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GENERAL INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a disease characterised by severe metabolic
disturbances, and diagnosed by abnormal high plasma glucose levels. It is
generally acknowledged that environmental factors, in particular obesity and lack
of physical activity, play a crucial role in the pathogenesis of T2DM. Genetic
predisposition can interact with these environmental factors in producing the
phenotypic expression of the disease. This combination of genes and environment
has triggered a worldwide epidemic in overweight and obesity, affecting 1.1
billion adults and causing an impressive number of more than 171 million T2DM
patients today [1]. Historically, T2DM was seen as a disease of disturbed
carbohydrate metabolism [2]. It is now evident that disturbances are present in
protein, carbohydrate and fat metabolism. In particular, disturbances in fat
metabolism have become a major topic of interest, as they may explain the link
between obesity, physical inactivity and the development of insulin resistance
and/or type 2 diabetes. The focus of the research described in this thesis is
therefore on alterations in fat and carbohydrate metabolism in type 2 diabetes
and on possible approaches for prevention and/or correction of these
disturbances. These approaches include exercise and pharmacological targeting
of the insulin-independent AMPK pathway. The latter is a pathway that is - at
least in part - involved in inducing the effects of exercise on substrate metabolism.
It is therefore not only an interesting target for the study of metabolic regulation
in response to exercise, but also for pharmacological intervention. The
introduction of this thesis will first propose a theory to explain the link between
diabetes, obesity and physical inactivity and will summarize the current
knowledge on disturbances in fat and carbohydrate metabolism in T2DM. Next, it
will discuss the effects of both acute exercise and exercise training on these
disturbances in substrate metabolism. Finally, the AMPK pathway, its role in the
regulation of substrate metabolism and its potential as a novel approach to
prevent and/or treat the metabolic disturbances will be discussed.

Ectopic lipid accumulation: linking diabetes, obesity and physical
inactivity

Research in the last few decades has shown that disturbances in fatty acid (FA)
metabolism are not only present in adipose tissue but also in skeletal muscle and
liver, and in the crosstalk between these tissues (for excellent reviews see [3-8]).
An important hypothesis that has been derived from these insights links the
accumulation of lipids in non-adipose tissue (i.e. ectopic fat accumulation) to the
development and/or progression of insulin resistance. This theory states that an
increased flow of FFA and triacylglycerol (TG) from enlarged dysfunctional
adipose tissue to the skeletal muscle and other non-adipose tissues will lead to
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CHAPTER1

lipid accumulation in these tissues and subsequently, to insulin resistance. More
precisely, this is thought to occur as follows (Figure 1 and 2). Enlargement of
adipose tissue, caused by energy intake exceeding energy expenditure, might
result in a dysfunction in its capacity to buffer FA, i.e. to minimize excursions in
FA in the postprandial period by changing FA uptake and release [9, 10]. This
impairment is possibly initiated by a defect in the capacity of adipocytes to
differentiate upon increased demand for FA storage and expanding fat mass. Due
to this defect, an enlargement of adipocytes occurs rather than an increase in the
number of adipocytes, and an enlarged adipocyte size is associated with impaired
butfering capacity [11]). For one, this results in increased release of FA from
adipose tissue lipolysis. In addition, according to recent insights, impaired
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Figure 1. The relationship between FFA supply, ectopic fat accumulation and insulin resistance.

An overflow of FFA from enlarged adipose tissue to non-adipose tissues will lead to ectopic fat
accumulation, which results in insulin resistance and impaired insulin secretion. A primary or
secondary defect in tissue FA oxidation can cause a further imbalance between supply and
oxidation of FA and thus increase further lipid accumulation. Together, this will in turn increase
plasma levels of FFA and glucose, which, in a downward spiral, will further stimulate ectopic lipid
accumulation. In addition, high adipose tissue mass and high circulation levels of FFA and glucose

