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Abstract

Carbohydrates are the preferred substrate for contracting skeletal muscles during high-intensity
exercise and are also readily utilized during moderate intensity exercise. This use of carbohydrates
during physical activity likely played an important role during the survival of early Homo sapiens,
and genes and traits regulating physical activity, carbohydrate metabolism, and energy storage
have undoubtedly been selected throughout evolution. In contrast to the life of early H. sapiens,
modern lifestyles are predominantly sedentary. As a result, intake of excessive amounts of
carbohydrates due to the easy and continuous accessibility to modern high-energy food and drinks
has not only become unnecessary but also led to metabolic diseases in the face of physical
inactivity. A resulting metabolic disease is type 2 diabetes, a complex endocrine disorder
characterized by abnormally high concentrations of circulating glucose. This disease now affects
millions of people worldwide. Exercise has beneficial effects to help control impaired glucose
homeostasis with metabolic disease, and is a well-established tool to prevent and combat type 2
diabetes. This chapter focuses on the effects of exercise on carbohydrate metabolism in skeletal
muscle and systemic glucose homeostasis. We will also focus on the molecular mechanisms that
mediate the effects of exercise to increase glucose uptake in skeletal muscle. It is now well
established that there are different proximal signaling pathways that mediate the effects of exercise
and insulin on glucose uptake, and these distinct mechanisms are consistent with the ability of
exercise to increase glucose uptake in the face of insulin resistance in people with type 2 diabetes.
Ongoing research in this area is aimed at defining the precise mechanism by which exercise
increases glucose uptake and insulin sensitivity and the types of exercise necessary for these
important health benefits.

1. INTRODUCTION

The unique ability of humans to perform endurance running has likely contributed to the
evolution of Homo sapiens from other primates.! High levels of physical activity were
required in order to evade predators as well as to obtain food. To maintain these high levels
of physical activity, the working skeletal muscles require increased substrates for generation
of adenosine triphosphate (ATP). A major substrate for the working muscles is
carbohydrates, with one source being in the muscle itself in the form of glycogen, and
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another source glucose coming from the blood. The break-down of glycogen from the
muscle (glycogenolysis) and the regulation of glucose uptake into the muscle from the blood
are highly regulated processes, and in this chapter, current knowledge on these functions
will be discussed.

Since carbohydrate utilization promotes human survival, genes and traits regulating
carbohydrate metabolism during exercise and energy storage have been selected throughout
evolution.? However, current lifestyles are pre-dominantly sedentary, which coupled with
the intake of excessive amounts of carbohydrates, has led to metabolic diseases such as type
2 diabetes. On the other hand, exercise has beneficial effects on carbohydrate metabolism,
and as a result, exercise is a well-established tool to prevent and combat type 2 diabetes. The
molecular mechanisms that mediate the effects of exercise to increase skeletal muscle
glucose uptake and increase insulin sensitivity in healthy people and people with type 2
diabetes will also be discussed.

2. CARBOHYDRATE UTILIZATION DURING REST AND EXERCISE

At rest, the energy used by the human body is predominantly derived from the oxidation of
carbohydrates and fats. Blood glucose, plasma-free fatty acids, muscle glycogen, and
intramuscular triglycerides are major substrate sources for energy production in skeletal
muscles.34 The contribution of proteins to the pool of usable energy is very limited, as
amino acid oxidation is usually strictly adjusted to the intake of amino acids.

At rest, ingestion of carbohydrates results in insulin release from the pancreas, and the
ensuing increase in plasma insulin concentrations has a myriad of metabolic effects. One
important effect of insulin is to promote glucose transport into skeletal muscle. Insulin also
suppresses fatty acid release from adipose tissue while increasing fat storage by activation of
lipoprotein lipase.> Intake of physiologically normal carbohydrate levels has no impact on
adipose tissue levels via de novo lipogenesis,’ suggesting that the human body can
accommodate intake of relatively large amounts of carbohydrates without a need to store
carbohydrates as fat.

The contraction of skeletal muscles during physical exercise results in an increased energy
demand for the muscle. The challenge for the working muscle is to increase production of
ATP, and several cellular processes function to meet this need. Accordingly, metabolic
pathways that oxidize both carbohydrates and fat need to be activated simultaneously.3
Intensity, duration, and type of exercise determine the mechanisms through which this extra
energy is supplied.

