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ABSTRACT

When oral glucose tolerance tests (OGTT) are repeated in individuals, relatively
large variations often occur in the magnitude of the blood glucose response from one
occasion to another. Little is known about what causes this within-subject variability.
One potential contributor to this variability may be the subject’s prior extent of physical
activity and/or the amount of stored glycogen present at the time of the OGTT. This
research tested the effect of a bout of exercise (of the type known to significantly deplete
muscle glycogen) performed within 24 hours prior to an OGTT on blood glucose and
insulin responses. Ten male endurance athletes underwent an OGTT without prior
exercise on one occasion and after a glycogen-depleting bout of exercise the day prior to
testing on another occasion. Venous blood was sampled at standard intervals (0, 15, 30,
45, 60, 90, and 120 minutes) for 2 hours following consumption of an OGTT beverage
containing 50 grams of glucose. Capillary blood samples also were taken at the same
intervals by finger stick. Venous and capillary blood samples were analyzed for glucose.
Venous samples also were analyzed for insulin concentration. Glucose and insulin areas
under the curve (AUC) were calculated. There was no significant difference between the
glucose AUC measured by capillary and venous blood samples and no significant
difference between the exercise and non-exercise conditions. Insulin AUC values were
significantly lower on the days following exercise (P=0.03). There was a significant
difference between exercise and non-exercise glucose levels when insulin levels were
held constant (P=0.03). Thus, when comparing people at the same insulin level, glucose
AUC levels were significantly greater the day after exercise. There was no predictable

difference in insulin sensitivity between exercise and non-exercise conditions based on



Insulin Sensitivity Index (ISI) values. Based on this evaluation of ten male endurance
athletes, it does not appear that glycogen-depleting exercise has a predictable effect on

the OGTT.
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CHAPTER 1: LITERATURE REVIEW

Glucose Tolerance

Blood glucose levels are measured for both diagnostic and research purposes. As
a diagnostic test, oral glucose tolerance tests are used to help diagnose diabetes as well as
hypoglycemia. In research, glucose tolerance testing is used to determine the glycemic
index (GI) of foods. However, glucose levels may have significant within-subject
variability from day-to-day that may affect both the diagnosis of diabetes and the
measurement of GI. Glucose tolerance may be affected by various factors such as the
rate of gastric emptying when the glucose was ingested [1], the meal eaten the day prior
[2], glycogen status [3,4], insulin release, insulin sensitivity [5], rate of disappearance of
glucose [6], use of various medications, stress [7], and recent exercise [8,9].

When oral glucose tolerance tests (OGTT) are repeated in individuals, relatively
large variations often occur in the magnitude of the blood glucose response from one
occasion to another. Liitle is known about what causes this within-subject variability.
One potential contributor may be the subject’s prior extent of physical activity and/or the
amount of stored glycogen present at the time of the OGTT.

Heath et al. [10] looked at glucose tolerance in well trained athletes after their
normal workout regimen as well as after 10 days of inactivity. The trained subjects’
glucose tolerance in the trained state was normal with an average peak value of only 104
+ 6 mg/ 100 mL, 30 minutes after ingestion of 100 g of glucose. Glucose tolerance was
significantly reduced after 10 days of physical inactivity. A single bout of exercise after

11 days without exercise caused their glucose tolerance to return to almost the same level



as occurred in the trained state. This shows the pronounced effect exercise can have on

the glycemic response to glucose ingestion.

Glycemic Index

The GI is a physiological method for classifying carbohydrate-containing foods
according to their effect on blood glucose levels. It was developed to provide a numeric
classification of carbohydrate foods that might be useful in the management of impaired
glucose tolerance [11]. Individual foods are assigned a value based on the extent to
which they raise blood glucose levels during the postprandial period. The GI is defined
as the area under the blood glucose curve (AUC) after the consumption of 50 g
carbohydrate from a test food divided by the AUC after eating a similar amount of a
control food, usually glucose in the form of an OGTT beverage [12]. Related to this
variability seen in standard OGTTs, the GI measurements of various foods often have
substantial variance associated with published values [13,14]. Therefore, evaluation of
the factors that may contribute to the within-subject variation seen in OGTT may lead to
improved protocols for OGTT. One possible variable that may contribute to this
variation is a glycogen-depleting bout of exercise performed the day prior to testing.

To generate a glycemic response curve when testing the GI of a food, blood
samples are taken by a finger-stick method (to obtain capillary glucose levels) at fasting
(zero), then at 15, 30, 45, 60, 90, and 120 minutes after a subject consumes the standard
reference food (usually 50 g of glucose). Capillary blood is usually the standard type of
blood used when determining the GI of foods because it has been found to be more
sensitive to glycemic responses than venous blood or plasma [12]. However, due to the

variability seen between glucose AUC when comparing capillary to venous blood,



previous research has suggested the need to compare capillary and venous blood samples
when testing the glycemic index of various foods [14]. Venous blood glucose tends to
have greater variability within subjects when compared to capillary blood glucose.
Wolever et al. found that the GI values of foods are more precisely determined using
capillary than venous blood sampling [14].

The Food and Agriculture Organization/'World Health Organization (FAO/WHO)
has adopted the GI concept and recommend developing national GI databases [15]. A GI
database for food frequency questionnaires (FFQ) that are used in epidemiologic studies
also is being developed. Despite the large number of publications on the topic of GI,
there were no standard food composition databases with this information for use with
standard dietary assessment instruments. Neuhouser et al. [16] recently developed a
glycemic index database for use with the FFQ utilized in the Women’s Health Initiative,
which is a study of health among 165,000 postmenopausal women.

Glycemic index testing as a way of classifying carbohydrates is still controversial.
One reason is that the methodology for obtaining GI of foods is not succinct. Identifying
confounding variables in OGTT procedures, may help to establish a more accurate and

usable system.

Glucose Uptake

After ingestion, glucose is absorbed into the mucosal cells of the small intestine
by an active transport dependent mechanism. The glucose carrier involved in this
absorption is called the sodium-glicose transporter 1 (SGLT1) and is dependent on the
active transport of sodium out of the cell by a Na+/K+-ATPase pump. Most glucose that

is absorbed into the mucosal cell is transported out of the cell into the blood by a carrier



in the basolateral membrane. The majority of glucose entering the liver is released to the
systemic blood system and distributed to other tissues like muscle, kidney, and adipose
tissue for energy use or storage.

In order for glucose to enter cells, it must cross the plasma membrane of the cell.
Since glucose is highly polar, it cannot pass directly through the nonpolar lipid bilayer of
cells. Instead it is passively admitted into most cells by a facilitated transport mechanism
called glucose transporters (GLUT). The movement of glucose into cells is insulin
dependent in adipocytes, heart, and skeletal muscle, and insulin independent in liver and
brain [17]. Glucose uptake can be stimulated by at least two independent pathways in
skeletal muscle: an insulin-signaling pathway that is activated when insulin binds to its

receptor and a pathway that is activated by exercise/contractions and hypoxia [18,19].

Rate of appearance and disappearance

Plasma glucose concentration is a function of both the rate of appearance of
glucose into the systemic circulation as well as the rate of disappearance of glucose, or
glucose uptake from the blood by tissue. Most assume that if a food has a low GI that it
is a result of a slower rate of digestion which slows the absorption of glucose into the
circulation [6]. The rate of appearance is influenced by the intrinsic properties of
carbohydrates (amylose-to-amylopectin ratio) and the fiber, protein and fat content of the
food consumed [6]. The rate of disappearance, or glucose uptake from the blood by
tissues, is dependent on insulin secretion and action on tissue [20].

Schenk et al. [6] looked at glucose kinetics that are responsible for the different
glycemic responses of breakfast cereals with a low (bran cereal) or high (corn flakes) GI.

They found that the high GI of corn flakes compared to bran cereal (132 vs. 55) was not



due to differences in rate of appearance of glucose. Bran cereal showed a lower GI due
to an earlier increase in rate of disappearance of glucose which was associated with an
earlier and higher insulin response during the initial 20 minute postprandial period.
Therefore, even though bran cereal and corn flakes had a similar rate of glucose entry
into the blood, the bran cereal had a more rapid insulin-mediated increase in tissue
glucose uptake, lessening the overall increase in blood glucose concentration, Due to the
fact that insulin mediates tissue glucose uptake, the blood insulin AUC, which reflects the
rate of disappearance of glucose from the blood, may help to explain the variability in the

blood glucose response for repeated OGTTs that may be observed in some individuals.

GLUT4 Transporters

There are 13 known members of the GLUT family [21]. One of these
transporters, GLUT4, is insulin dependent. When present, insulin rapidly stimulates
glucose uptake in skeletal muscle by stimulating the synthesis of GLUT4 transporters
from ribosomes on the golgi apparatus. The transporters are then packaged and the
vesicle-bound GLUT4 isoform is transported from the intracellular compartment to the
cell membrane. The molecular mechanism that causes this translocation of GLUT4
remains unknown and is under investigation. Once the vesicles containing the GLUT4
transporters filse with the plasma membrane, they release the transporters and allow them
to position themselves in the membrane. Once insulin is removed from its receptor,

membrane-bound transporters are retranslocated back into the intracellular compartment.



Insulin

Insulin is a polypeptide hormone that is produced in beta cells of the pancreas and
controls carbohydrate metabolism. It is composed of 51 amino acids in two peptide
chains (A and B) linked by two disulfide bonds. Besides controlling the uptake of
ghicose by cells, it also causes an increase in glycogen synthesis, When insulin levels
decrease, glycogen is broken down into glucose which can then be used for energy by the
body. As blood glucose concentration increases, insulin levels increase as well, and
glucose is taken up by the cells to be used for energy or stored as glycogen for future

energy needs.

Insulin Sensitivity Index (ISI)

Insulin’s action on glucose transport is characterized in terms of insulin sensitivity
and insulin responsiveness [22]. Insulin sensitivity is the capacity of cells to respond to
insulin-stimulated glucose uptake following ingestion of carbohydrate and is defined in
terms of the concentration of insulin required to cause 50% of its maximal effect on
glucose transport [23]. In clinical investigation, the measurement of insulin sensitivity is
important because of its key role in diabetes.

The hyperinsulinemic-euglycemic glucose clamp technique, described by
Defronzo et al. [24], is considered the most definitive method to measure insulin
sensitivity in humans but it is experimentally demanding and expensive. Therefore, the
homeostasis model assessment (HOMA) introduced by Matthews e? al, [25] was
developed in 1985 and became the most simple index for evaluating insulin sensitivity.
HOMA takes into account both glucose and insulin sensitivity using a structural model of

the glucose-insulin feedback system in the fasted state and is solved by a computer



program using fasting glucose and insulin concentrations. Since its introduction, some
limitations have been reported, including the need for a specialized computer program
[26]. In an attempt to create a methodology that is more realistic for clinical use,
researchers have since developed new insulin sensitivity indices that are calculated from

plasma glucose and plasma insulin concentrations after an OGTT [27-29).

Matsuda and DeFronzo [28] developed a composite measurement of whole body
insulin [ISI{composite) or COMP] sensitivity during an OGTT, which is shown in the

following equation:

COMP = 10,000/ .J[(FPG * FPI) * (meangluc * meanins)].
where 10,000 represents a constant that allows one to obtain numbers ranging from 0 to
12, FPG is the fasting plasma glucose value (mg/dL), FPI is fasting plasma insulin
(nU/mL), meangluc is the mean glucose concentration during the OGTT, and meanins is
the mean insulin concentration during the OGTT. The square-root conversion is used to

correct the nonlinear distribution of values.