are assoclated with increased inflammation in adipose tissue, which can both increase lipid flow
from the adipose tissue as well as affect skeletal muscle fat oxidation.
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adipocyte uptake of FA released from plasma TG in the postprandial period by
lipoprotein lipase (LPL) contributes importantly to an excessive lipid flux to the
plasma and non-adipose tissues in the obese state [12-16]. In addition, skeletal
muscle in the sedentary and/or obese state may lack an adequate capacity to
increase fatty acid uptake and oxidation concomitantly with this increased
plasma lipid flux. One of the underlying causes may be a low level of habitual
physical activity in the sedentary and/or obese state, which minimizes daily
energy expenditure and fatty acid oxidative capacity. Physical inactivity thus
contributes significantly to an imbalance between FA supply and FA oxidation.
As a consequence, the greater FA supply is not readily compensated for by an
increase in FA oxidation, a state which is referred to as metabolic inflexibility.
Together, the high FA flux and low FA oxidative capacity may lead to ectopic
accumulation of FA and FA intermediates (such as diacylglycerol and ceramides)
and disruption of the insulin-mediated pathway of glucose uptake, particularly in
skeletal muscle but also in liver and pancreas (also referred to as lipotoxicity) 3,
17-22]). This lipotoxicity leads to increased liver glucose production, impaired
insulin secretion and impaired glucose tolerance, eventually resulting in
hyperglycemia and hyperlipidemia and leading to and/or aggravating the

increased flow of FA and glucose to adipose and non-adipose tissues [23] (Figure
1 and 2).
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Obviously, this theory of ectopic lipid accumulation does not solely explain the
development of type 2 diabetes. The contribution of other factors associated with
adipose tissue and/or skeletal muscle dysfunction should not be disregarded.
These include changes in adipose tissue secretion of adipokines and/or pro- and
anti-inflammatory factors [24-27], skeletal muscle mitochondrial dysfunction [28]
and endoplasmatic reticulum (ER) stress [29-31]. It is interesting that these factors
may also interact with the mechanism of ectopic lipid accumulation. For example,
ER stress and mitochondrial dysfunction have been shown to induce ectopic lipid
accumulation [28, 29].

Disturbances in carbohydrate metabolism in type 2 diabetes

Type 2 diabetes mellitus has long been viewed from a glucose-centered
perspective only [32]. This is most likely because glucose, in contrast to FFA, is
essential for direct survival, as apparent from the pathophysiology of type 1
diabetes. Glucose metabolism should be so tightly regulated to ensure glucose
availability for the central nervous system, which almost entirely depends on
glucose for its fuel [33]. However, an impairment in insulin-mediated glucose
uptake will affect FA metabolism (and vice versa), as the biochemical pathways
of glucose and FA metabolism are fully integrated [19, 20, 34-36]. To unravel the
pathophysiology of type 2 diabetes, it is therefore important to understand the
disturbances in uptake, oxidation, storage and/or production of glucose.

Uptake, oxidation and storage of glucose in skeletal muscle

Skeletal muscle is responsible for the major part (>80%) of insulin-stimulated
whole body glucose disposal [37], which is facilitated primarily by the glucose
transporter 4 (GLUT-4) protein. However, in type 2 diabetes, this insulin-
mediated glucose uptake, oxidation and storage by skeletal muscle is severely
impaired [37-39]. As mentioned earlier, a currently widely accepted hypothesis
states that this is caused by increased amounts of intramyocellular lipid species
such as diacylglycerol and ceramides, derived from accumulated lipids, which
interfere with GLUT-4 translocation via the inhibition of the insulin receptor
substrate (IRS-1) and other downstream targets [7] (Figure 1 and 2). There is
considerable evidence that the impaired insulin-mediated glucose transport may
be the cause of the downstream impairments in both insulin-mediated glucose
oxidation and/or glycogen storage [40, 41]. Under postprandial (hyperglycemic,
hyperinsulinemic) conditions, muscle glycogen synthesis is the major pathway
for glucose metabolism, and muscle glycogen synthesis rate is approximately 50%
lower in T2DM patients as compared with healthy subjects [37]. An elegant series
of experiments by Shulman and colleagues using BC- and ¥P- NMR have
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demonstrated that defects in glucose transport are the main cause for decreased
insulin-stimulated glycogen synthesis in type 2 diabetes, thus pointing at a
primary defect in glucose uptake {37, 39, 41, 42]. Taken together, both oxidation of
elucose and its storage as glycogen are processes affected by predominant
upstream disturbances in insulin-stimulated glucose uptake.