The enzyme ATPase facilitates the breakdown of ATP to ADP + inorganic phosphate (Pi) to
generate energy for rapid use; however, only a small amount of ATP is present within the
muscle cells.® An additional but even smaller source of stored energy is creatine phosphate,
which can be resynthesized to ATP by the enzyme creatine kinase to replenish depleted ATP
levels. Thus, the major sources of energy during exercise are carbohydrates and fats.
Sources of carbohydrates for the muscle include blood glucose, muscle glycogen, and liver
glycogen.®
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Glucose and glycogen are converted to glucose-6-phosphate before they can be used to
generate energy. One fate of glucose-6-phosphate is conversion to lactic acid, which results
in the formation of three molecules of ATP per glycogen molecule or two molecules of ATP
per glucose molecule (anaerobic glycolysis). The ATP generated by anaerobic glycolysis is
not large enough to sustain continued muscle activity for long durations. With submaximal
exercise, oxygen uptake increases, and within several minutes, a steady state is reached. This
steady state indicates that the aerobic processes are supplying the majority of energy
required by the contracting muscles. Aerobic generation of ATP from the glucose molecule
is many times more efficient than the anaerobic reaction of glycolysis. During the aerobic
reaction of glycolysis, glycogen is converted to pyruvic acid, which is then converted to
acetyl-CoA and utilized for ATP production in the Krebs cycle within the mitochondria.
Although the primary fuels contributing to oxidative metabolism during exercise are fats and
carbohydrates, under extreme conditions amino acids can also be used as source of substrate
oxidation.?

In the fasted state and during low intensity exercise, the bulk of energy required by the
muscle is provided by oxidation of free fatty acids that are predominantly derived from the
plasma.19 When exercise increases to a moderate level of intensity (60-70% VO, peak), the
source of fatty acids for oxidation also includes intramuscular triglyceride. Although both
sources of fatty acids contribute to the energy needs of the muscle, even when combined
they are not sufficient to meet the energy demand. Therefore, during moderate intensity
exercise about half of the total energy derived is from oxidation of carbohydrates, coming
from both muscle glycogen and blood glucose.1! During high-intensity exercise, the
contribution of plasma fatty acid oxidation becomes even less and carbohydrate oxidation
provides roughly two-thirds of the total energy need. Carbohydrate metabolism is the
preferred source of fuel under these conditions because the rate of ATP production is two
times higher than fatty acids.®

3. MUSCLE GLYCOGEN

As noted above, glycogen is an essential fuel for energy production in the contracting
skeletal muscles. Glycogen is a branched polymer of glucose with a mixture of a-1,4 and
a-1,6 linkages between glucose units. The liver has the highest concentration of stored
glycogen; however, skeletal muscle, as a result of its total weight, is the largest reserve of
stored glycogen in the body. Intramuscular glycogen is associated with several organelles
including the sarcolemma, sarcoplasmic reticulum, mitochondria, and myofibrils.3:12
Granules of glycogen, or glycosomes, are also physically associated with several proteins
including glycogen phosphorylase, phosphorylase kinase, glycogen synthase, glycogenin,
protein phosphatases, and adenosine monophosphate (AMP)-activated protein kinase
(AMPK).3:12 The synthesis of glycogen involves multiples enzymes, and glycogen synthase
is the rate-limiting enzyme. The breakdown of glycogen (glycogenolysis) is also controlled
by a multienzyme system, and this will be discussed in more detail below.

Glycogen utilization is rapidly initiated at the onset of exercise and increases exponentially
with exercise intensity.13 Regulation of glycogenolysis is very sensitive to the metabolic rate
of skeletal muscle during exercise.141> Glycogen phosphorylase is the enzyme responsible

Prog Mol Biol Trand Sci. Author manuscript; available in PMC 2016 January 26.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mul et al.