Gutt et al. [27] developed the IS4 ;20 from the SI index (degree of peripheral
insulin sensitivity), which was developed and published by Cederholm and Wibell [30].
The following formula consists of a few parts and was taken directly from Gutt et al.’s
paper [27). The first part of the formula is used to calculate the glucose uptake rate in
peripheral tissues, designated as m (mg/min), using the 0 and 120 minute glucose values
(mg/]) obtained from the OGTT, where the term 0.19 x BW denotes glucose space, and

BW is body weight (kg):



m = (75,000 mg + (0 min glucose — 120 min glucose) % 0.19 x BW)/120 min
Mean plasma ghucose (MPG), the mean of the 0 and 120 min glucose values (mg/l) from
the OGTT, is used to obtain the metabolic clearance rate (MCR), which corrects for the
potential influence of different blood glucose concentrations on the glucose uptake rate.

MCR = m/MPG
To correct for skewness of distribution, the mean serum insulin (MSI) calculated as the
mean of 0 and 120 minute insulin values (mU/1), is logarithmically transformed. The
IS1g ;20 insulin sensitivity index is then calculated:

ISIg 120= MCR/log MSI = m/MPG/log MSI

The equation predicting insulin sensitivity proposed by Stumvoll ef /. [29] also
uses insulin and glucose concentrations during an OGTT:

ISIsmmvon = 0.157 — 0.00004576 x 1129 — 0.00519 x Ggg — 0.000299 x I,.

I120 and I are insulin concentrations (pmol/L) at 120 and 0 minutes of the OGTT,
respectively, and Goy is glucose concentration (mmoV/L) in the 90® minute of the OGTT.
This index was proposed using stepwise linear regression.

Stumvoll also proposed an equation that utilized anthropometric parameters. The
following equation includes body mass index (BMI) of the subject because they found
that some of the changes seen in insulin sensitivity may be mediated through changes in
body composition [29].

ISIsarmvott amn = 0.226 — 0,0032 x BMI — 0.0000645 x 1120 — 0.00375 x Gog

Kanauchi et al. [31] validated the [S] in a Japanese population by comparing

insulin sensitivity measured by the “gold standard” euglycemic-hyperinsulinemic glucose



clamp technique (M-value) to the HOMA index and to the three formulas proposed above
(Matsuda, Gutt, and Stumvoll). They found a weak inverse correlation between the
HOMA index and M-value. Matsuda, Gutt, and Stumvoll’s formulas correlated
significantly with the M-value. Although the euglycemic-hyperinsulinemic clamp
method is thought to be the best way to measure insulin sensitivity, it is invasive and has
a high cost leaving it with limited use in clinical practice. Therefore, by using less
invasive formulas, that only require OGTT and insulin values obtained in the same time

interval, one can assess insulin sensitivity in subjects [31].

Glycogen

Upon ingestion, glucose is absorbed into the blood and transported to the body
tissues for use or stored in the liver and muscles as glycogen. Glucose must be brought
into the cell and then bound together to form glycogen, which is the major form of stored
carbohydrate in human tissue. Glycogen is a highly branched polyglucose molecule
composed of chains of individual glucose molecules that are linked in an alpha-1,4
configuration. Approximately every ten residues contains a branch with a glucose
molecule linked in the alpha-1,6 configuration [17].

Control of glycogen synthesis and breakdown is under hormonal control. When
there are adequate levels of blood glucose, insulin levels rise to stimulate cells to take up
this glucose. Insulin acts as a signaling molecule and stimulates the synthesis of
glycogen which stores glucose for future needs. Epinephrine and glucagon have the
opposite effect from that of insulin. When these hormones act on the cell, it leads to
glycogen breakdown and the use of glucose for energy metabolism in muscle cells and

the potential release of glucose from liver cells. Epinephrine acts more strongly on
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muscle cells and their stores of glycogen, while glucagon acts more strongly on liver cells
[17].

After entering the cell, glucose is phosphorylated to glucose 6-phosphate by the
enzyme glucokinase in the liver and hexokinase in the muscle. After transferring the
phosphate to the 1-carbon, uridine monophosphate is added to the glucose 1-phosphate to
form uridine diphosphate glucose (UDP-glucose). Glucose is incorporated into glycogen
as UDP-glucose and this reaction is catalyzed by glycogen synthase. Some preformed
glycogen, in the form of a primer, is required for the glucose units to attach to. The
primer involved is a protein called glycogenin which catalyzes the attachment of glucose
units to form chains of up to eight units, at which time glycogen synthase finishes the
elongation of the glycogen chain. Glycogen synthase exists in two forms, the active
{dephosphorylated) form and the less active form (phosphorylated) form. The
stimulating role of insulin on the synthesis of glycogen is due to its facilitation of the
dephosphorylation of glycogen synthase info its active form. Therefore, the glycogen
synthase reaction is the primary target and regulator of insulin’s stimulation of glycogen
synthesis.

Glycogen storage is localized primarily in liver and skeletal muscle. Human
skeletal muscle normally contains about 14-18 g=kg™' of glycogen, but the range can be
much wider than this depending on muscle mass and glycogen status. The total amount
of glycogen stored in the liver varies greatly. It has been reported that in the
postabsorptive state, an average 70 kg male with 15% body fat has approximately 80 g of

glycogen stored in his liver. This is much less than glycogen stored in muscles which is
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about 300-400 g. A 12-hour fast can cause liver glycogen to decrease by more than half,

where as without exercise, muscle glycogen has little depletion after a fast [32].

Glycogen Depletion and Repletion

Glycogen stores have been shown to be depleted after 2 hours of endurance
exercise, including swimming, skiing, bicycling, and running [33]. The ability of muscle
to synthesize glycogen is increased following a bout of strenuous exercise [34]. This
increased ability to synthesize glycogen can last for days if the carbohydrate intake is
restricted to keep muscle glycogen content low [3,35]. After depleting glycogen stores
through exercise, glycogen repletion is not immediate and may take up to two days to
complete [33]. Volek et al. also found that glycogen synthase activity was significantly
increased immediately following exercise in overweight men [36].

Bogardus et al.[37] concluded that insulin sensitivity was improved in subjects 15
hours after a glycogen depleting bout of exercise. This was determined by the rate of
glucose disposal during a euglycemic clamp procedure. They also found that the rate of
glucose disposal was positively correlated with the rate of muscle glycogen synthesis and
the activation of glycogen synthase. This would lead one to believe that glycogen
depletion may increase glucose uptake and glucose tolerance, after the ingestion of
glucose, through the activation of glycogen synthase and increased muscle glycogen
synthesis.

Glycogen synthase, as mentioned above, is strongly stimulated after muscular
exercise and remains more active when glycogen stores are depleted than when they are
replenished resulting in a faster rate of glycogen resynthesis following exercise [38].

Therefore, the highest rates of muscle glycogen storage occurs during the first hour after
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exercise [39]. Ivy et al. found that failure to consume carbohydrate immediately after
exercise leads to a very low rate of glycogen repletion until feeding occurs. They also
determined that even though early feeding may be important when there is only 4-8 hours
between exercise sessions [39], it may have less of an impact over a longer recovery
period. Overall, it appears that meeting total carbohydrate requirements for the day is
more important than the pattern of intake, at least with long-term recovery of glycogen
stores [40].

The most important dietary factor affecting muscle glycogen storage is the
amount of carbohydrate consumed. Data from various studies that have monitored
muscle glycogen storage after 24-hours of recovery from glycogen depleting exercise
show a direct and positive relationship between the quantity of dietary carbohydrate and
post-exercise glycogen storage. Two different studies looked at glycogen storage by
feeding different amounts of carbohydrate to trained individuals over a 24-hour recovery
period [41,42]. They both showed an increase in glycogen storage with increasing
carbohydrate intake and a threshold for maximal glycogen storage at a daily carbohydrate
intake of around 7-10 gekg™' body mass [41,42). Thus, by keeping a carbohydrate intake
below this amount after a glycogen depleting bout of exercise, it would suggest that

glycogen stores will not be fully replenished after 24 hours.

Exercise and Glycemic Response
The effect of physical activity in improving glucose tolerance has been explained
previously by a combination of several factors, including the enhanced insulin binding to

receptors [43], an increased permeability of muscle cell membranes to glucose [19], an
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insulin-independent activation of glucose transport [18,22,44] and a reduced glycogen
concentration within the muscle cells [10].

The lasting effect of a strenuous bout of exercise that causes normal or improved
glucose tolerance, despite lower insulin levels, may be explained by the above
mechanisms. In 1979, Leblanc ef al. determined that an increase in tissue sensitivity to
insulin may be mediated by increased binding of insulin to its receptors on the cell
membrane [43]. However, at the time of this study, no claim could be made as to whether
this action was due to differences in the number of receptors or in their affinity for insulin
[43].

The exercise-induced increase in muscle cell permeability to glucose can last for a
long period after muscle contraction stops {3,19]. As the acute effect of muscle
contractions on glucose transport reverses, it is replaced by a large increase in insulin
sensitivity [45). This does not appear to be mediated by an increase in the insulin signal,
but rather the increase in insulin sensitivity is mediated by translocation of a larger
number of GLUT4 transporters to the cell surface in response to a given insulin stimulus
[46].

Insulin-independent mechanisms have also been found that activate glucose
transport during and following exercise. Muscle contractions [44] and hypoxia [18] both
induce increases in muscle glucose transport by stimulating movement of GLUT4 from
intracellular storage sites to the cell surface [22]. The effects of contraction, hypoxia and
insulin are additive but they stimulate glucose transport by separate pathways [47].

Finally, depletion of muscle and liver glycogen improves ghicose tolerance which

Heath ez al. believe makes available “glucose storage space”[10]. In rats subjected to
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exhausting exercise on the preceding day, the rate of glucose uptake by perfused skeletal
muscle was significantly higher at the same insulin concentration in animals where
muscle glycogen was kept low than in those in which glycogen was raised by
carbohydrate feeding [3].

In humans, glucose tolerance is increased after an acute bout of exercise despite a
normal or even diminished insulin response [10,37]. This increased insulin action
appears to occur only after an exercise bout of sufficient intensity and duration to
decrease muscle glycogen concentration [48]. A decrease in blood glucose response to a
glucose load, or an increased glucose tolerance, is also frequently shown when comparing
trained versus untrained individuals. A single bout of exercise can cause acute changes
that cause this lower response but this is only temporary [10]. Over time, physical
activity contributes to various mechanisms that decrease blood glucose response to an
oral glucose load.

Similarly to the effects of insulin, a single bout of exercise increases the rate of
glucose uptake into the contracting muscles [37], a process that is regulated by the
translocation of GLUT4 glucose transporters to the plasma membrane. These effects can
last for several hours after the exercise ends [49]. Translocation of GLUT4 and the
increase in AMP-activated protein kinase (AMPK) activity are enhanced in low muscle
glycogen states and these mechanisms could mediate the glycogen effects on glucose

uptake [50].

GLUT4

GLUT4 transporters are the major insulin sensitive glucose transporters in skeletal

muscle. Skeletal muscle GLUT4 levels increase rapidly in response to exercise training
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[51] and decrease with detraining [52]. This response is seen in both previously
sedentary people as well as trained individuals. Houmard et al. demonstrated an increase
in skeletal muscle GLUT4 glucose transporter protein content after 12-14 weeks of
endurance-exercise training in sedentary middle-aged men along with an increase in
insulin sensitivity [53].

