effects that do not occur with exercise
(normal side effects of exercise can be muscle soreness,
fatigue, etc.), and certainly no major side effects. Carey &
Kingwell (2009) contend that an exercise polypill would
‘likely be associated with unwanted effects.’

In summary, an exercise mimetic would not be able to
have a side effect that exercise does not have. It is simple
logic, with reference to the definition of ‘mimetic) that
an exercise pill cannot increase the risk of any unhealthy
condition that exercise itself doesn’t cause. Again the ethics
of harming the patient must be considered.

Potential negative health consequences from altered
behaviour by the public using ‘exercise mimetics’. If
individuals believe exercise is a treatment that can be
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replaced by drugs, harm to the individual will occur in
two ways. First, the patient will fail to achieve optimal
health. As outlined above, the beneficial effects of exercise
are so widespread and diverse (Fig.2) that current drug
approaches directed at mimicking a limited number of
exercise pathways only primarily prevent a limited number
of chronic diseases. Due to the limited effectiveness such
a lifestyle supplement, a false sense of pharmacological
health would be created, leading many people to stop
exercising altogether. The fact that such a drug would be
called an ‘exercise mimetic’ rather than a more appropriate
title such as an anti-diabetic drug or anti-obesity drug is
purely sensationalizing the particular drug, again leading
to a false sense of health security in the general public.
Obviously, the goal of biomedical research is to make
people healthier; however, continued use of the term
‘exercise pill’ or ‘exercise mimetic’ for drugs incapable of
truly mimicking exercise according to the definition of
mimetic in the Oxford English Dictionary online may
actually lead to a reduction in health of our general
population. If this were to occur, we would consider it
as unethical.

When drug targets of exercise pathways make sense. We
agree that it is a worthwhile goal to find drug targets
to a small number of the total exercise adaptations that
will keep patients from losing functional capacity in a
small number of the total organ systems that decondition
when they are unable to exercise. Such pharmaceuticals
could be clinically advantageous during recovery from
illness or surgery or in patients too frail to engage
in exercise. Additionally, pharmaceuticals that attenuate
losses of organ or exercise capacities for those incapable
of sufficient of amounts of exercise would be beneficial.
The current concept of an ‘exercise pill illustrates a lack of
knowledge about the totality of adaptations to exercise.
In summary, implying that a single ‘exercise pill’ will
provide all adaptations to exercise when the ‘exercise
pill” only provides a clinically significant gain in physio-
logical capacity for one specific exercise target (out of the
multitude of adaptations from actual exercise) is deemed
by us as medical malpractice, because the single target pill
would not mimic the overwhelming majority of all healthy
adaptations to exercise. The ethically correct terminology
is ‘partial exercise pill’ to reflect it will improve the clinical
condition of patients unable to exercise but the ‘term also
reflects that the partial exercise pill’ will not replace all the
health benefits obtained with natural exercise.

Summary. Those using the term ‘exercise pill’ to mimic
all adaptations and health benefits to exercise reveal their
lack of appreciation for complex integrative physiological
responses throughout the body that occur in response
exercise, often preventing appropriate design and inter-
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pretation in scientific discovery. Our critique of the
liabilities of an ‘exercise pill’ adds to a growing number
of reviews (Goodyear, 2008; Richter et al. 2008; Warden
& Fuchs, 2008; Carey & Kingwell, 2009; Church & Blair,
2009; Hawley & Holloszy, 2009) about the unreality of
an ‘exercise pill’ from investigators whose long careers
studying adaptations to exercise have given them an
adequate appreciation of physical exercise’s complexities.
Selected quotations from these publications are — ‘It is
unlikely that a single ‘exercise pill” will ever supply most
of the benefits of regular exercise’ (Goodyear, 2008);
‘Given the complexity of exercise as a stimulus that affects
multiple (all?) organs, it would seem somewhat premature
to conclude that AMPK and PPARS agonists are exercise
mimetics’ (Richter et al. 2008); ‘It is somewhat audacious
to suggest that we can mimic the health benefits of exercise
with a pill’ (Church & Blair, 2009); ‘if finding orally active
exercise mimetics is really a longstanding medical goal, we
believe it will continue to be elusive’ (Hawley & Holloszy,
2009); and ‘no single agent will ever mimic the broad range
of exercise-related health benefits’ (Carey & Kingwell,
2009).

Economics

Development costs of a new drug in the USA. The true
cost of drug development is unknown. Estimates range
from only $110 million per new drug for the average
cost of drug development in the 1990s according to
Public Citizen (Rx R&D Myths: The Case Against The
Drug Industry’s R&D ‘Scare Card’ July 2001; http://www.
citizen.org/documents/ACFDC.PDF) to $800 million in
2000 (DiMasi et al. 2003) to $1.2 billion in 2006 as
the average cost of developing a new biotechnology
product according to The Tufts Center for the Study
of Drug Development (http://csdd.tufts.edu/NewsEvents/
NewsArticle.asp?newsid=69). A very contentious debate
as to the true cost of developing one drug is ongoing
between various groups (Light, 2007; Dimasi et al. 2008);
this debate is beyond the scope of the current review.