Page 4

for the rate-limiting step during muscle glycogenolysis.316 At rest, glycogen phosphorylase
exists primarily in the inactive b form, whereas with the onset of exercise phosphorylase
kinase phosphorylates the b form to the active a form.3 Phosphorylase kinase activation
results from elevated calcium levels and binding of epinephrine to 3-adrenergic receptors on
the sarcolemma. Activation of phosphorylase kinase by stimulation of -adrenergic
receptors on the sarcolemma is mediated by cyclic AMP. Elevated epinephrine levels
increase glycogen phosphorylase activity and glycogenolysis in perfused rat hind limbs and
glycogenolysis in humans during moderate exercise.16:17

Muscle glycogenolysis does not always correlate tightly with levels of phosphorylase kinase
a.18 This suggested that posttranslational factors enhance the glycogenolytic rate during
various intensities of exercise. Indeed, AMP and adenosine diphosphate (ADP) levels, and
increased levels of Pi can all allosterically regulate activity of the a and b forms of
phosphorylase kinase.2 With increase exercise duration, there is a decrease in glycogen
availability in parallel with decreased phosphorylase activity, while there is increased
availability of other substrates for oxidation, such as plasma glucose and free fatty acids.

Muscle fiber type can also be a factor in determining the regulation of muscle
glycogenolysis. During moderate intensity exercise, muscle glycogenolysis occurs
predominantly in type | muscle fibers. As exercise duration increases or if exercise intensity
increases, type | fibers become depleted and increasing amounts of glycogen are degraded in
type Il muscle fibers. Thus, as exercise intensity increases, recruitment of type 11 fibers
increases accordingly. With short-term exercise at intensities approaching and exceeding
VOsmax glycogenolysis occurs in all fibers, but the highest rates are in type 11 fibers.3

Once muscle glycogen is depleted or near depleted, fatigue sets in, and exercise capacity is
compromised.141> Although duration and intensity of exercise play a role in regulating
glycogen breakdown in muscle, diet history and training status also regulate muscle
glycogenolysis during exercise. In general, increased carbohydrate intake is associated with
greater muscle glycogen utilization, whereas increased fat intake results in decreased muscle
glycogen utilization during exercise.3 This attenuation of muscle glycogenolysis during
exercise following the intake of a high-fat diet appears to be dependent on metabolic
adaptations resulting from the high-fat diet and independent of muscle glycogen availability,
which was similar at the onset of exercise.1® Following exercise, glycogen synthase is
activated and muscle glycogen concentrations are increased in the resting muscle.20.21
Despite this increase in resting muscle glycogen levels, muscle glycogenolysis is decreased
during dynamic exercise following short-term endurance training.22 This decrease in muscle
glycogenolysis is contributing to the well described increases in muscle oxidative
capacity.?2

4. GLUCOSE TRANSPORT

The other major source of carbohydrate during exercise is circulating blood glucose. Blood
glucose concentrations during exercise are controlled by a precise regulatory mechanism,
and the source of the circulating glucose is primarily the liver. In the resting state, food
consumption also regulates blood glucose concentrations, and the removal of glucose from
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the circulation in response to both food consumption and physical exercise is a critical factor
for the maintenance of normal glycemia in humans.

The transport of glucose into skeletal muscle is essential for tissue homeostasis, and under
normal physiologic conditions, the transport process is rate limiting for glucose utilization.23
Transport occurs by facilitated diffusion, and there is an increase in the maximal velocity of
transport without an appreciable change in the substrate concentration at which glucose
transport is half maximal.24 The transport of glucose utilizes specific carrier proteins called
glucose transporters, which are a family of structurally related proteins that are expressed in
a tissue-specific manner.2® In skeletal muscle from rodents and humans, GLUT4 is the
major isoform expressed, whereas expression of the GLUT1, GLUT5, and GLUT12
isoforms is much lower.26-28 Studies where there was genetic ablation of GLUT4 in the
skeletal muscles of mice reveal that GLUT4 is necessary for normal rates of basal, insulin,
and exercise-stimulated glucose transport,29:30