Similar to the effect of exercise, insulin also causes GLUT4 translocation in
skeletal muscle [54]. It would seem logical that since blood flow is increase'd during
exercise, the increase in GLUT4 translocation is due to an increased delivery of insulin to
the muscle, However, when hindlimb skeletal muscles are contracted in situ without the
presence of insulin, GLUT4 concentration is increased in the plasma membrane to a
similar degree as when exercise is performed in vivo [55]. This shows that muscular
contraction can recruit GLUT4 to the plasma membrane in rat skeletal muscle

independent of insulin,

Exercise and Insulin Sensitivity

Insulin’s action on glucose transport is characterized in terms of insulin sensitivity
and insulin responsiveness [22]. Insulin sensitivity is defined in terms of the
concentration of insulin required to cause 50% of its maximal effect on glucose transport.
The fact that exercise increases the sensitivity of glucose transport to insulin in skeletal
muscle was first discovered by Richter ef al. [56]. Subsequent studies have found that
muscle contractions stimulate glucose transport in the absence of insulin [18,22,44].

In a healthy person, it has been shown that a single bout of exercise can increase
insulin stimulated whole body glucose uptake for at least 16 hours post-exercise [8,37].

In addition, as a result of a single bout of exercise a blunted insulin response may result
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during an OGTT as well as an increased sensitivity to insulin [10,57). LeBlanc et al. [43]
reported that the insulin response to a glucose load was lessened while glucose tolerance
remained unchanged in untrained subjects 18 hours after 60 minutes of exercise. They
also found that plasma insulin levels after a glucose load are higher after three days of
inactivity in trained individuals. From this information Heath ef al. deduced that a single
bout of exercise can reduce the insulin response to a glucose load whether the subjects
are trained or not [10].

Ivy et al. [58] also discovered that following a mixed diet for one day after
glycogen depleting exercise, the insulin response, represented by the area under the
insulin curve, was 28.3% lower than that for the control treatment in which the subjects
ate a mixed diet for three days following the same type of exercise bout. Even with a
lower insulin response, the subjects had similar glucose AUC indicating an improvement
in insulin sensitivity. Englert et a/. [59] found that an acute bout of prior exercise
produced a lower 2-hour insulin response to a CHO-rich energy bar compared to non-
exercise immediately following the exercise bout. The authors explained this
phenomenon by the possibility that acute exercise reduces insulin secretion through an
increase in circulating catecholamines [59].

The increase in insulin-stimulated glucose uptake, or insulin sensitivity, in the
post-exercise period has been correlated with the amount of glycogen utilization during
exercise [4]. Muscle glycogen is also inversely related to both basal and insulin-
stimulated glucose uptake [60]. Another factor that increases glucose uptake occurs due
to insulin-stimulated GLUT4 translocation being greater under low glycogen conditions

[61]. Derave ez al. found that the glycogen depleting effect of insulin on glucose
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transport and cell surface GLUT-4 content does not involve initial mechanisms but
possibly more downstream signaling events [61]. Bogardus et al. [37] reported that the
action of insulin, as determined by the rate of glucose disposal during an euglycemic
clamp procedure, was improved in subjects 15 hours after a bout of exercise that
significantly reduced their muscle glycogen concentration. Acute exercise has also been
shown to decrease the insulin response to an OGTT [57], which may suggest that
peripheral insulin sensitivity is increased.

The rate and duration of increased glucose uptake after exercise has been shown
to be clearly influenced by the amount of glycogen depletion that occurs [56]. The
reversal of the increased glucose uptake and insulin sensitivity can be manipulated by
muscle glycogen concentration. Carbohydrate intake after exercise, that increases
glycogen concentrations in muscle, will accelerate the return to basal rates of glucose
uptake [62] and carbohydrate restriction that keeps glycogen levels low slows down this
reversal process [45]). On the other hand, a low-carbohydrate diet lasting a few days
decreases insulin sensitivity and causes apparent glucose intolerance [63].

As mentioned above, Heath et /. [10] looked at glucose tolerance in well trained
athletes after their normal workout regimen as well as after 10 days of inactivity. The
rise in plasma insulin concentration in response to a 100 g oral glucose load was much
greater after the 10 days of inactivity than it was in the trained state. The extent of the
increase in insulin response seemed to be out of proportion to the change in blood
glucose response after 10 days of inactivity. They also found that while blood glucose
concentration during the OGTT was only 10-25% higher following 10 days without

exercise, plasma insulin concentration was from 55-120% higher. This decreased insulin
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response to a glucose load following exercise has been a consistent finding in individuals
who exercise regularly [43,64,65]. Additionally, the blunted insulin response and
increased insulin sensitivity have been related to long-term adaptations to exercise rather
than to an effect from the last bout of exercise [43,65].

John Holloszy [22] has undergone numerous studies looking at the exercise-
induced increase in muscle insulin sensitivity. It is known that the stimulation of muscle
glucose transport by insulin and by contractions/hypoxia is mediated by the movement of
GLUT4 from intracellular storage sites to the cell surface. He has developed a
hypothesis to explain why an increase in sensitivity to glucose transport remains even
after the bout of exercise has terminated. When the stimulus that caused GLUT4
translocation is removed (muscle contraction, hypoxia, insulin), and its effect reverses,
the GLUT4 leaves the cell surface and moves into an intracellular compartment. In this
compartment, the transporters are highly susceptible to recruitment by either a weak
insulin signal or contraction’hypoxia signal. The increase in sensitivity persists for as
long as the GLUT4 remains in this “high-susceptibility compartment” [22]. According to
Holloszy [22], all of the information that has been discovered in regards to the post-
exercise increase in insulin sensitivity has been descriptive. Researchers have found
various components that cause this increase, “but essentially no progress has been made

in elucidating the mechanism responsible for mediating this phenomenon”™ [22].
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INTRODUCTION

When oral glucose tolerance tests (OGTT) are repeated in individuals, relatively
large variations often occur in the magnitude of the blood glucose response from one
occasion to another. Little is known about what causes this within-subject variability.
One potential contributor to this variability may be the subject’s prior extent of physical
activity and/or the amount of stored glycogen present at the time of the OGTT.

A previous study following a glycemic index assessment protocol reported
significant within-subject variability on three repeated OGTTs [66]. Measurements of
the area under the curve (AUC) for the blood glucose response to 50 g of glucose
revealed within subject coefficients of variation (cv) ranging from 17 to 40% with a mean
cv of 27%. Glycemic indexes for glucose solutions have also been reported as 96 or 114
with standard deviations of + 22 and 28 respectively [13]. This degree of variability
raises questions about the validity and utility of glycemic index testing and raises
potential concerns regarding the proper protocols for OGTTs used for clinical diagnostic
purposes. Prior physical activity and muscle glycogen levels may be variables that affect
the within-subject variability in the glycemic response. Therefore, this study investigated
the effect of extensive endurance exercise (of the type known to significantly decrease
muscle glycogen) performed the day prior to testing the glycemic response.

Although many studies in the literature have shown significant between-subject
and within-subject variation among OGTT [13,14,66] only a few have attempted to
determine what causes this variation, although many researchers have speculated why it
occurs [14,67,68]. Various conditions including the meal eaten the day prior [2],

glycogen status [3,4], hormonal changes [69], and medications [70] have all been
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considered but glycogen depletion acquired solely through exercise within 24 hours of
testing has not been tested, to our knowledge.

Sparti and Decombaz [71] tested various diets to achieve glycogen depletion or
repletion, along with exercise 36 hours prior to an OGTT to determine whether there was
a glycogen depleting effect on glucose AUC. Due to their diet protocol (low-
carbohydrate, high-fat) they did not see an effect from glycogen depleting exercise on
glucose tolerance because the interrelationship of free fatty acids (FFA) and glucose may
have overridden the exercise-induced changes in insulin-stimulated glucose uptake. This
may be because high FFA concentrations can have an inhibitory effect on the rate of
glucose utilization [72].

Sparti and Decombaz [71] had their subjects perform an exercise bout 36 hours
prior to testing. It would seem fitting to have subjects perform an exercise bout, within
24 hours of testing, to maintain adequate glycogen depletion through exercise rather than
diet. By standardizing the total number of carbohydrates in each subject’s diet the day
prior to both testing protocols, with a prior exercise bout as well as without an exercise
bout, it will help to limit total glycogen repletion before the OGTT the following
morning. Therefore, it will keep the subject’s diets constant and test only the difference
between the exercise and no-exercise treatments.

Identifying a factor that contributes to the variability seen in OGTTs could lead to
better standardization of protocols for use in clinical OGTTs and in glycemic index
studies. The specific aims of this study were to: 1) Determine if a glycogen-depleting
type of exercise has a predictable effect on glycemic response. We hypothesized that

compared to non-exercise, an acute bout of glycogen-depleting exercise within 24 hours



21

of an OGTT will result in a lower total increase in blood glucose concentration and
therefore a lower area under the glucose curve. 2) Compare glycemic response as
measured by capililary blood to that measured by venous blood samples. We
hypothesized that glycemic response would be greater in venous glucose measurements
compared to capillary glucose measurements. 3) Determine the body composition of
participants by Dual Energy X-ray Absorptiometry (DEXA) to compare data from this
study to the results of possible future studies using participants with different body
composition and levels of habitual activity. Evaluate the relationship between body
composition and the glycemic response. We hypothesized that having a greater body fat
percentage may augment glycemic response to a glucose load. 4) Evaluate if the
variability in the blood glucose response is due in part to variability in insulin response.
We hypothesized that insulin levels would be lower after a glycogen depleting bout of
exercise.

Previous research has shown that exercise training has an effect on glucose uptake
via increased GLUT-4 translocation as well as increased insulin sensitivity [45,49)].
However, to our knowledge, it is not known whether a glycogen depleting bout of
exercise, within 24 hours prior to an OGTT has an effect on glucose AUC or insulin
AUC. Determining whether an acute bout of exerci;e has an effect on the glycemic
response of male endurance athletes may help to delineate one potential variable
associated with variability in glycemic response. Due to the fact that glycemic index
testing utilizes OGTTSs to compare the blood glucose response to various foods,
determining possible mechanisms involved in the within-subject variability seen in

OGTTSs may help to improve glycemic index testing protocols.
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METHODS

Experimental Design

Subjects were recruited from local bicycle and triathlon shops, training clubs, and
races, by flyers and presentations, Subjects were screened for eligibility criteria which
included: 1) must have participated in an Olympic Distance Triathlon (1.5k swim, 40k
bike, 10k run) or in running a marathon (26.2 miles) within the past 12 months; 2) be able
to exercise at their usual intensity for at least 1 2 hours; 3} be apparently bealthy, as
defined by American College of Sports Medicine (ACSM) guidelines [73].

Exclusion criteria included having: 1) diabetes; 2) heart disease; 3) taking any of
the following medications: blood pressure medications, diuretics, corticosteroids, seizure
medications; 4) refusal to discontinue vitamin and mineral supplements, multivitamins,
herbal supplements, performance enhancing or recreational drugs including alcohol for
72 hours prior to testing, unless prescribed by a physician; 5) taking high doses of
vitamin C (>1000mg day). With informed consent, eligible subjects were enrolled.

Subjects were required to attend three study visits at the Kapiolani Clinical
Research Center. The first visit included enrollment and orientation procedures,
including diet assessment and directions for subsequent visits. Subjects were given
written and verbal instruction concerning diet, hydration, exercise, and fasting prior to
each study visit. Preparation for the final two study visits included a glycogen depleting
exercise protocol within 24 hours of study procedures and a non-exercise protocol
requiring no exercise for at least 36 hours prior to study procedures. The order of study

visits (exercise and non-exercise) was randomly assigned to each subject (Table 1).
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Table 1. Randomly chosen subject visit profile

Subject First Visit

Exercise
Non-Ex
Exercise
Non-Ex
Exercise
Exercise
Exercise
Exercise
Exercise

10 Non-Ex
Note. Subjects were randomly assigned to their first study visit
Non-Ex = non-exercise study visit

O~ NN R W

Subjects

Ten male endurance athletes were selected for the study. None of the subjects
were taking any medication or had a family history of diabetes mellitus. The percentage
of body fat was estimated using Dual Energy X-ray Absorptiometry (DEXA) which was
performed using the GE Lunar Prodigy DEXA scanner operated by a licensed operator.
The subjects were informed of the purpose and methods of the study and gave their
written consent before participating. The experimental protocol was approved by the
University of Hawaii's Committee on Human Studies and the Hawaii Pacific Health

Institutional Review Board.