Carbohydrate metabolism in the insulin resistant type 2 diabetic state is not only
characterized by an impaired insulin-mediated glucose uptake, oxidation and
storage, but also by a defective adaptation of fuel selection to fuel availability [20,
40, 43-45]. Thus, in the fasting type 2 diabetic versus lean insulin-sensitive state,
skeletal muscle glucose oxidation is increased and fatty acid oxidation is low,
whereas under insulin-stimulated conditions, fatty acid oxidation is not
sufficiently suppressed and glucose oxidation is hardly increased. This is
reflected by a less significant change in respiratory quotient (RQ) when switching
from the fasting to the insulin-stimulated condition in the insulin resistant and/or
T2DM state as compared to insulin sensitive controls [20, 38, 39, 46, 47]. This
adaptation of fuel selection to fuel availability (also called metabolic flexibility) is
strongly affected by a low level of habitual physical activity. The latter minimizes
daily energy expenditure, (skeletal muscle) fat oxidation and skeletal muscle FA

oxidative capacity. Altogether, this will prevent depletion of skeletal muscle lipid
storage and stimulate ectopic lipid accumulation.

Hepatic glucose production

Another organ involved in the metabolic disturbances of type 2 diabetes is the
liver. In T2DM, hepatic glucose production is increased in both the fasting and
insulin-stimulated state [9, 48, 49]. This is partly due to insulin resistance of the
liver, but is also the consequence of a disturbance in adipose tissue and pancreas
function, as elevated FFA levels and insufficient insulin secretion dysregulate
hepatic glucose production [50]. Insulin inhibits hepatic glucose production,
whereas FFA stimulate hepatic glucose production. Basal FFA levels are often
increased in the T2DM state [14-16], which is mainly due to increased FA release
by dysfunctional (enlarged) adipose tissue. This results in increased lipid flow to
the liver and, consequently, increased hepatic FFA oxidation. The latter will
increase basal gluconeogenesis through accumulation of acetyl-CoA and
subsequent activation of enzymes controlling hepatic gluconeogenesis.
Suppression of hepatic glucose production is also impaired in the insulin-
stimulated T2DM state. This is thought to occur via two pathways. First, plasma
FFA levels are insufficiently suppressed in the postprandial insulin-stimulated
state due to an increased FFA release by adipose tissue [12]. As in the fasting
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state, this results in increased lipid supply to the liver, increased hepatic FFA
oxidation and consequently, increased hepatic gluconeogenesis [23]. Secondly,
lipid (intermediate) accumulation in the liver inhibits the insulin signalling
pathway directly, impairing insulin-stimulated glucose uptake and increasing
hepatic glucose output [51, 52]. Basal hepatic glucose production is thus increased
via increased plasma FFA concentrations, insufficient insulin secretion and
intrinsic liver insulin resistance due to lipid accumulation.

Taken together, glucose metabolism in T2DM is characterized by impaired
hepatic glucose production, skeletal muscle glucose uptake, storage and
oxidation. This impaired regulation of glucose metabolism in both liver and
skeletal muscle is, at least partly, the result of ectopic lipid accumulation and
insulin resistance in these tissues, which in turn may be the consequence of
disturbances in fatty acid metabolism. These will be described next.

Disturbances in fatty acid metabolism in type 2 diabetes

The biochemical pathways of carbohydrate and fatty acid metabolism are fully
integrated [19, 20, 34-36]. An overflow of FA which is not compensated by
increased FA oxidation can result in ectopic lipid accumulation and insulin
resistance of glucose metabolism in skeletal muscle, liver and pancreas.
Consequently, this causes dysregulation of glucose uptake, oxidation and storage
(Figure 1). The main disturbances in FA metabolism in T2DM are an increased
release of FA from adipose tissue, impaired uptake of TG by adipose tissue and
impaired skeletal muscle FFA uptake and/or oxidation.