The mechanism by which exercise increases glucose transport via the GLUT4 transporter
has been an area of intense investigation for many years. Likewise, there has been great
interest in understanding the mechanism for the effects of insulin on glucose transport. Early
studies using subcellular fractionation of skeletal muscle tissue,31:32 and more recently work
using in vivo confocal microscopy,3334 have clearly established that both exercise and
insulin increase glucose transport in skeletal muscle through the translocation of GLUT4
from an intracellular compartment to the sarcolemma and transverse tubules. The GLUT4
translocation process is very complex, involving numerous cellular processes. In skeletal
muscle, the movement of transporters occurs by the exocytosis, trafficking, docking, and
fusion of GLUT4-containing storage compartment or “vesicles” into the cell-surface
membranes. Our knowledge of the composition, specificity, and trafficking of GLUT4
vesicles has increased in recent years, although they are still not fully understood.3 There is
good evidence that multiple soluble N-ethylmaleimide attachment protein receptor (SNARE)
proteins regulate the docking and fusion of GLUT4-containing vesicles. With stimulation
such as exercise, muscle contraction, or insulin, the vesicle-associated SNARE proteins (v-
SNARE), including vesicle-associated membrane protein-2 (VAMP-2), bind to the target-
membrane SNARE proteins (t--SNARE), which include syntaxin 4 and SNAP23. This
complex is thought to facilitate the fusion of GLUT4-containing vesicles into the cell-
surface membrane. In studies with syntaxin 4 heterozygous-knockout (KO) mice, syntaxin 4
has been shown to be a major molecule responsible for the regulation of insulin-stimulated
GLUT4 redistribution and glucose transport in skeletal muscle.3® The roles of the SNARE
proteins in exercise-stimulated GLUT4 translocation are less well understood, although
VAMP2 has been shown to translocate to the cell surface in response to exercise.3’

When skeletal muscles are stimulated simultaneously by contraction and insulin treatments,
there are additive or partially additive effects on glucose transport.2438 Consistent with
these findings, the combination of exercise and insulin can have additive effects on GLUT4
translocation to the sarcolemma.38 These data support the concept that there are different
mechanisms leading to the stimulation of muscle glucose transport by exercise and insulin.3?
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5. EXERCISE SIGNALS REGULATING GLUCOSE TRANSPORT

The intracellular signaling proteins that regulate the increase in GLUTA4 translocation and
glucose transport in skeletal muscle with exercise have also been an area of intensive
investigation during the last 10 years. Since insulin and exercise both stimulate GLUT4
translocation, it has been hypothesized that there may be similar signaling proteins involved
in the translocation process. Insulin signaling involves the rapid phosphorylation of the
insulin receptor, insulin receptor substrate-1/2 (IRS-1/2) on tyrosine residues, and the
activation of phosphatidylinositol 3-kinase (P13-K).4041 In contrast, exercise does not result
in tyrosine phosphorylation of the insulin receptor and IRS-1, and there is no increase in
P13-K activity.#243 Additional evidence that exercise can increase glucose transport in the
absence of insulin signaling comes from a study investigating mice that lack insulin
receptors in skeletal muscle (muscle-specific insulin receptor KO mice; MIRKO).44:45
While these mice have blunted insulin-stimulated glucose transport,*® they have normal
exercise-stimulated glucose transport.#4 Taken together, these studies reveal that insulin and
exercise mediate GLUT4 translocation in skeletal muscle through different proximal
signaling mechanisms.

It is well known that a single bout of exercise activates multiple signaling pathways*6-48;
however, the precise signaling mechanism that mediates exercise-stimulated glucose
transport is still not fully understood. Muscle contractile activity results in numerous
alterations within the muscle fibers including changes in energy status (i.e., increased AMP/
ATP), increases in intracellular Ca2* concentration, increased reactive oxygen species, and
stretching of the muscle fibers. These modifications can activate various signaling cascades,
some of which have been implicated in exercise-stimulated glucose transport*%:59 (Fig. 1).

5.1 AMPK and LKB1

AMPK is a heterotrimeric protein composed of a catalytic a-subunit and regulatory p- and vy-
subunits. The a- and p-subunits each exist in two isoforms (al, a2 and 1, f2), and the vy-
subunit exists in three isoforms (y1, y2, and vy3). AMPK is activated by phosphorylation by
one or more upstream kinases, including LKB1.52-54