Exercise Session

The day prior to testing in which a glycogen depleting type of exercise was
required, the subjects completed either 1 ' - 2 hours of running, 2-4 hours of cycling, or
a combination of both running and cycling not to exceed 4 hours total at their usual

training intensity, in order to simulate glycogen depletion. The day prior to testing for the
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non-exercise condition, the subjects were asked to refrain from exercise for at least 36

hours prior fo testing in order to allow significant muscle glycogen repletion.

Diets

Each subject was required to keep a dietary record for the day prior to each study
visit. At the initial study visit each subject consulted with the principle investigator (PI)
to plan their food intake for each meal to be consumed the day prior to testing as well as
during the exercise session, using their usual dietary pattern. Food Processor (Version
7.1.1, ESHA Research, Salem, OR) was used to determine the amount of carbohydrate in
each food consumed. Carbohydrate intake was standardized for each individual subject
to not exceed 5 g/kg body weight for the day prior to testing to ensure carbohydrate
intake was unlikely adequate to significantly restore glycogen stores after the bout of
exercise. To replicate their pretrial diet, the subjects received a copy of their dietary
protocol and were asked to follow and record it again. Each subject fasted overnight and
was told to drink 8-80z. glasses of water the day prior to testing and drink 16 oz. of water

on the moming of each test to maintain euhydration,

Analytical Procedures

Glucose tolerance test

The subjects arrived at the clinic between 0700 and 0800 hours after an overnight
fast of at least 10 hours. Diet and exercise records were collected at the beginning of
each visit. Just after arrival, subjects were given a choice of inserting a catheter into an
antecubital vein or having multiple venous punctures to remove venous blood samples. If

the subject preferred the catheter, it was kept patent with an isotonic saline infusion.



25

Subjects had 5 ml of venous blood drawn each for fasting glucose and insulin
concentration measures. Glucose samples were collected in BD Vacutainer tubes
(Sodium Fluoride 5mg/Potassium Oxalate 4mg) and the insulin draws were collected in
BD Vacutainer SST (serum separator tubes).

A baseline capillary blood was also obtained by finger stick and analyzed for
glucose with a MediSense Precision PCx glucometer (Abbott laboratories, Bedford, MA).
Just after fasting blood samples were taken, subjects ingested 50 g of glucose in solution
(EVER Scientific Glucose Drink 050, 50 grams dextrose, 10 fl. 0z.). Venous glucose and
insulin measurements were obtained at 15, 30, 45, 60, 90 and 120 minutes according to
the standard GI measurement procedure [12].

Capillary glucose measurements by fingerstick were obtained at the same
intervals from the opposite arm of the catheter or venous sticks. Venous glucose and
insulin measurements were analyzed by Clin Labs Hawaii using Roche Hitachi 911 for
glucose and chemiluminescent Immunoassay (Beckman DXI) for insulin. Fingerstick
blood samples were obtained by trained Clinical Research Center staff and analyzed with

the Precision PCx glucometer.

Body Composition

Body mass was measured in the fasted state on a SECA 767 electronic scale.
Height was measured at the same time using a Heightronic digital stadiometer. These
values were used to determine body mass index (BMI). Body composition was estimated
using the GE Lunar Prodigy DEXA scanner which was operated by a licensed DEXA

study coordinator.
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Calculations
The glycemic response was estimated by using the incremental area under the
glucose curve. The AUC values for glucose and insulin, were calculated with a formula

provided by Thomas Wolever [12].

Insulin Sensitivity Index (IS])

Blood glucose and insulin values were used to calculate three different ISI values
for comparison of insulin sensitivity within-subjects between exercise and non-exercise
testing conditions. The formulas were obtained from the original papers by Matsuda,

Gutt, and Stumvoll [27-29].

The ISI by Matsuda and DeFronzo (COMP) [27] was calculated as follows:

1. COMP = 10,000/ \[[(FPG * FPI)* (meangluc * meanins)].
where 10,000 represents a constant that allows one to obtain numbers ranging from 0 to
12, FPG is the fasting plasma glucose value (mg/dL), FPI is fasting plasma insulin
(rU/mL), meangluc is the mean glucose concentration during the OGTT, and meanins is
the mean insulin concentration during the OGTT. The square-root conversion was used

to correct the nonlinear distribution of values.

Gutt et al. (ISIg;20) [27):
2. 18Iy 120= MCR/log MSI = m/MPG/log MSI
m = (75,000 + (0 min glucose — 120 min glucose) x 0.19 x BW)/120 min

MPG = mean of 0 and 120 min glucose values (mg/l)
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MSI = mean of 0 and 120 minute insulin values (mU/I}
The first part of the formula is used to calculate the glucose uptake rate in peripheral
tissues, designated as m (mg/min), using the 0 and 120 minute glucose values (mg/1)
obtained from the OGTT, where the term 0.19 x BW denotes glucose space, and BW is
body weight (kg):

Mean plasma glucose (MPG), the mean of the 0 and 120 min glucose values from
the OGTT, is used to obtain the metabolic clearance rate (MCR), which corrects for the
potential influence of different blood glucose concentrations on the glucose uptake rate.
To correct for skewness of distribution, the mean serum insulin (MSI) calculated as the
mean of 0 and 120 minute insulin values (mU/1), is logarithmically transformed. The

ISl 120 insulin sensitivity index is then calculated:

Stumvoll et al. (ISIsqmvon) [29]:

3a. ISIswawon = 0.157 — 0.00004576 x 1120 — 0.00519 x Ggo — 0.000299 x 1o,

3b. ISIstumvon am1y = 0.226 ~ 0.0032 x BMI — 0.0000645 x I120— 0.00375
I120 and Ip are insulin concentrations (pmol/L) at 120 and 0 minutes of the OGTT,
respectively, and Ggp is glucose concentration (mmoV}/L) in the 90® minute of the OGTT.
Equation 3b includes body mass index (BMI) which is calculated as body weight in

kilograms divided by height in meters squared.

Statistical Analysis
Two-tailed paired s-tests were used to compare AUC values and individual time
points during exercise and non-exercise OGTTs. Separate two-tailed paired t-tests as

well as a multiple regression analysis were performed to compare venous and capillary
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blood glucose levels. A one-tailed paired r-test was utilized, based on the directional
hypothesis, to compare insulin AUC values for exercise and non-exercise testing
conditions. ISI values also were analyzed using two-tailed paired ¢-tests to compare
insulin sensitivity between exercise and non-exercise testing conditions. A separate
multiple regression model using glucose AUC values as the outcome, which included
capillary and venous blood samples as well as insulin AUC for exercise and non-exercise
conditions, also was performed. The repeated glucose measurements in both regression
models were treated as clusters within study participants to identify that the two vaiues
(exercise and non-exercise glucose) belonged to the same person. A separate model
looking at percent body fat and glucose AUC for venous and capillary blood also was

analyzed. Regression models were fit using generalized estimating equations.
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RESULTS

Participants and Protocol Compliance

Physical characteristics of the subjects are shown in Table 2. Subjects were
young, non-obese, physically active male triathletes, with the exception of one who was
overweight (BMI=27.3; percent body fat=25.5%). Two other subjects were considered
overweight by BMI (BMI>25) but had body fat percentages of 9.0 and 7.9% which is
considered “athlete” according to the ACSM [73].

Table 2. Subject summary of anthropometric data

Subject  Age(yr) Weight(kg) Height (cm) (kBg/n:.Iz) Bﬁfm

1 27.6 75.9 185.2 22.1 73
2 259 76.3 178.4 240 53
3 29.2 91.1 185.8 26.4 9.0
4 33.2 80.9 184.8 23.7 12.6
5 31.7 759 1744 25.0 79
6 354 77.6 185.1 226 17.5
7 209 654 176.0 21.1 11.9
8 311 .7 179.8 222 5.2
9 258 70.7 182.2 21.3 11.5
10 31.9 84.8 176.2 27.3 25.5
Mean 29.3 77.0 180.8 23.6 114
STD 4.29 7.31 438 2.12 6.22

CI 26.6,32.0 725,815 178.1, 183.5 223,249 7.5,15.2
Range 209-354 654-91.1 176.0- 1858 21.1-273 52-255

Note. BMI = Body Mass Index; STD = standard deviation; CI = confidence interval

All participants were able to complete the protocol. Questionnaires revealed that
all subjects abstained from alcohol and supplement use for 72 hours, and no one currently
smoked cigarettes or consumed performance enhancing drugs. Each subject fasted for at
least 10 hours prior to testing and consumed at least 16 ounces of water the morning of

the test. Carbohydrate intake was standardized for each individual subject to not exceed
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5 g/kg body weight for the day prior to testing. Three subjects consumed over the
recommended amount (Table 3). All other subjects appeared to have followed their diet

protocol according to the food records they kept the day prior to both OGTTs.

Table 3. Total carbohydrate (CHO) intake and body
weight (BW) adjusted intake during the days prior to testing

Subject Total CHO(g)  CHO ghkgBW

1 421 5.55
2 354 4.64
3 375 4,12
4 515 6.37
L] 470 6.19
6 245 3.16
7 295 4,51
8 315 4.39
9 350 4.95
10 305 3.60
Mean Is45 47
STD 83.34 1.05
CI 312.9,416.2 41,53

Note. STD = standard deviation; CI = confidence interval

Glucose and Insulin Responses

Incremental glucose areas under the curve (AUC) and insulin AUCs were
determined for capillary and venous samples after exercise and non-exercise conditions
for each subject (Table 4). Paired #-tests indicated no significant difference between
exercise and non-exercise glucose AUC means for venous (P=0.24) and capillary
(P=0.11) blood independently (Table 5). Although, the mean insulin AUC value was
significantly lower on the days following exercise (P=0.026, one-tailed ¢-test) (Table 5),

there were no statistically significant differences between insulin concentrations at any of
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the time points of the OGTT between the conditions of exercise and no exercise the day

prior to testing (Figure 1, Table 6).

Table 4. Area under the curve (AUC) data for exercise (Ex) and non-exercise (Non-Ex)
conditions

Venous Glucose Caplllary Glucose Insulin
Ex Non-Ex Ex Non-Ex Ex Non-Ex
Subjet  (mgemin/dL) (mgemin/dl) (mgmin/dl) (mgmin/dl) (uU-min/L) (ulU-min/L)
1 1881 4024 1348 2453 579 950
2 544 1102 4628 845 1657 1208
3 1385 1382 1959 1108 578 1080
4 5708 3535 6046 4304 793 1245
5 4628 2071 6480 3754 434 416
6 3420 3489 5685 4575 2522 2759
7 6008 5123 5055 4035 1938 2856
8 3511 485 3772 2445 1015 887
9 4005 4195 4845 5108 949 1200
10 1195 3226 3356 5010 1825 2558
Mean 3718 2863 4318 3364 1229 1516
STD 1776 1519 1701 1557 708 870
P-value* 0.24 0.10 0.026

*Comparison of exercise vs non-exercise means; Italicized value indicates a significant P-value using a
cne-tailed test where P<0.05. Note. Ex = exercise; Non-Ex = non-exercise; Ven Glu = venous glucose; Cap
Glu = capillary glucose; STD = standard deviation.