Release of FA from the adipose tissue

A greater supply of FA, either as FFA or TG, from the plasma will flood the
skeletal muscle and other organs with FA. Lipids and lipid intermediates may
accumulate in non-adipose tissues if this increased flow is not compensated by
increased FA oxidation in these tissues. The flow of FA to skeletal muscle and
other organs is determined by lipolysis and clearance of postprandial plasma
lipids by adipose tissue. In the obese in vivo state, after an overnight fast, rate of
lipolysis is normal when related to body mass [53], whereas lower rates are found
when related to fat mass [53-55]. Using microdialysis, in situ no differences in
fasting lipolysis rate exist when related to fat mass, but total adipose tissue
glycerol concentrations were found to be increased in obese versus lean subjects
[56]. These data indicate that a down-regulation of adipose tissue lipolysis occurs
to restrict FFA. release. This can possibly be explained by inhibition of lipolysis
induced by hyperinsulinemia [53]. Despite a reduced or similar lipolysis per unit
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fat mass, the mass effect of enlarged adipose tissue in obesity can result in an
increased total rate of basal FFA turnover and thus, in increased FFA supply to
the circulation in obesity versus normal-weight [14]. Indeed, the obese [14-16] and
type 2 diabetic [57] state are often, though not consistently [53], associated with
elevated fasting and postprandial plasma FA concentrations. In the obese,
insulin-resistant and/or type 2 diabetic states, adipose tissue may thus lose its
capacity to buffer the FA flux, i.e. to minimize excursions in FA in the
postprandial period [9, 10]. This buffering capacity of the adipose tissue does not
only involve a restriction of the release of FFA from adipose tissue. Evidence
suggests that impaired adipocyte uptake of FA released from plasma TG by
lipoprotein lipase (LPL) in the postprandial state might play a key role in the loss
of buffering capacity of adipose tissue in the obese and/or diabetic state [12, 58-
60]. The reason why adipose tissue loses its buffering capacity is not entirely
clear. As mentioned earlier, a current hypothesis is, that a lack of potential to
differentiate new adipocytes upon increased fat storage leads instead to enlarged
adipocytes, and these have a reduced efficiency to buffer FA.

Uptake of FA in skeletal muscle

FA uptake is another important factor in the balance between plasma FA

availability, muscle FA uptake and muscle FA oxidation, which determines
accumulation of ectopic lipids. FA uptake is determined by FFA and TG plasma
concentrations, intracellular FFA concentrations and the facilitation of diffusion
by FA transporters. The type 2 diabetic state has been associated with a reduced
fasting FA uptake [47, 61, 62] but greater insulin-stimulated FA uptake as
compared to lean and/or obese controls [47, 63]. In obese T2DM subijects, arterio-
venous differences of plasma FFA concentrations over the leg or arm display
reduced fasting plasma FFA uptake into skeletal muscle when compared to
normoglycemic lean and/or obese controls [47, 61, 62]. This might be caused by
several factors. An increased basal skeletal muscle lipolysis can decrease the
blood-tissue FFA concentration gradient and is a strong determinant of skeletal
muscle FA uptake [61, 64]. Furthermore, uptake of FFA into skeletal muscle
occurs not only via diffusion [65, 66] but also via protein-mediated transport [65-
69]. A number of fatty acid transporter proteins have been identified, including
fatty acid translocase/CD36 (FAT/CD36), membrane-bound and cytosolic fatty
acid binding protein (FABPpm and FABPc, respectively) and fatty acid
transporter protein (FATP) [65]. An increased FA transporter mRNA and/or
protein expression may be instrumental to allow greater FA oxidation rates [70],
and a decreased expression of CD36 and FABPc has been associated with type 2
diabetes and low muscle plasma FA uptake [61, 71]. However, data on fatty acid
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transporters are not conclusive, as some other studies find an increased level or iz,
vitro redistribution of fatty acid transporter proteins to the sarcolemma in the
insulin resistant [72, 73] or T2DM [74-76] state. The discrepancy between findingsg
may be explained by differences in applied techniques, species studied o0
subjects’ characteristics, but this remains to be fullly elucidated. Obviously
reduced FFA uptake by skeletal muscle in the fasting state cannot explain ary
increased skeletal muscle lipid accumulation. Therefore, an interesting finding ig
that in postprandial insulin-stimulated conditions, adipose tissue lipolysis wag
not sufficiently suppressed in the type 2 diabetes state, resulting in greater-
skeletal muscle FFA uptake [47]. Thus, in diabetes patients relative to healthy leary
controls, the fasting FFA uptake into skeletal muscle was reduced, whereas the
insulin-stimulated suppression of FFA uptake was blunted. The latter might
provide, at least in part, a possible explanation for increased lipid accumulationry
in the T2DM state. This idea was confirmed by Ravikumar et al, who
demonstrated that a greater postprandial FA uptake in diabetes patients versus
overweight controls, and a concomitant higher TG accumulation in skeletal
muscle [63]. Additionally, it is important to stress that accumulation of lipids iy
skeletal muscle is determined not only by FA uptake, but merely by the balance
between FA uptake and FA oxidation in skeletal muscle. Only when FA uptake
exceeds FA oxidation, will this balance be positive and will lipid accumulation
occur. In this respect, an interesting finding is reported by Blaak ancl
Wagenmakers, who demonstrated that in T2DM patients, a smaller fraction of FA
taken up by skeletal muscle is oxidized as compared with lean age-matchedl
controls [77]. Taken together, data from in wvivo studies in T2DM patients have
demonstrated decreased FFA uptake by skeletal muscle in the fasting state,
whereas FFA uptake has been reported to be increased in the postprandial T2DML
condition relative to healthy controls. Measurements of the cellular FA
transporter protein content do not provide a conclusive explanation for the
differences between the healthy and diabetic state. Though this should be an are&x
of further investigation, the explanation for the alterations in skeletal muscle EA
uptake in the T2DM state is likely also to be found in other factors that may