AMPK and LKB1 have been widely studied for their potential role in exercise-stimulated
glucose transport.® The initial evidence for a role of AMPK in exercise-stimulated glucose
transport came from studies using the AMP-analog, 5-aminoimidazole-4-carboxamide
ribonucleoside (AICAR).56:57 These studies showed that AICAR increases glucose transport
in skeletal muscle,56:57 and similar to muscle contraction, the effects of AICAR are additive
with insulin and PI 3-kinase-independent.>6:58 Some studies have shown that mice
overexpressing a dominant negative AMPK a2 construct in muscle or al and a2 KO mice
have impaired exercise-stimulated glucose uptake.245%-63 |n contrast, other studies using
mouse models with ablated AMPK activity demonstrate that inhibition of AMPK has little
or no effect on exercise-induced glucose uptake,62:64.65 or exercise-stimulated glucose
uptake in vivo,56 suggesting redundancy in the system. Therefore, it is still controversial
whether AMPK is necessary for exercise-stimulated glucose uptake.
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The role of LKB1 in exercise-stimulated glucose transport is also not clear. Mice with KO
of LKBL1 specifically in skeletal muscle have been shown to have a severe blunting of
contraction-stimulated glucose transport.51:67 This decrease in glucose transport could be
due to decreased activation of AMPK and one or more of the AMPK-related kinases that are
substrates of LKB1. One possible LKB1 substrate that may regulate exercise-stimulate
glucose transport is the sucrose-nonfermenting AMPK-related kinase (SNARK). Decreased
SNARK activity in skeletal muscle was shown to decrease exercise-stimulated glucose
transport.58

While contraction-stimulated glucose transport was shown to be impaired in LKB-1 KO
mice®167 and with decreased SNARK activity,%8 another recent study showed that glucose
uptake during treadmill running was similar, if not higher, in LKB-1 KO mice compared to
wild-type controls.89 In yet another study, muscle-specific deletion of LKB1 only partially
inhibited exercise-stimulated glucose transport.>! These data suggest that while AMPK,
SNARK, and LKB1 may be important in the regulation of exercise-stimulated glucose
uptake, this system must have a high degree of redundancy, and it is likely that there are
several overlapping signaling systems that can control exercise-stimulated glucose transport
in skeletal muscle. This theory is consistent with the importance of carbohydrate utilization
during exercise for survival.

5.2 Ca?*/Calmodulin-Dependent Protein Kinases

Skeletal muscle contractile activity requires an increase in intracellular Ca2* concentrations,
and some studies have indicated that Ca2*/calmodulin signaling and Ca?*/calmodulin-
dependent protein kinases are critical signals mediating exercise-stimulated glucose
transport in skeletal muscle. Incubation of rat skeletal muscle with the Ca2*/calmodulin
inhibitor KN-93 decreased contraction-stimulated glucose transport.”® KN-93 also inhibited
exercise-induced CaMKII phosphorylation in the absence of AMPK inhibition, suggesting
that CaMKs regulate glucose transport independently of AMPK signaling.”%71 These
studies also showed that overexpressing a constitutively active CaMKKa in mouse skeletal
muscle increased AMPK Thr-172 phosphorylation and skeletal muscle glucose uptake.’®
Electroporation of a specific CaMKII inhibitor into mouse tibialis anterior muscle reduced
exercise-stimulated glucose uptake by 30%.72 However, a separate study found that
increases in Ca2* concentration in muscle caused very little increase in glucose uptake when
the contractile response of the muscle was impaired.’3 These data point to an indirect effect
of CaZ* on muscle glucose uptake, and the study of calcium signaling in the regulation of
exercise-stimulated glucose transport needs further investigation.

5.3 Downstream Signals Mediating Exercise-Stimulated Glucose Transport

The signaling proteins downstream in the exercise and insulin signaling pathways have been
proposed to converge at the Rab GAP proteins Akt substrate of 160 kDa (AS160/TBC1D4)
and Tre-2/USP6, BUB2, cdc16 domain family member 1 (TBC1D1). AS160 and TBC1D1
are linked to GLUT4 translocation via the Rab (ras homologous from brain) proteins. Rab
proteins are members of the Ras small GTPases superfamily’ and have been shown to be
involved in many membrane-trafficking events. Active Rabs recruit various effector proteins
that are involved in vesicle budding, tethering, and fusion.4%:74.75 In addition to the well-
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established roles of the Rab proteins, there is evidence that the Rho family GTPase Racl is
involved in both insulin- and exercise-stimulated GLUT4 translocation.”®77 Mice deficient
in Racl (Racl KO) have decreased insulin-stimulated GLUT4 translocation,’:76 and Rac1
inhibition decreased contraction-stimulated glucose uptake in mouse skeletal muscle.””