Table 5. Mean differences from paired #-tests for exercise and non-exercise conditions
using venous and capillary blood glucose AUC values and insulin AUC values

Blocd Type Venous Glucose Capillary Glucose Insulin
Menn Diff 855.12 (-680,2390)  953.88 (-225.4, 2133.2) -287 (-577.9, 4.0)
P-Value 0.24 0.10 0.026

Mean Diff = mean difference between testing conditions; ( ) indicate confidence intervals; Ex = exercise;
Non-Ex = non-exercise. Italicized value indicates a significant P-value using a one-tailed test and P<0.05.



Table 6. Paired r-test P-values comparing exercise and non-exercise conditions using
insulin AUC values and venous and capillary blood glucose AUC vales

Blood Type  Fasting 15 min 30 min 45 min 60 min 90 min 120 min

Insulin 0.20 0.38 0.44 0.90 0.08 0.47 0.07
Venous 0.37 0.27 0.84 0.36 0.86 0.037 0.17
Capillary 0.022 0.08 0.60 0.66 0.98 0.50 0.65

Italicized value for 90 min (venous) and fasting (capillary) indicates a significant P-value comparing
exercise and non-exercise conditions for venous blood and capillary blood respectively P<0.05.

However, at 90 minutes venous glucose levels were significantly higher after exercise
than no exercise (P=0.037) (Figure 2, Table 6). Capillary glucose at baseline was also
significantly lower after the glycogen-depleting bout of exercise (P=0.022) (Figure 3,
Table 6). There was no significant difference between capillary and venous glucose
AUC (P=0.106) (Table 7). When comparing all capillary glucose values to all venous
glucose values using a regression model, no significant differences were found
(P=0.106).

Figure 1. Venous blood insulin levels during two hours following ingestion of 50 g of
glucose after exercise and non-exercise days (means + SEM)
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Figure 2. Venous blood glucose levels during two hours following ingestion of 50 g of
glucose after exercise and non-exercise days (means + SEM)
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Note. *Glucose was significantly greater after the exercise day at 90 min; P=0.04

Figure 3. Capillary blood glucose levels during two hours following ingestion of 50 g of
glucose after exercise and non-exercise days (means + SEM)
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Glucose-Insulin Relationship

Multiple regression analysis was used to compare venous glucose levels with
exercise to venous glucose levels with non-exercise as well as capillary glucose levels
with exercise to capillary glucose levels with non-exercise (Table 7). Insulin AUC values
were significantly lower on the days following exercise (P=0.026) but there were no
significant differences seen in glucose AUC for the two separate visits (Table 4). The
lack of a significant difference between exercise and non-exercise blood glucose levels
may be due to a greater insulin sensitivity following exercise. Therefore, exercise and
non-exercise glucose levels were compared with insulin levels held constant, which
revealed that glucose AUC was significantly greater after exercise days when controlling
for insulin (P=0.029) (Table 7).

Table 7. Estimating differences between exercise and non-exercise blood glucose values

and capillary and venous blood glucose values with insulin levels held constant, by
multiple regression analysis

Variable Estimate Standard Error 95% CI P-value
Exercise 1114.8 510.58 (114.07, 2115.5) 0.029
Non-Exercise XX XX XX XX
Capillary 550.05 340.02 (-116.39,1216.5) 0.106
Venous XX XX XX XX

Italicized values indicate a statistically significant difference P<0.05 for each condition; exercise
vs. non-exercise, and capillary vs. venous blood glucose
CI = confidence interval; XX = lines included for comparison purposes only

Thus, when comparing blood samples with the same insulin level, glucose AUC
levels were significantly greater the day after exercise. After comparing venous glucose
levels with exercise to venous glucose levels with non-exercise and capillary glucose

levels with exercise to capillary glucose levels with non-exercise, those with the same

insulin level tended to have higher capillary glucose levels compared to venous glucose



levels (P=0.106) and higher glucose after exercise compared to non-exercise (P=0.029)

regardless of type of blood (Table 7). With exercise and insulin levels held constant,

capillary samples had higher glucose levels than venous samples but were not

significantly different (P=0.106) (Tabie 7).

Insulin Sensitivity Index (ISI)

Based on ISI calculations from Matsuda, Gutt, and Stumvoll [27-29] there is no
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predictable difference in insulin sensitivity between exercise and non-exercise conditions.

Insulin sensitivity calculated utilizing Gutt’s equation and Stumvoll’s equations with and

without BMI tended to increase after exercise although not significantly (P=0.20, 0.09,

0.13) (Table 8).

Table 8. Insulin Sensitivity Index (ISI) values calculated utilizing formulas by
Matsuda [28], Gutt [27], and Stumvoll [29]

Matsuda Gatt Stnmvell Stumvoll w/BMI
Exer NowEx pyer Non-Ex Exer Non-Ex Exer Non-Ex
Subject
1 43.69 27.47 344 3.34 0.136 0.136 0.142 0.142
2 21.63 2455 4,09 2.44 0.133 0.140 0.134 0.140
3 36.07 17.42 5.11 136 0.135 0.129 0.128 0.127
4 26.18 17.18 1.76 1.64 0.122 0.128 0.127 0.133
5 19.73 3236 1.22 2.87 0.115 0.134 0.120 0.132
6 2132 14.68 1.08 1.00 0.124 0.125 0.130 0.131
7 12.42 11.42 0.64 0.58 0.106 0.123 0.123 0.135
] 2646 30.06 3.08 3.16 0.130 0.139 0.138 0.145
9 31.10 29.65 2.18 1.13 0.126 0.127 0.138 0.136
10 18.24 12.45 2.22 1.15 0.131 0.123 0.123 0.118
Mean 25.69 21.72 248 1.87 0.126 0.130 0.130 0.134
P-value® 0.216 0.203 0.133 0.094

*Based on r-test values comparing exercise to non-exercise test conditions.
Exer = exercise; Non-Ex = non-exercise
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Body Fat

When comparing exercise vs. non-exercise conditions, the differences seen in
glucose AUC are not explained by body fat percentage; although, for each body fat
percentage point increase, glucose AUC increases by 53.9 mgemin/dl. Body fat was not
significantly associated with differences seen in glucose AUC when subjects had

performed a bout of exercise or had not.
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DISCUSSION

Glucose and insulin AUC values were calculated for male endurance athletes after
a bout of exercise and after no exercise. Previous research has shown that a glycogen
depleting bout of exercise causes an increase in insulin sensitivity, GLUT4 translocation,
and increased glycogen synthase activity [37,38,44]; therefore it would appear that an
increase in glucose uptake and subsequently a decreased glucose AUC would occur
following a bout of exercise. On the contrary, our study found a non-significant increase
in glucose AUC following exercise associated with a significant decrease in insulin AUC.
Previous research demonstrated differences between glucose AUC when using capillary
versus venous blood samples [14], however, we found no significant difference between
capillary and venous blood samples for either testing condition.

Our results show a significant difference between OGTTs performed with
exercise the day prior compared to no exercise when insulin levels were held constant.
However, we did not find a significant difference between glucose AUC values when
looked at independently, although they tended to be higher after the bout of exercise.

The fact that there was a lower insulin AUC following exercise but glucose stayed the
same demonstrates a slight increase in insulin sensitivity following exercise.

The result that glucose AUC was not significantly different after exercise is in
agreement with previous work by Ben-Ezra et al, [74] and Englert et al. [59]. They
found no difference in glucose AUC post-exercise compared to a non-exercise control
condition but did find a lower insulin AUC following exercise. It is possible that glucose
AUC was not lower after the exercise bout compared to non-exercise because of a

decreased energy balance. Because the subjects consumed the same amount of calories
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on both days but expended more energy on the exercise day, they were likely in a more
negative energy balance on the mornings following exercise. Many subjects commented
on being hungry the morning after their exercise session. Hepatic glucose production
may have increased following the exercise bout to stabilize blood glucose levels and may
have helped to maintain the ghicose AUC on the post-exercise day. Without glucose rate
of appearance and disappearance data, this remains a theoretical speculation,

Insulin levels decreased as expected following an exercise bout [59,74]. A study
by Lohmann et al. concluded that under physiologic conditions the extent of insulin
secretion is not dependent only upon the blood glucose levels. They found that a lack of
insulin response can occur as a consequence of adaptation to physical training [65]. Our
subjects were well trained endurance athletes, having competed in at least one Olympic
distance triathlon (1.5 k swim, 40 k bike, 10 k run) during the past year. This adaptation
to training may reflect the lowered insulin concentrations following exercise observed in
the present study.

Another potential explanation for the blunted insulin response after exercise is the
increased circulation of catecholamines. Catecholamines that are released as a result of
the exercise bout [75] may have reduced insulin secretion [59]. The blunting of insulin
release from the pancreas may carry over into the recovery period causing a diminished
insulin response. Additionally, the decreased insulin response following exercise may be
aftributed to an increased insulin clearance. Tuominen ef al. looked at insulin clearance
following a marathon or 2-hour treadmill test and found the insulin clearance rate was
significantly greater 12 and 44-hours after the exercise conditions than non-exercise [76].

Therefore, the actual amount of insulin released may have been similar to the non-
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exercise condition, but the rate of clearance was may have been augmented resulting in a
lower overall concentration. Again, without rate of appearance and disappearance data
for insulin, this can only be speculated.

Insulin secretion and glycogen synthase activity are positively correlated. As the
insulin concentration increases in the blood, glycogen synthase concentration also
increases in order to synthesize glycogen from excess glucose [22]. Our results indicated
that insulin AUC was lower after a bout of exercise and glucose concentrations were
slightly, but not significantly, greater. The slightly augmented glucose concentration may
also have been in part due to a decrease in glycogen synthase activity as a result of lower
insulin levels, resulting in less glucose used for glycogen synthesis and therefore a subtle
increase in blood glucose concentration.

As a result of a single bout of exercise, a blunted insulin response may result
during an OGTT as well as an increased sensitivity to insulin [10,57]. Similarly, our
subjects tended to have a blunted insulin response following exercise with no significant
change in blood glucose, indicating an increase in insulin sensitivity. However, ISI
values were not found to be significantly different, indicating that there was no
predictable difference in insulin sensitivity between exercise and non-exercise conditions.

When controlling for insulin levels, glucose AUC values were significantly higher
after exercise when compared to non-exercise conditions. This finding suggests that
something other than insulin concentrations has an effect on glucose uptake after a
glycogen depleting bout of exercise. Prior to testing we hypothesized that the amount of
body fat may have an effect on the subjects’ glucose tolerance. After testing, we found

that percent body fat did not significantly affect glucose AUC. Although it was not
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significant, glucose AUC values tended to be 53.9 mgemin/dL. higher with each
percentage point increase in body fat. Overall, body fat was not a significant predictor of
glucose AUC after exercise.

Another possible explanation for the variability seen in the OGTTs was the
participants’ hydration status. Subjects were instructed to drink at least 64 oz of water
the day prior to testing as well as 16 oz of water the morning of testing. This amount of
water may not have been enough to maintain euhydration after water loss from their
exercise session. Dehydration may cause a falsely high glucose concentration which
would explain part of the increase in glucose AUC found after the glycogen depleting
bout of exercise. On the contrary, this would not explain why insulin concentrations
were significantly lower after exercise. Although his may be explained by the blunted
insulin response seen previously after exercise [65].

Sparti and Decombaz [71] found that a bout of glycogen depleting exercise
performed 36 hours prior to an OGTT, along with diet modification to maintain glycogen
depletion (i.e., high-fat, low-carbohydrate) caused a significant increase in glucose AUC.
The researchers proposed that due to the interrelationship between FFA concentration
and glucose uptake, an elevated FFA concentration may have contributed to the increase
in glucose AUC observed following exercise. Our subjects were assumed to have
followed the same dietary intake the day prior to both testing scenarios but individuals
were not observed during their meal time. It is possible that subjects may have strayed
from their recommended food intake. The dictary analysis that was performed on each

subject only included total carbohydrate; therefore, an undetected increase in fat intake



41

could have contributed to the reduced insulin and augmented glucose response following
exercise.