influence FA uptake, e.g. plasma FA levels (fasting and postprandial) and rates of
FA oxidation.

Oxidation of FA in skeletal muscle

Lower fasting skeletal muscle fat oxidation rates have been reported in obes€

I2DM patients versus obese normoglycemic controls [46, 47, 78]. HoweveX”
during insulin-stimulated conditions, lipid oxidation is less suppressed anc

therefore higher in T2DM patients compared to normoglycemic control®”
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indicating that the capacity to switch between FFA and carbohydrate as a fuel
from the fasting to the postprandial state is reduced in the insulin resistant state
[20]. This ‘metabolic inflexibility’ has been related to the accumulation of lipids
and consequently, of lipid intermediates in insulin-resistant muscle [20, 40, 79-81].
However, much less is known on disturbances in the oxidation of specific fatty
acid substrate sources and on how these disturbances in fat and carbohydrate
metabolism may lead to lipid (intermediate) accumulation. Skeletal muscle FA
oxidation can be accounted for by either plasma-derived FA, or by lipids stored
within the muscle itself (intramyocellular triacylglycerol or IMTG). A disturbance
in the oxidation of either FA source may disturb the balance between skeletal
muscle supply, storage and oxidation of FA, resulting in increased lipid storage
and insulin resistance. An impaired IMTG oxidation may directly increase
storage of IMTG. A review of the literature on the use of IMTG suggests that type
2 diabetes patients have a reduced capacity to mobilize and/or oxidize the
intramyocellular lipid stores [82]. On the other hand, an impaired oxidation of
plasma FFA has also been reported in obese T2DM patients versus obese controls
[78]. This might stimulate lipid accumulation indirectly, if plasma FFA are taken
up into skeletal muscle but not oxidized, as reported by Blaak and Wagenmakers
[77]. The cause of these different findings on impairments of specific substrate
source oxidation (i.e. in either plasma FFA or IMTG, or both) is not entirely
known. It is likely that differences in FA supply and disposal can account for at
least part of this, as an impaired FFA rate of appearance and rate of
disappearance has been associated with impairments in FFA oxidation [78]. This
view 1s supported by evidence that pharmacological inhibition of adipose tissue
lipolysis, resulting in lower plasma FFA rate of appearance and thus, lower
plasma FFA availability, decreases FFA disposal and oxidation and increases
IMTG oxidation [83, 84].