Net cost savings

What do pills cost? Will the pharmaceutical industry
give free ‘exercise pills’ to everyone? An answer of ‘Yes’
would seem doubtful. It seems likely that everyone will
directly or indirectly pay for ‘exercise pills. Therefore, we
propose a direct comparison between cost-effectiveness
ratios between natural exercise and ‘exercise pills. The
cost effectiveness ratio is determined by the cost of gain in
health from a candidate intervention in the denominator
to the cost of obtaining health gain in the numerator.
Depending on the originator, what is cost-effective may
well be viewed differently by pharmaceutical companies
and society-at-large (the reader is referred to Gold et al.
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1996 for greater detail). To better understand the potential
cost and cost-effectiveness of an ‘exercise pill} statins will
be considered because they are one of the most prescribed
drugs in the world, and an extensive literature exists on
their cost effectiveness.

Statin cost-effectiveness. We have selected only two of the
most recent reports. One recent review has evaluated all
literature relating to the clinical and cost effectiveness of
statins in the primary prevention of coronary heart disease
and cardiovascular disease in the United Kingdom (Franco
et al. 2007). One of the review’s conclusions was that
statin therapy is the most expensive option in primary pre-
vention for those individuals who have a 10-year coronary
heart disease risk below 30%; the review indicates that
statins should not constitute the first choice of treatment
in these populations. A major unanswered concern was
the uncertainty that asymptomatic individuals would
be compliant for lifelong medication. This concern
is particularly poignant for younger patients where
the putative long-term health saving through primary
prevention would be the greatest. With such a concern,
the review calls for significant efforts to be made to
ensure that other interventions to reduce coronary heart
disease risk (including smoking cessation, exercise and a
healthy diet, as well a range of drug treatments, such as
antihypertensives, B-blockers and aspirin) which are of
equivalent proven efficacy are optimized to lessen the cost
to the United Kingdom health care system. Thus, statins
are not recommended for primary prevention and rather
exercise is recommended as an alternative.

Our purpose of presenting statin pill costs is to
demonstrate the type of comparison that would be
required to decide the cost-benefit ratio of replacing
exercise with a pill. An analysis by Fletcher (2009)
uses a cost-effectiveness ratio, as defined under the
paragraph What do pills cost? For the next example, the
denominator is one-quality-adjusted-life year gained and
the numerator is gained at $50 000 cost. If health care
costs were to be rationed to $50 000/quality-adjusted life
year, then the cost effectiveness ratio of each daily statin
pill (numerator) progressively declines as the category
of health risk improves (denominator). Examples given
in (Pletcher et al. 2009) follow. The cost effectiveness
of a stain pill could not exceed $2.22-2.83 per statin
pill for those individuals having LDL-cholesterol levels
>130mgdl™! with a 15% 10-year coronary heart risk
to gain one-quality-adjusted-life year; no more than
$0.70-1.53 for >130mgLDLdl™" with a 5% 10-year
coronary heart risk; and no more than $0.68 per pill
for individuals >45 years of age having LDL-cholesterol
levels >130 mg dl~! (Pletcher et al. 2009). If cost was only
$0.10 or less per statin pill, then everyone with low-density
lipoprotein cholesterol levels >130 mg dI™! could take the
pill at a net cost saving to the health system (Pletcher
et al. 2009). The analysis of the cost-effectiveness ratio of
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low-intensity statin pills indicates that ‘exercise pill’ costs
would have to be very cheap to be more cost-effective to the
health care system than natural physical activity itself. On
the other hand, we expect any ‘exercise pill” that mimicked
all responses to exercise would have to be a poly pill and
would be quite costly based upon the unhealthy conditions
it would have to prevent in Fig. 2. Exercise itself is better
primary medicine than any current drug for low-risk groups.
What are the costs of physical inactivity? An extremely
wide range of estimations has been made; a US
government study will be cited here. Total direct and
indirect costs of physical inactivity were estimated by US
Center for Disease to be $150 billion dollars per year based
upon 1986 disease statistics in the USA and presented in
year-2000 dollars (Pratt et al. 2000). Direct costs of physical
inactivity were $77 billion in this study. Conservative
extrapolation of these costs to 2010 would at least double
the total and direct costs of physical inactivity to $300 and
$154 billion, respectively. For comparison to disease, the
American Heart Association puts the economic costs of
cardiovascular disease at 403.1 billion in 2004.