A study performed by Wilkerson et al. [63] determined that a low-carbohydrate
diet lasting for a few days decreases insulin sensitivity and causes diminished glucose
tolerance. Our subjects were following a diet that consisted of fewer carbohydrates than
they normally consume, which may have had an effect on their insulin and glucose
responses. However, if this were the case, insulin sensitivity should have decreased in
the relatively more carbohydrate restricted condition following the glycogen-depleting

exercise day and it did not.
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CONCLUSION

Based on this evaluation of ten male endurance athletes, it does not appear that
glycogen-depleting exercise has a highly predictable effect on glucose tolerance.
Glycogen-depleting exercise had no significant effect on the blood glucose AUC induced
by an OGTT. However, the insulin AUC during OGTTs was significantly lower on test
days that followed exercise days. When glucose AUC values were compared with insulin
levels held constant, the blood glucose AUC was significantly greater after exercise days.
Although these results indicate a significant blunting of insulin release and slight (but
insignificant) increase in glucose AUC following exercise, these responses were not
observed consistently in all subjects. Capillary glucose AUC was not significantly
different than venous glucose AUC for either testing condition, nor did body composition
have a significant effect on glycemic and insulinemic responses. These results indicate
that prior exercise may contribute somewhat to the significant within-subject variability
commonly observed in the response to repeated OGTTs. However, a more complete
understanding of this relationship requires additional research with more stringently

controlled conditions to delineate the causes of this variability.
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TABLE 1A. Area under the curve (AUC) data for exercise (Ex) and non-exercise (Non-

Ex) conditions

Venous Glucose Capillary Glucose Insulin
Ex Non-Ex Ex Non-Ex Ex Non-Ex
Subject (mmolsmin/L)  (mmol*min/L)  (mmol*min/L)  (mmol'min/L)  (ulUsmin/L) (ulU*min/L)
1 104 224 75 136 32 53
2 302 61 257 47 92 67
3 77 77 109 62 32 60
4 317 196 336 239 44 69
5 257 115 360 209 24 23
6 190 194 316 254 140 153
7 334 285 281 224 108 159
8 195 27 210 136 56 49
9 223 233 269 284 53 67
10 66 179 186 278 101 142
Mean 207 159 240 187 68 84
STD 99 84 95 86 39 48
P-value* 0.24 0.10 0.026

*Comparison of exercise vs non-exercise means; Italicized value indicates a significant P-value using a
one-tailed test where P<0.05. Note. Ex = exercise; Non-Ex = non-exercise; Ven Glu = venous glucose; Cap

Glu = capillary glucose; STD = standard deviation.

FIGURE 1.A. Venous blood glucose levels for all subjects during two hours following

ingestion of 50 g of glucose after exercise and non-exercise days.
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FIGURE 2.A. Glucose area under the curve (AUC) for each subject
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FIGURE 3.A. Insulin areas under the curve (AUC) for each subject
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FIGURE 4.A. Insulin sensitivity index (ISI) for exercise and non-exercise testing
conditions using a formula by Matsuda and DeFronzo
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FIGURE 5.A. Insulin sensitivity index (ISI) for exercise and non-exercise testing

conditions using a formula by Gutt ef al.
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FIGURE 6.A. Insulin sensitivity index (ISI) for exercise and non-exercise testing
conditions using a formula by Stumvoll et al.
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FIGURE 7.A. Insulin sensitivity index (ISI) for exercise and non-exercise testing
conditions using a formula Stumvoll ez al. including body mass index (BMI)
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TABLE 2.A. Raw data for blood glucose and insulin values during exercise and non-
exercise testing conditions — mg/dL (venous and capillary glucose); ulU/L (insulin)

Subject  Date Yisit Blood ov 15" 30" 45" 60" 90" 120" AUC
1 15-Dec Exer Venocus 83 151 128 98 75 62 69 18809
1 15-Dec Exer Capillary 84 116 124 95 93 59 67  1348.2
1 22-Dec  Non-Ex  Venous 85 160 179 145 121 60 61 40237
1 22-Dec Non-Ex Capillary 93 77 172 144 128 74 62 24530
1 15-Dec Exer Insulin 174 1766 1223 998 402 198 178 5789
1 22-Dec Non-Ex Insulin @ 1.72 216 1374 1205 168 1053 199 9495
2 26-Dec Exer  Capillary 85 152 183 170 129 76 75 46279
2 26-Dec Exer Venous 88 178 201 186 138 70 66 54415
2 20-Dec  Non-Ex Capillary 89 89 127 109 85 72 83 845.0
2 20-Dec  Non-Ex Venous 85 127 123 65 81 40 64 11017
2 26-Dec Exer Insulin 192 2498 3328 3429 173 237 13 16575
2 20-Dec  Nom-Ex Insulin 257 2732 2144 1377 1972 258 199 12083
3 13-Dec Exer Capillary 82 142 129 109 73 71 72 19594
3 13-Dec Exer Venous 82 124 131 84 78 64 75 1385.0
3 20-Jan  Non-Ex Capillary 85 133 99 102 59 69 79 11079
3 20-Jan Non-Ex Venous 87 136 129 89 70 67 84 13816
3 13-Dec Exer Insulin 214 162 1876 948 274 108 0.74 578.1
3 20-Jan Non-Ex Insulin @ 426 3532 388 1094 369 144 268 10803
4 6-Jan Exer Capillary 87 148 170 170 158 124 82 60464
4 6-Jan Exer Venous 77 138 168 163 130 105 84 57075
4 23-Dec  Non-Ex Capillary 85 135 143 158 152 89 78 43043
4 23-Dec  Non-Ex Venous 83 13§ 149 131 133 17 70 35346
4 6-Jan Exer Insulin 228 11.15 1589 1336 922 629 3,16 793.1
4 23-Dec Non-Ex Insulin 353 2198 2443 18,14 1821 729 298 12453
5 8-Jan Exer Capillary 83 140 153 158 158 130 111 64800
5 8-Jan Exer Venous 89 135 144 157 134 119 101 46215
5 4-Jan  Non-Ex Capillary 89 106 140 142 158 106 73 37539
5 4-Jan Non-Ex  Venous 94 116 152 127 120 64 69  2071.1
5 8-Jan Exer Insulin 388 1019 1003 936 907 581 288 4339
5 4-Jan Non-Ex Insulin 2,13 6.52 7.2 748 1044 245 168 4159
6 30-Dec Exer Capillary 76 118 144 138 134 124 100 5685.0
6 30-Dec Exer Venous 81 111 131 135 107 100 98 34200
6 19-Jan  Non-Ex Capillary 94 123 132 166 162 124 98 45750
6 19-Jan Non-Ex Venous 87 124 140 143 144 88 74  3488.6
6 30-Dec Exer Insulin @ 1.52 1598 4583 5674 2042 11,74 687 25220
6 19-Jan  Non-Ex Insulin @ 234 1836 24.13 3398 5t.61 1876 10.1 27593
7 3-Jan Exer Capillary 72 103 127 120 132 119 91 5055.0
7 3-Jan Exer Venous 84 108 155 140 155 143 109 6007.5
7 13-Jan Non-Ex Capillary 82 111 171 150 122 82 105 4035.0
7 13-Jan Non-Ex Venous 73 106 179 139 136 75 111 51225
7 3-Jan Exer Insulin  3.15 10.25 3109 1691 225 2281 1522 19382



7 13-Jan Non-Ex Insulin 3,63 32,83 5809 3336 2878 1466 2088 28564
Subject  Date Visit Blood o 15" K1 45" 60" 90" 120" AUC
8 15-Jan Exer  Capillary 86 156 174 152 107 81 77 37719
8 15-Jam Exer Venous 78 150 155 140 94 77 76 35109
8 23-Jen Non-Ex Capillary 81 132 139 135 81 74 79  2445.0
8 23-Jan Non-Ex Venous 83 112 88 73 50 45 56 485.0
8 15-Jan Exer Insulin 257 2437 2200 197 802 342 111 10155
8 23-Jan Non-Ex Insulin @ 2,81 18.58 2557 2011 552 178 117 8872
9 16-Jan Exer Capillary 72 139 125 115 122 111 79 48450
9 16-Jan Exer Venous 67 132 122 104 105 91 72 4005.0
9 22-Jan Non-Ex Capillary 82 148 146 142 133 107 106 5107.5
9 22-Jan Non-Ex Venous 67 XXX 153 125 128 88 88 41950
9 16-Jan Exer Insulin 22 2019 148 961 914 921 293 948.6
9 22.Jan Non-Ex Insulin 145 XXX 1486 1429 1982 1146 8.28 12000
10 26Jan  Exer Capillary 85 131 130 152 121 93 76 33565
10 26-Jan Exer Venous 85 117 105 109 90 69 56 11954
10 18-Jan Non-Ex Capillary 89 127 138 182 147 119 96 50100
10 18-Jan Non-Ex  Venous 86 115 150 147 126 87 73 3226.1
10 26-Jan Exer Insulin @ 3.25 23.04 20.75 3488 3437 672 2.07 18249
10 18-Yan Non-Ex Insulin 3.78 24.18 3349 4952 354 16.13 6.32 25578

* Exer=exercise, Non-Ex—non-exercise; XXX indicate no values were reported



TABLE 3.A. Raw data for blood glucose values — mmol/L
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Subject  Date Visit Blood o" 15" 30" 45" 60" 90" 120" AUC
1 15-Dec Exer  Capillary 4.6 8.4 7.1 54 42 34 38 1045
1 15-Dec Exer Venous 4.7 6.4 69 5.3 52 33 7 749
1 22-Dec  Non-Ex Capillary 4.7 89 99 8.1 6.7 33 34 2235
1 22-Dec  Non-Ex  Venous 5.2 4.3 9.6 8.0 7.1 4.1 34 1363
2 26-Dec Exer  Capillary 4.7 84 102 94 72 42 42 2571
2 26-Dec Exer Venous 49 99 112 103 77 39 37 3023
2 20-Dec  Non-Ex Capillary 4.9 49 7.1 6.1 47 40 46 469
2 20-Dec  Non-Ex Vemcus 4.7 7.1 6.8 36 45 22 36 612
3 13-Dec Exer Capillary 4.6 19 7.2 6.1 4.1 39 4.0 108.9
3 13-Dec Exer Venous 4.6 6.9 73 4.7 43 36 42 769
3 20-Jan = Non-Ex Capillary 4.7 74 5.5 5.7 33 38 44 616
3 20-Jan Non-Ex Venous 4.8 7.6 7.2 49 39 37 47 76.8
4 6-Jan Exer  Capillary 4.8 8.2 94 94 88 69 46 3359
4 6-Jan Exer Venous 4.3 7.9 93 9.1 72 58 47 3171
4 23-Dec  Non-Ex Capillary 4.7 7.5 7.9 B.8 84 49 43 2391
4 23-De¢  Non-Ex  Venous 4.6 7.5 83 73 74 43 39 1964
5 8-Jan Exer Capillary 4.6 7.8 8.5 8.8 8.6 7.2 6.2 360.0
5 8-Jan Exer Venous 49 7.5 8.0 8.7 7.4 6.6 56 257.1
5 4)an Non-Ex Capilay 49 59 78 79 88 59 41 2085
5 4-Jan Non-Ex  Venous 52 6.4 8.4 7.1 6.7 3.6 38 115.1
6 30-Dec Exer  Capillary 4.2 6.6 8.0 1.7 74 69 56 3158
6 30-Dec Exer Venous 4.5 6.2 73 1.5 59 56 54 1900
6 19-Jan Non-Ex Capillary 5.2 6.8 73 9.2 9.0 69 54 2542
6 19-Jan Non-Ex  Venous 4.8 6.9 7.8 79 8.0 49 41 193.8
7 3-Jan Exer  Capillary 4.0 5.7 7.1 6.7 73 66 5.1 2808
7 3-Jan Exer Venous 4.7 6.0 8.6 7.8 8.6 7.9 6.1 333.8
7 13-Jan Non-Ex Capillary 4.6 6.2 9.5 83 6.8 4.6 58 224.2
7 13-Jan  Non-Ex  Venous 4.1 59 99 1.7 76 42 62 2846
8 15-Jan Exer Capillary 4.8 8.7 97 84 59 4.5 43 209.6
8 15-Jan Exer Venous 4.3 83 8.6 7.8 5.2 4.3 4.2 195.0
8 23-Jan Non-Ex Capillary 4.5 7.3 7.7 15 4.5 4.1 44 135.8
8 23-Jan Non-Ex Venous 4.6 6.2 49 4.1 28 25 31 269
9 16-Jan Exer  Capillary 4.0 7.7 6.9 6.4 68 62 44 2692
9 16-Jan Exer Venous 3.7 73 6.8 58 58 51 40 2225
9 22.Jan Nor-Ex Capillry 4.6 8.2 8.1 79 74 59 59 2838
9 22-Jan Non-Ex Venous 3.7 XXX 8.5 6.9 71 49 49 2331