The inverse relationship between IMTG content and insulin sensitivity
disappears with the inclusion of endurance-trained athletes, as these have
increased IMTG but also an increased insulin sensitivity [85, 86]. This so-called
‘athletes paradox’ may be explained by indications that not the IMTG itself, but
merely an accumulation of lipid intermediates such as DAG and ceramides
actually inhibit the insulin-mediated pathway [85]. Athletes might store increased
amounts of TG intramyocellularly in response to increased energy demands, and
lipid intermediates will only accumulate when IMTG stores are not frequently
emptied (i.e. oxidized) and replenished. The latter is more likely to occur in a
sedentary state in which daily energy expenditure is low, than in an active
athlete. In any way, an inability to use fatty acids, derived from either plasma
FFA or IMTG, might add to excessive deposition of lipids in the muscle.
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An exercise approach to disturbances in substrate metabolism

A lack of exercise or physical activity is an independent cause of obesity and type
2 diabetes. Some have fiercely proposed a lifetime of physical activity to be the
ideal environment for the human ‘Paleolithic’ genome, which was developed in
times when hunting and gathering required large amounts of physical activity
(87, 88]. Regular exercise training diminishes the risk for ectopic lipid
accumulation and T2DM through several factors, including an increase in fat
oxidation [89-93], in skeletal muscle fat oxidative capacity [89-92, 94, 95] and in
insulin sensitivity [95]. Furthermore, regular exercise can increase total daily
energy expenditure, thereby promoting a negative energy balance and body
weight control. Despite this, research on disturbances in glucose and/or fatty acid
metabolism in type 2 diabetes thus far has not posed a major focus on the acute
exercise and/or the post-exercise state. It is thus not entirely clear whether the
disturbances in release, uptake and/or oxidation of glucose or fatty acids during
fasting and/or postprandial conditions, as described earlier, are extended to the
exercise situation in a type 2 diabetic state. However, when a low FA oxidation,
high FA uptake and/or high plasma FA concentrations is also present during
exercise in type 2 diabetes patients, this would imply that FA supply exceeds FA
oxidation during most part of the day, which will greatly stimulate ectopic lipid
accumulation. On the other hand, an absence or improvement of these metabolic
disturbances in response to acute and/or chronic exercise would provide a
physiological rationale to promote exercise as a means to prevent and/or treat
disturbances in metabolism of type 2 diabetes. Thus, more specifically, it is
important to identify whether acute and/or chronic exercise training can reduce
lipid overflow and improve muscle fat oxidation, thereby potentially reducing
lipid (intermediate) accumulation and insulin resistance.

50, what is currently known on disturbances in substrate source metabolism in
type 2 diabetes during acute exercise and in response to exercise training? Studies
on substrate metabolism in acute exercise in T2DM have investigated release,
uptake and/or oxidation of glucose and fatty acids during moderate and high-
intensity exercise. Most controversy exists with regard to alterations in fat and FA
substrate source (i.e. IMTG and/or plasma-derived FFA) mobilization and/or
oxidation in T2DM. Some studies show no differences in total fat oxidation
during exercise [78, 96], while another study found a decreased exercise-induced
tat oxidation in T2DM as compared with healthy controls [97]. Despite the equal
whole-body RQ, Blaak et al. found a decreased oxidation of plasma-derived FFA
and increased oxidation of TG-derived FA in obese T2DM patients compared
with healthy obese controls during exercise [78]. However, Borghouts et al.
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showed no differences in substrate source oxidation during exercise between
overweight T2DM patients and overweight control subjects [96]. This discrepancy
can likely be explained by differences in subjects’ characteristics between studies,
such as BMI, physical fitness, disease duration and/or use of medication in the
study populations, but these contradictory findings clearly need more study. In
contrast, studies are quite consistent with respect to the effects of acute exercise
on glucose metabolism in T2DM. It is generally accepted that during acute
moderate-intensity exercise in T2DM patients, plasma glucose oxidation rates are
increased, whereas muscle glycogen oxidation seems to be lower when compared
with healthy matched controls. Consequently, plasma glucose levels generally
decline during moderate-intensity exercise in T2DM patients [78, 96-99], which is
mainly attributed to an increased uptake and oxidation of plasma glucose [96-98].