5.4 AS160 and TBC1D1

AS160 was initially demonstrated to regulate insulin-stimulated GLUT4 translocation in
3T3LI adipocytes.”8-80 AS160 has numerous phosphorylation sites, and Rab GAP activity is
controlled by phosphorylation. The best-studied phosphorylation sites are a group of six
distinct sites that were identified as substrates for Akt. These are collectively referred to as
phospho-Akt-substrate (PAS) sites and both insulin and exercise increase AS160 PAS
phosphorylation in skeletal muscle.”881.82 Prolonged exercise in humans82-84 and rats,’® as
well as AICAR, are also known to cause AS160 PAS phosphorylation. Therefore, in
addition to Akt, AMPK has been shown to phosphorylate AS160.81 Mutation of four PAS
sites significantly inhibits both insulin- and exercise-induced glucose uptake.8> AS160 also
contains a calmodulin-binding domain, and mutation of this domain inhibits exercise-, but
not insulin-stimulated glucose uptake.86 These data show that both phosphorylation and
calmodulin binding on AS160 are involved in the regulation of exercise-stimulated glucose
uptake. These data also suggest that while AS160 may serve as a point of convergence for
both insulin- and exercise-dependent signaling in the regulation of glucose uptake, other
proteins may be involved in this regulation of glucose uptake.

TBCL1D1 is another potential molecular link among signaling pathways converging on
GLUT4 translocation in skeletal muscle.”8:81.87-91 TBC1D1 and AS160 share 47% overall
identity and have several comparable structural features. TBC1D1 was first identified in
adipocytes in culture but has only very limited expression in this tissue. In contrast,
TBC1D1 is highly expressed in skeletal muscle.89 Insulin increases TBC1D1 PAS
phosphorylation in skeletal muscle®0:92:93 put, unlike AS160, TBC1D1 can regulate insulin-
stimulated glucose transport through a PAS-independent mechanism.%2 Mutations of
TBC1D1 differentially regulate insulin- and exercise-stimulated glucose transport in skeletal
muscle.9293 Thus, TBC1D1 regulates both insulin- and exercise-stimulated glucose
transport in muscle, but through distinct phosphorylation sites. Taken together, these data
demonstrate that AS160 and TBC1D1 are a point of convergence for the regulation of
GLUT4 translocation for insulin- and exercise-stimulated glucose transport in skeletal
muscle.

6. INCREASES IN INSULIN SENSITIVITY FOR GLUCOSE TRANSPORT
AFTER EXERCISE

The effects of an acute bout of exercise on glucose transport are relatively short-lived,
returning to baseline typically in ~30-40 min. However, once the acute effects of exercise
per se have disappeared, there is a period characterized by an increased effectiveness of
insulin to stimulate glucose transport.%4:9% This increase in postexercise insulin sensitivity
has been observed up to 48 h after exercise in humans.?6 The mechanisms for increased
insulin sensitivity are not known. Although decreased muscle glycogen concentrations may
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play a part in exercise-induced increases in insulin sensitivity, the increased insulin action
can occur even after full glycogen repletion.%* The signaling mechanisms mediating the
postexercise increase in insulin sensitivity are also not known, but similar to the acute
effects of exercise on glucose transport, are not thought to be due to increased activity of the
insulin receptor or IRS-1.94.9597 However, we and others have data suggesting that there is
enhanced IRS-2 tyrosine phosphorylation,?8:99 Akt phosphorylation#4:100.101 and activity,44
Atk substrate of 160 kDa (AS160) phosphorylation,190 and expression of cytoplasmic
SHP2101 i the postexercise state.

7. EXERCISE TRAINING: IMPACT ON HEALTHY PEOPLE AND PEOPLE
WITH TYPE 2 DIABETES

Regular physical activity leads to numerous adaptations in skeletal muscle which allow the
muscle to more efficiently generate ATP and become more resistant to fatigue.102 In regards
to carbohydrate metabolism, some of the key adaptations that occur in skeletal muscle with
exercise training include enhanced glucose uptake and increased expression of
GLUTA4.103.104 Trained muscles are also characterized by increased concentrations of
glycogen, which is an important factor in the decreased rates of fatigue with prolonged
exercise. Exercise training causes muscle fiber type transformation to a more oxidative and
perhaps slow phenotype,105-107 and an increase in mitochondrial activity and
content.198-110 |n addition, exercise training can increase insulin sensitivity and improve
overall glucose homeostasis,111-113 which are of particular importance for individuals with
metabolic diseases such as type 2 diabetes.