10 26-Jan Exer  Capillary 4.7 73 7.2 8.4 67 52 42 1865
10 26-Jan Exer Venous 4.7 6.5 58 6.1 50 38 131 66.4
10 18-Jan Non-Ex Capillary 4.9 7.1 77 10,1 82 66 53 2783
10 18-Jan Non-Ex Venous 4.8 6.4 8.3 8.2 70 48 41 1792

* Exer=exercise, Non-Ex-non-exercise; XXX indicate no values were reported
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TABLE 4.A. Venous glicose values for exercise study visit — mg/dL

Subject | Fasting | 1Smin | 30min | 45min | 60min | 90 min | 120 min | AUC¢ | AUCT
1 83 151 128 08 75 62 69 1881 104
2 88 178 201 186 138 70 66 5441 302
3 82 124 131 84 78 &4 75 1385 77
4 77 138 168 163 130 105 84 5708 317
§ 89 135 144 157 134 119 101 4628 257
6 81 111 131 135 107 100 98 3420 190
7 84 108 155 140 155 143 109 6008 334
8 78 150 155 140 94 77 76 3511 195
10 85 117 105 109 920 69 56 1195 66
Mean 83 135 146 135 111 90 82 3718 207
STD 4 23 28 33 29 28 18 1776 99

t= mgrmin/dL; ¥ = mmol*min/L (STD ~ stendard deviation); Data for subject 9 was mcomplete

TABLE 5.A. Venous ghicose values for non-exercise study visit — mg/dL

Subject | Fasting | 15min | 30min | 4Smin | 60 min | 90 min | 120 min | AUC¢t | AUCT
1 85 160 179 145 121 60 61 4024 224
2 85 127 123 65 81 40 64 1102 61
3 87 136 129 89 70 67 84 1382 77
4 83 135 149 131 133 77 70 3535 196
5 94 116 152 127 120 64 69 2071 115
6 87 124 140 143 144 88 74 3489 194
7 73 106 179 139 136 75 111 5123 285
8 83 112 88 73 50 45 56 485 27
10 86 115 150 147 126 87 73 3226 179
Mean 85 126 143 118 109 67 74 2863 159
STD 3 16 28 33 33 17 16 1519 84

t = mgemin/dL; T = mmol*min/L, (STD = standard deviation); Data for subject 9 was incomplete

TABLE 6.A. Capillary glucose values for exercise study visit — mg/dL

Subject | Fasting | 15min | 30min | 45Smin | 60min | 99min | 120 min | AUCt | AUCT
1 84 116 124 95 o3 59 67 1348 75
2 8S 152 183 170 129 76 75 4628 257
3 82 142 129 109 73 71 72 1959 109
4 87 148 170 170 158 124 82 6046 336
§ 83 140 153 158 155 130 111 6480 360
6 76 118 144 138 134 124 160 5685 316
7 72 103 127 120 132 119 91 5055 281
8 86 156 174 152 107 81 77 3772 210
10 85 131 130 152 121 2 76 3356 186
Mean 82 134 148 140 122 97 83 4259 237
STD 5 18 23 27 28 27 14 1794 1060

t = mgemin/dL; ¥ = mmolemin/L (STD = standard deviation); Data for subject 9 was incomplete




TABLE 7.A. Capillary glucose values for non-exercise study visit — mg/dL
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Subject | Fasting | 15min | 30min | 45min | 60 min | 90 min | 120 min | AUCt | AUCT
1 93 77 172 144 128 74 62 2453 136
2 89 89 127 109 85 72 83 845 47
3 85 133 99 102 59 69 79 1108 62
4 85 135 143 158 152 89 78 4304 239
5 89 106 140 142 158 106 73 3754 209
6 94 123 132 166 162 124 98 4575 254
7 82 111 171 150 122 82 105 4035 224
8 81 132 139 135 81 74 79 2445 136
10 89 127 138 182 147 119 96 5010 278
Mean | 87 15 | 140 | 143 | 12 9% g | 3170 | 176
STD 5 21 22 26 38 21 14 1518 84
t = mg'min/dL; F= mmolemin/L (STD = standard deviation); Data for subject 9 was incomplete
TABLE 8.A. Insulin values for exercise study visit — ulU/mL
Subject Fasting 15 min 30 min 45 min 60 min 90 min 120 min AUC
1 1.7 17.7 12.2 10.0 4.0 2.0 1.8 579
2 1.9 25.0 333 343 17.3 24 13 1657
3 2.1 16.2 18.8 9.5 2.7 1.1 0.7 578
4 23 11.2 15.9 13.4 9.2 6.3 3.2 793
5 3.9 10.2 10.0 94 9.1 5.8 29 434
6 1.5 16.0 458 56.7 204 11.7 6.9 2522
7 3.2 10.3 31.1 16.9 22.5 228 15.2 1938
8 2.6 244 220 19.7 3.0 34 1.1 1015
10 3.3 23.0 20.8 34.9 344 6.7 2.1 1825
Mean 2.5 17.1 23.3 22.7 14.2 6.9 39 1229
STD 0.8 59 11.5 16.1 10.3 6.8 4.6 708
(STD = standard deviation); Data for subject 9 was incomplete
TABLE 9.A. Insulin values for non-exercise study visit — ulU/mL
Subject Fasting 15 min 30 min 45 min 60 min 90 min 120 min AUC
1 1.7 22 13.7 12.1 16.8 10.5 2.0 950
2 2.6 27.3 214 13.8 19.7 2,6 2.0 1208
3 43 35.3 388 10.9 3.7 14 2.7 1080
4 35 220 244 18.1 18.2 7.3 3.0 1245
] 2.1 6.5 7.2 7.5 104 2.5 1.7 416
6 23 184 24.1 M0 51.6 18.8 10.1 2759
7 3.6 32.8 58.1 334 28.8 14.7 209 2856
8 2.8 18.6 25.6 20.1 35 1.8 1.2 887
10 3.8 24.2 335 49.5 354 16.1 6.3 2558
Mean 3.0 20.8 27.4 22.2 21.1 8.4 5.5 1516
STD 0.9 11,0 14.8 13.9 15.3 6.8 64 8710

(STD = standard deviation); Data for subject 9 was incomplete




TABLE 10A. Bone Mineral Density (BMD) for Subjects

BMD (g/cm?) T-Score Z-Score
1 1,243 0.3 0.4
2 1.252 0.4 0.5
3 1.342 1.5 0.9
4 1,232 0.1 0
5 1.327 1.3 1.4
6 1.256 0.4 0.5
7 1171 0.6 0.1
8 143 2.6 29
9 1.237 0.2 0.5
10 1.339 1.5 1.2
Mean 1.2829 0.77 0.82
STD 0.075 0.933 0.870




10.

11.

12,

13.

14,

15.

16.

53

REFERENCES

Schousboe K, Henriksen JE, Kyvik KO, Sorensen TI, Hyltoft Petersen P:
Reproducibility of S-insulin and B-glucose responses in two identical oral glucose
tolerance tests. Scand J Clin Lab Invest 2002;62:623-630.

Wolever TM, Jenkins DJ, Ocana AM, Rao VA, Collier GR: Second-meal effect:
low-glycemic-index foods eaten at dinner improve subsequent breakfast glycemic
response. Am J Clin Nutr 1988;48:1041-1047.

Fell RD, Terblanche SE, Ivy JL, Young JC, Holloszy JO: Effect of muscle
glycogen content on glucose uptake following exercise. ] Appl Physiol
1982;52:434-437.

Richter EA, Derave W, Wojtaszewski JF: Glucose, exercise and insulin: emerging
concepts. J Physiol 2001;535:313-322,

Hansen PA, Nolte LA, Chen MM, Holloszy JO: Increased GLUT-4 translocation
mediates enhanced insulin sensitivity of muscle glucose transport after exercise. J
Appl Physiol 1998;85:1218-1222.

Schenk S, Davidson CJ, Zderic TW, Byerley LO, Coyle EF: Different glycemic
indexes of breakfast cereals are not due to glucose entry into blood but to glucose
removal by tissue. Am J Clin Nutr 2003;78:742-748.

Surwit RS, Schneider MS, Feinglos MN: Stress and diabetes mellitus. Diabetes
Care 1992;15:1413-1422.

Mikines KJ, Sonne B, Farrell PA, Tronier B, Galbo H: Effect of physical exercise
on sensitivity and responsiveness to insulin in humans. Am J Physiol
1988;254:E248-259.

Borghouts LB, Keizer HA: Exercise and insulin sensitivity: a review. Int J Sports
Med 2000;21:1-12.

Heath GW, Gavin JR, 3rd, Hinderliter JM, Hagberg JM, Bloomfield SA, Holloszy
JO: Effects of exercise and lack of exercise on glucose tolerance and insulin
sensitivity. J Appl Physiol 1983;55:512-517.

Jenkins DJ, Kendall CW, Augustin LS, Franceschi S, Hamidi M, Marchie A,
Jenkins AL, Axelsen M: Glycemic index: overview of implications in health and
disease. Am J Clin Nutr 2002;76:266S-273S,

Wolever TM, Jenkins DJ, Jenkins AL, Josse RG: The glycemic index:
methodology and clinical implications. Am J Clin Nutr 1991;54:846-854.
Foster-Powell K, Holt SH, Brand-Miller JC: International table of glycemic index
and glycemic load values: 2002. Am J Clin Nutr 2002;76:5-56.

Wolever TM, Vorster HH, Bjorck I, Brand-Miller J, Brighenti F, Mann JI,
Ramdath DD, Granfeldt Y, Holt S, Perry TL, Venter C, Xiaomei W:
Determination of the glycaemic index of foods: interlaboratory study. Eur J Clin
Nutr 2003;57:475-482,

Carbohydrates in human nutrition. Report of a Joint FAO/WHO Expert
Consultation. FAO Food Nutr Pap 1998;66:1-140.

Neuhouser ML, Tinker LF, Thomson C, Caan B, Horn LV, Snetselaar L, Parker
LM, Patterson RE, Robinson-O'Brien R, Beresford SA, Shikany JM:



17.
18.

19.

20.

21.

22,
23.
24,

25.

26.

27.

28,

29.

30.

31.

32.
33

54

Development of a glycemic index database for food frequency questionnaires
used in epidemiologic studies. J Nutr 2006;136:1604-1609.