Summary. Our analysis of projected economic costs, in
concert with the diseases whose prevalence is increased by
the lack of exercise (Fig.2), if correct, does not justify
the cost-effectiveness of replacing natural exercise in
those physically capable of exercising for primary pre-
vention of all chronic diseases. If pills only mimicking
a small percentage of all health benefits of a physically
active lifestyle, but labelled incorrectly as ‘exercise pills,
were to cause individuals to believe they could get all
the benefits of exercise without daily exercise, then the
following would likely ensue. The prevalence of chronic
health disorders shown in Fig.2 that the ‘exercise pill’
does not prevent would increase, potentially decreasing
quality of life, increasing sick days, increasing disabilities,
resulting in more chronic illness, and more mental health
issues in those who give up a physically active lifestyle.
If all US individuals were physically active to the level
recommended to the Secretary of Health and Humans
Services (240 minutes of moderate to vigorous exercise
per week), then a significant portion of the annual $150
billion in direct health care costs as a result of inactivity
could be saved.

Criteria for an ‘exercise pill’ or ‘exercise mimetic’ must:

(1) Usage of “mimetic’ must be consonant with its
definition which is ‘Same or similar’ adaptive effects
of exercise training in preventing chronic disorders
(Fig. 2) (Oxford English Dictionary, 1989, online).

(2) Not produce unhealthy side effects that are not
produced by moderate exercise training itself.

(3) Be cost effective, thus lowering US health care costs in
populations unable to exercise.
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(4) Decrease mortality rate and have a therapeutic index
more favourable than exercise training.
(5) Be ethical.

The entirety of molecular, physiological and
epidemiological data on the benefits exercise strongly
supports the criteria listed above.

Conclusion. Thomas Kuhn’s book The Structure of
Scientific Revolutions (Kuhn, 1962) proposes that a crisis
exists when an anomaly becomes apparent in an existing
paradigm. An anomaly in an existing paradigm for exercise
has been perceived by us. The existing paradigm is
that the biology of sedentary animals represents normal
biology, capable of explaining the evolved functions
of proteins. Implicit in this current paradigm is the
assumption that differences between low physical activity
levels by caged animals and their counterparts in the
wild are of minimal importance in both wild-type and
transgenic/knockout animals. Examples in both rodents
and humans definitively show differences in biology
between wild/highly active subjects and those confined
to cage-activity/sedentary behaviour. (Cordain et al. 1998;
Hayes et al. 2005; Kump & Booth, 2005; & Olsen ef al.
2008). Furthermore, as discussed earlier in this review,
phenotypes in some transgenic animals with low levels
of physical activity do not match functions of the same
proteins at higher physical activity levels, Thus, because
substantial differences exist in animals undergoing low
versus high amounts of physical activity, the current
paradigm of what is normal biology and protein function
(gene expression) is challenged by us. According to Bennett
& Ruben (1979), some genes had to be selected to support
high level physical activity to provide a survival advantage.
In our proposed new paradigm, habitually states of
high physical activity are considered as the appropriate
biological control condition reflecting the evolutionarily
developed genetic and biological norm. Acceptance of our
new paradigm would resolve the crisis by recognizing
models with high levels of physical activity are needed
to better appreciate and understand normal biology and
normal protein function (gene expression).

A second crisis in exercise physiology has occurred. The
current paradigm is that no drug can closely mimic all
health benefits of habitual natural exercise that combines
both aerobic and resistance types. However, a new
competing paradigm is presented by Narkar et al. (2008) as
‘exercise in a pill’ (Salk Institute, 2008). We contend their
‘exercise in a pill’ does not have all and health benefits of
natural exercise and therefore the proposed new paradigm
by Narkar et al. to replace natural physical activity with
an ‘exercise in a pill’ is an anomaly without merit. Indeed
the complexity of exercise adaptation is highlighted by
numerous studies whereby removal of putative master
regulators of exercise adaptation did not prevent exercise
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adaptation. This has led other experts (Goodyear, 2008;
Richter et al., 2008; Warden & Fuchs, 2008; Carey &
Kingwell, 2009; Church & Blair, 2009; Hawley & Holloszy,
2009) and us studying the adaptations to exercise to
contend that all health benefits of exercise are too complex
to be replaced by a single pill.

Kuhn indicates that all crises close in one of three
ways — (1) normal science handles the crisis-provoking
problem; (2) the problem resists even apparently radical
new approaches; and (3) the crisis may end with a
new candidate for paradigm and with the ensuing battle
over its acceptance. Only biologists with an adequate
appreciation of physical exercise’s complexities and its
role in shaping our current genome can resolve the
two anomalies discussed in this review, as only they
can provide appropriate design and interpretation in
scientific discovery involving physical activity/inactivity
research.
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