As described above, acute moderate-intensity exercise positively affects the
supply, uptake and oxidation of glucose and FA, which are important
determinants of ectopic lipid accumulation. However, exercise is likely to be most
effective on these parameters if performed regularly, as in an endurance training
program. Indeed, studies in type 2 diabetes patients show the benefits of an
exercise training program on body composition [100], energy balance [100], fat
oxidation during exercise [101], skeletal muscle FA oxidative capacity [101],
endothelial function [102] and inflammatory status [103, 104]. All of these effects
might contribute to the improvement in insulin sensitivity and glucose
homeostasis [105-107]. The mechanisms underlying these metabolic
improvements are not fully elucidated, but a reduction of ectopic lipid
accumulation and a relieved inhibition of the insulin signaling pathway is a likely
candidate to explain part of these improvements [108].

However, short-term interventions studies might not have the same effects as a
lifetime of physical activity. Despite this, studies that accurately describe
substrate source metabolism in subjects that have a lifelong history of endurance-
training are scarce [109]. It is not established whether endurance exercise training
throughout life has significant positive effects on supply, uptake and oxidation of
glucose and FA, and whether these effects are still present at middle-age (50-60y),
when T2DM usually develops.

A pharmacological approach to disturbances in substrate metabolism

The obvious question arises as to what mechanism(s) underlie the effects of acute
and regular exercise on supply, uptake and/or oxidation of glucose and FA.
Furthermore, an interesting approach for patients unwilling or unable to perform
regular exercise would be to pharmacologically target the biochemical pathways
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involved in exercise effects on substrate metabolism. A possible mechanism
underlying the effects of exercise is an insulin-indepent signaling pathway that is
activated upon exercise and is, at least in part, mediated by the AMP-activated
protein kinase (AMPK). AMPK is a key enzyme in the regulation of energy
metabolism (Figure 3) [110-112]. It acts as a cellular energy sensor, and is
activated by metabolic stress, including muscle contraction [113-118]. AMPK 1s
most known for its insulin-independent control of glucose uptake in skeletal
muscle [119-122], but is also known to increase fat oxidation [120, 123] and
decrease hepatic glucose output [124). The AMPK pathway appears largely intact
in obese and/or type 2 diabetic rodents [125-129] and in several human studies
(113, 124, 130-134]. Consequently, AMPK is regarded as a potential target to
bypass the reduced insulin-mediated glucose uptake and reduce ectopic lipid
accumulation through a decrease in adipose tissue lipolysis and an increase in
skeletal muscle FA oxidation. As mentioned, AMPK activation can be induced by
exercise. However, the AMPK enzyme can also be activated, at least in animal
studies and human in vitro studies, via pharmacological AMPK activation by 5-
aminoimidazole-4-carboxamide-riboside (AICAR). AICAR is therefore an
interesting substance, both as a research tool ancd for therapeutic purposes.
However, until now, artificial AMPK activation by AICAR has mainly been
studied in animal studies and human i1 vitro studies. From these studies, it 1s
clear that AICAR induces AMPK activation in skeletal muscle [119-122, 124-129],
decreases plasma glucose concentrations [127, 128], increases GLUT4
translocation to the plasma membrane [122, 130] and increases skeletal muscle
glucose uptake {119, 120, 124, 135, 136}, even in type 2 diabetic animals [124-129]
and/or tissue from obese and/or T2DM subjects [130]. Despite these promising
results, the metabolic effects of AICAR have only been studied once in a human
it vive setting. In this study in healthy subjects, only a minor increase in glucose
uptake was reported and no significant activation of skeletal muscle AMIPK was
found [137]. This implies a difference between the i vivo and in vitro situation as
well as possible species differences between rodents and humans. Indeed, it has
been reported that human skeletal muscle only expresses the 2-subunit of the
AMPK enzyme [138], whereas rodent skeletal muscle also express the Pi-subunit

[139]. It would therefore be interesting to study the effects of artificial AMPK
activation by AICAR in humans 11 vivo.
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Figure 3. Role of AMPK in the regulation of whole-body glucose homeostasis. Activation of AMPK
turns on ATP-generating processes, while switching off ATP-consuming processes. Collectively,
activation of AMPK in skeletal muscle, liver, and adipose tissue results in a favorable metabolic milieu
for the prevention or treatment of T2D, i.e, decreased plasma glucose, reduced plasma FFA and ectopic

fat accumulation, as well as increased insulin sensitivity. Adapted from Long and Zierath JCI 2006
[140].