Gropper S, Smith J, Groff J: Advanced Nutrition and Metabolism. ed 5th,
Belmont, CA, Thomson Wadsworth, 2005.

Cartee GD, Holloszy JO: Exercise increases susceptibility of muscle glucose
transport to activation by various stimuli. Am J Physiol 1990;258:E390-393.
Holloszy JO, Narahara HT: Studies of tissue permeability. X. Changes in
permeability to 3-methylglucose associated with contraction of isolated frog
muscle. J Biol Chem 1965;240:3493-3500,

DeFronzo RA, Ferrannini E: Influence of plasma glucose and insulin
concentration on plasma glucose clearance in man, Diabetes 1982;31:683-688.
Watson RT, Kanzaki M, Pessin JE: Regulated membrane trafficking of the
insulin-responsive glucose transporter 4 in adipocytes. Endocr Rev 2004;25:177-
204,

Holloszy JO: Exercise-induced increase in muscle insulin sensitivity. J Appl
Physiol 2005;99:338-343,

Kahn CR: Insulin resistance, insulin insensitivity, and insulin unresponsiveness: a
necessary distinction. Metabolism 1978;27:1893-1902.

DeFronzo RA, Tobin JD, Andres R: Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am J Physiol 1979;237:E214-223.
Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Tumner RC:
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia
1985;28:412-419.

Del Prato S, Pozzilli P: FIRI: fasting or false insulin resistance index? Lancet
1996;347:132.

Gutt M, Davis CL, Spitzer SB, Llabre MM, Kumar M, Czarnecki EM,
Schneiderman N, Skyler JS, Marks JB: Validation of the insulin sensitivity index
(ISI{0,120)): comparison with other measures. Diabetes Res Clin Pract
2000;47:177-184,

Matsuda M, DeFronzo RA: Insulin sensitivity indices obtained from oral glucose
tolerance testing: comparison with the euglycemic insulin clamp. Diabetes Care
1999;22:1462-1470.

Stumvoll M, Mitrakou A, Pimenta W, Jenssen T, Yki-Jarvinen H, Van Haeften T,
Renn W, Gerich J: Use of the oral glucose tolerance test to assess insulin release
and insulin sensitivity. Diabetes Care 2000;23:295-301.

Cederholm J, Wibell L: Insulin release and peripheral sensitivity at the oral
ghucose tolerance test. Diabetes Res Clin Pract 1990;10:167-175.

Kanauchi M, Tsujimoto N, Hashimoto T: Validation of simple indices to assess
insulin sensitivity based on the oral glucose tolerance test in the Japanese
population. Diabetes Res Clin Pract 2002;55:229-235.

Maughan RJ, Burke LM: Sports Nutrition. Malden, Blackwell Science Ltd, 2002.
Piehl K: Time course for refilling of glycogen stores in human muscle fibres
following exercise-induced glycogen depletion. Acta Physiol Scand 1974;90:297-
302.



34,

35.

36.

37.

38.

39.

40.

41.

42,

43,

45.

47.

48.

49,

55

Bergstrom J, Hultman E: Muscle glycogen synthesis after exercise: an enhancing
factor localized to the muscle cells in man, Nature 1966;210:309-310.

Bergstrom J, Hermansen L, Hultman E, Saltin B: Diet, muscle glycogen and
physical performance. Acta Physiol Scand 1967,71:140-150.

Volek JS, Silvestre R, Kirwan JP, Sharman MJ, Judelson DA, Spiering BA,
Vingren JL, Maresh CM, Vanheest JL, Kraemer WJ: Effects of chromium
supplementation on glycogen synthesis after high-intensity exercise. Med Sci
Sports Exerc 2006;38:2102-2109,

Bogardus C, Thuillez P, Ravussin E, Vasquez B, Narimiga M, Azhar S: Effect of
muscle glycogen depletion on in vivo insulin action in man. J Clin Invest
1983;72:1605-1610.

Zachwigja JJ, Costill DL, Pascoe DD, Robergs RA, Fink WJ: Influence of muscle
glycogen depletion on the rate of resynthesis. Med Sci Sports Exerc 1991;23:44-
48.

Ivy JL, Katz AL, Cutler CL, Sherman WM, Coyle EF: Muscle glycogen synthesis
after exercise: effect of time of carbohydrate ingestion. J Appl Physiol
1988;64:1480-1485.

Maughan RJ, Burke LM, Coyle EF: Food, Nutrition and Sports Performance II:
The International Olympic Committee Consensus on Sports Nutrition. ed 1, New
York, Routledge, 2004.

Costill DL, Sherman WM, Fink WJ, Maresh C, Witten M, Miller JM: The role of
dietary carbohydrates in muscle glycogen resynthesis after strenuous running. Am
J Clin Nutr 1981;34:1831-1836.

Burke LM, Collier GR, Beasley SK, Davis PG, Fricker PA, Hecley P, Walder K,
Hargreaves M: Effect of coingestion of fat and protein with carbohydrate feedings
on muscle glycogen storage. J Appl Physiol 1995;78:2187-2192.

LeBlanc J, Nadeau A, Boulay M, Rousseau-Migneron S: Effects of physical
training and adiposity on glucose metabolism and 125I-insulin binding. J Appl
Physiol 1979;46:235-239,

Wallberg-Henriksson H, Holloszy JO: Activation of glucose transport in diabetic
muscle: responses to contraction and insulin. Am J Physiol 1985;249:C233-237.
Cartee GD, Young DA, Sleeper MD, Zierath J, Wallberg-Henriksson H, Holloszy
JO: Prolonged increase in insulin-stimulated glucose transport in muscle after
exercise. Am J Physiol 1989;256:E494-499,

Geiger PC, Han DH, Wright DC, Holloszy JO: How muscle insulin sensitivity is
regulated: testing of a hypothesis. Am J Physiol Endocrinol Metab
2006;291:E1258-1263.

Lund S, Holman GD, Schmitz O, Pedersen O: Contraction stimulates
translocation of glucose transporter GLUT4 in skeletal muscle through a
mechanism distinct from that of insulin. Proc Natl Acad Sci U S A 1995:92:5817-
5821.

Pruett ED, Oseid S: Effect of exercise on glucose and insulin response to glucose
infusion. Scand J Clin Lab Invest 1970;26:277-285.

Devlin JT, Horton ES: Effects of prior high-intensity exercise on glucose
metabolism in normal and insulin-resistant men. Diabetes 1985;34:973-979.



50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

56

Hargreaves M: Muscle glycogen and metabolic regulation. Proc Nutr Soc
2004;63:217-220.

Kraniou GN, Cameron-Smith D, Hargreaves M: Effect of short-term training on
GLUT-4 mRNA and protein expression in human skeletal muscle. Exp Physiol
2004,89:559-563.

McCoy M, Proietto J, Hargreves M: Effect of detraining on GLUT-4 protein in
human skeletal muscle. J Appl Physiol 1994;77:1532-1536,

Houmard JA, Weidner MD, Dolan PL, Leggett-Frazier N, Gavigan KE, Hickey
MS, Tyndall GL, Zheng D, Alshami A, Dohm GL.: Skelctal muscle GLUT4
protein concentration and aging in humans. Diabetes 1995;44:555-560.
Goodyear L], Kahn BB: Exercise, glucose transport, and insulin sensitivity. Annu
Rev Med 1998;49:235-261.

Goodyear L], King PA, Hirshman MF, Thompson CM, Horton ED, Horton ES:
Contractile activity increases plasma membrane glucose transporters in absence of
insulin. Am J Physiol 1990;258:E667-672.

Richter EA, Garetto LP, Goodman MN, Ruderman NB: Enhanced muscle glucose
metabolism after exercise: modulation by local factors. Am J Physiol
1984;246:E476-482.

Young JC, Enslin J, Kuca B: Exercise intensity and glucose tolerance in trained
and nontrained subjects. J Appl Physiol 1989;67:39-43.

Ivy JL, Frishberg BA, Farrell SW, Miller WJ, Sherman WM: Effects of elevated
and exercise-reduced muscle glycogen levels on insulin sensitivity. J Appl
Physiol 1985;59:154-159.

Englert V, Wells K, Long W, Hickey MS, Melby CL: Effect of acute prior
exercise on glycemic and insulinemic indices. J Am Coll Nutr 2006;25:195-202.
Jensen J, Aslesen R, Ivy JL, Brors O: Role of glycogen concentration and
epinephrine on glucose uptake in rat epitrochlearis muscle. Am J Physiol
1997;272:E649-655.

Derave W, Hansen BF, Lund S, Kristiansen S, Richter EA: Muscle glycogen
content affects insulin-stimulated glucose transport and protein kinase B activity.
Am J Physiol Endocrinol Metab 2000;279:E947-955.

Young DA, Wallberg-Henriksson H, Sleeper MD, Holloszy JO: Reversal of the
exercise-induced increase in muscle permeability to glucose. Am J Physiol
1987;253:E331-335.

Wilkerson HL, Butler FK, Francis JO: The effect of prior carbohydrate intake on
the oral glucose tolerance test, Diabetes 1960;9:386-391.

Galbo H, Hedeskov CJ, Capito K, Vinten J: The effect of physical training on
insulin secretion of rat pancreatic islets. Acta Physiol Scand 1981;111:75-79.
Lohmann D, Liebold F, Heilmann W, Senger H, Pohl A: Diminished insulin
response in highly trained athletes. Metabolism 1978;27:521-524,

Miller DE, Titchenal CA, Huang AS, Zaleski HA: Glycemic Index of Taro Corm
and Poi. A Thesis Submitted to the Graduate Division of the University of
Hawai'i in Partial Fulfillment of the Requirements for the Degree of Master of
Science in Nutritional Science 2002.



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

57

Granfeldt Y, Wu X, Bjorck I: Determination of glycaemic index; some
methodological aspects related to the analysis of carbohydrate load and
characteristics of the previous evening meal. Eur J Clin Nutr 2006;60:104-112.
Tsai YM, Chou SW, Lin YC, Hou CW, Hung KC, Kung HW, Lin TW, Chen SM,
Lin CY, Kuo CH: Effect of resistance exercise on dehydroepiandrosterone sulfate
concentrations during a 72-h recovery: relation to glucose tolerance and insulin
response. Life Sci 2006;79:1281-1286.

Ludwig DS, Majzoub JA, Al-Zahrani A, Dallal GE, Blanco I, Roberts SB: High
glycemic index foods, overeating, and obesity. Pediatrics 1999;103:E26.
Brindley DN: Role of glucocorticoids and fatty acids in the impairment of lipid
metabolism observed in the metabolic syndrome. Int J Obes Relat Metab Disord
1995;19 Suppl 1:569-75.

Sparti A, Decombaz J: Effect of diet on glucose tolerance 36 hours after
glycogen-depleting exercise. Eur J Clin Nutr 1992;46:377-385.

Randle PJ, Garland PB, Hales CN, Newsholme EA: The glucose fatty-acid cycle.
Its role in insulin sensitivity and the metabolic disturbances of diabetes mellitus.
Lancet 1963;1:785-789.

American College of Sports Medicine Position Stand and American Heart
Association. Recommendations for cardiovascular screening, staffing, and
emergency policies at health/fitness facilities. Med Sci Sports Exerc
1998;30:1009-1018.

Ben-Ezra V, Jankowski C, Kendrick K, Nichols D: Effect of intensity and energy
expenditure on postexercise insulin responses in women. J Appl Physiol
1995;79:2029-2034.

McMurray RG, Hackney AC: Interactions of metabolic hormones, adipose tissue
and exercise. Sports Med 2005;35:393-412,

Tuominen JA, Ebeling P, Koivisto VA: Exercise increases insulin clearance in
healthy man and insulin-dependent diabetes mellitus patients. Clin Physiol
1997;17:19-30.