Type 2 diabetes arises from a combination of genetic susceptibility and environmental
factors including physical inactivity and poor nutrition.114 Thus, type 2 diabetes typically
develops as individuals become more obese and less active, leading to insulin resistance,
impaired glucose tolerance, and eventually, the onset of full blown type 2 diabetes. While
type 2 diabetes is a multifactorial disease, it is a disease of altered carbohydrate metabolism
on many levels. In people with type 2 diabetes, insulin levels are normal or high, but tissues
such as liver, skeletal muscle, and adipose tissue become resistant to insulin. The pancreas
compensates by producing large amounts of insulin, but this stress can eventually lead to
pancreatic failure and the need for exogenous insulin treatment. The hyperinsulinemic state
can result in impaired glucose transport into the liver, skeletal muscle, and adipose tissue.11°
While type 2 diabetes is usually adult-onset, the number of children and adolescents
afflicted by this disease is dramatically increasing. In fact, there are currently 23.6 million
people in the United States, which reflects approximately 8% of the population that have
diabetes, a number that has doubled over the last 15 years and is continuing to increase at
epidemic rates.116

Although these statistics are discouraging, the good news is that regular physical exercise
can delay or prevent the onset of type 2 diabetes.117-120 Stydies using randomized trials
have found that lifestyle interventions, which included ~150 min of physical activity per
week, combined with diet-induced weight loss, reduced the risk of type 2 diabetes by 58% in
an at-risk population.91117 Exercise interventions, independent of diet, have also been
shown to be effective for the prevention and the progression of type 2 diabetes.11 Exercise
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training in people with type 2 diabetes can improve blood glucose concentrations, body
weight, lipids, blood pressure, cardiovascular disease, mortality, and overall quality of
life.121-127 The Look AHEAD study has demonstrated that combined weight loss and
physical activity in people with type 2 diabetes causes modest weight loss of approximately
6%, improved glycolated hemoglobin, improved mobility, and improved kidney function but
no improvement in cardiovascular disease over a 10-year period.121:123.124.126 However,
since the level of fitness was only assessed through year 4 of the study, conclusions on the
effects of fitness level on cardiovascular disease cannot be made.121:123.124.126 |ncreasing
physical activity in adults with type 2 diabetes has been shown to result in partial or
complete remission of type 2 diabetes in 11.5% of subjects within the first year of
intervention, and an additional 7% had partial or complete remission of type 2 diabetes after
4 years of exercise intervention.122 Taken together, all of these data show that the effects of
exercise on carbohydrate metabolism have profound effects on metabolic health, and this
knowledge is important as we work to address the epidemic of type 2 diabetes.
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ABBREVIATIONS
ADP adenosine diphosphate
AICAR aminoimidazole-4-carboxamide ribonucleoside
AMP adenosine monophosphate
AMPK AMP-activated protein kinase
AS160 Akt substrate of 160 kDa
ATP adenosine triphosphate
CaMKII Ca%*/calmodulin-dependent protein kinase 1
GLUT4 glucose transporter type 4
LKB1 liver kinase B1
MIRKO muscle-specific insulin receptor knockout mice
PAS phospho-Akt-substrate
Pi inorganic phosphate
Rab ras homologous from brain
SNARK sucrose nonfermenting AMPK-related kinase
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Figure 1. Exercise and insulin regulation of glucose transport
Proposed model for the signaling pathways mediating exercise- and insulin-induced skeletal

muscle glucose transport. Insulin is initiated by binding to its cell service receptor leading to
a cascade of phosphorylation reactions involving IRS-1, Pl 3-kinase, and Akt among other
proteins. Exercise works through a proximal signaling mechanism from that is distinct form
that of insulin and is less well defined. It is likely that the proximal exercise signaling
mechanism has redundancy as number of stimuli have been implicated in this process
including changes in intracellular Ca2*, the AMP:ATP ratio, generation of reactive oxygen
species, and mechanical stresses. The insulin and exercise signaling pathways are thought to
converge at the level of the Rab GAP proteins TBC1D1 and AS160, which allow for the
release of the GLUT4-containing vesicles from intracellular stores, translocation to the
transverse tubules and sarcolemma, and an increase in glucose uptake. Adapted from Ref.
50.
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