QOutline of the thesis

The focus of this thesis is on alterations in fatty acid and glucose metabolism in
type 2 diabetes. A thorough investigation of glucose and FA substrate source
metabolism in type 2 diabetes will improve our insight in the nature and extent of
the alterations in substrate source metabolism in type 2 diabetes versus the
healthy lean and/or obese state. To accomplish this, it is important to have a
detailed characterization of the subjects, as BMI, age, level of physical fitness,
disease duration and/or the use of medication significantly affect substrate source
metabolism and can strongly modulate differences observed between study
groups. Therefore, the first study of this thesis investigates differences in
substrate source use between long-standing type 2 diabetes patients and a well-
characterized control group at rest, during exercise and subsequent post-exercise
recovery (chapter 2). [U-B¥C]palmitate and [6,6-2Hz]glucose tracers were used to
assess plasma FA and glucose oxidation rates and to estimate the use of muscle-
and/or lipoprotein-derived triacylglycerol and muscle glycogen. Exercise and/or
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an active lifestyle are of utmost importance for metabolic health. Training studies
are relatively short and cannot mimic a situation of life-long (>25y) exercise.
Therefore, chapter 3 of this thesis describes the metabolic differences between
middle-aged athletes with >25y of training background and sedentary, age-
matched controls. Again, stable isotope tracers were applied to investigate
substrate source utilisation.

An enzyme that is particularly interesting in the beneficial effects of exercise is
AMPK. As described earlier, AMPK is regarded as a ‘metabolic master switch’
and is an insulin-independent enzyme that seems to play an important role in the
regulation of substrate metabolism during exercise. It is therefore an interesting
target for the treatment and prevention of type 2 diabetes. In a proof-of-principle
study, we investigated the effects of the AMPK-activator AICAR on plasma
substrate levels in healthy, young subjects (chapter 4). Next, we administered
AICAR in type 2 diabetes patients, again applying glucose and FA stable isotope
tracers to determine substrate turnover rates (chapter 5). In chapter 6 of this
thesis, we combine the major findings of the results described in chapter 2-5 and
propose a broader perspective on the nature of the disturbances in substrate
source metabolism, their underlying mechanisms and consequences for the
prevention and/or treatment of type 2 diabetes.
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CHAPTER 2

ABSTRACT

Aims/hypothesis

Disturbances in substrate source metabolism and, more particularly, in fatty
acid metabolism, play an important role in the aetiology and progression of
type 2 diabetes. However, data on substrate source utilisation in type 2 diabetes
are inconclusive.

Methods

[U-13CJpalmitate and [6,6-2H:2]glucose tracers were used to assess plasma NEFA
and glucose oxidation rates and to estimate the use of muscle- and/or
lipoprotein-derived triacylglycerol and muscle glycogen. Subjects were ten
male patients who had a long-term (71 years) diagnosis of type 2 diabetes and
were overweight, and ten matched healthy, male control subjects. Muscle
biopsy samples were collected before and after exercise to assess muscle fibre
ty pe-specific intramyocellular lipid and glycogen content.

Results

At rest and during exercise, the diabetes patients had greater values than the
controls for palmitate rate of appearance (Ra) (rest, 2.46+0.18 and 1.85+0.20
respectively; exercise, 3.71+0.36 and 2.84+0.20 pumol kg-' min-!) and rate of
disappearance (Rd) (rest, 2.45+0.18 and 1.83+0.20; exercise, 3.64+0.35 and
2.80+0.20 umol kg-! min-! respectively). This was accompanied by significantly
higher fat oxidation rates at rest and during recovery in the diabetes patients
(rest, 0.1120.01 in diabetes patients and 0.09£0.01 in controls; recovery, 0.13+0.01
and 0.11x0.01 g/min respectively), despite significantly greater plasma glucose
Ra, Rd and circulating plasma glucose concentrations. Furthermore, exercise
significantly lowered plasma glucose concentrations in the diabetes patients, as
a result of increased blood glucose disposal.

Conclusion

This study demonstrates that substrate source utilisation in long-term
diagnosed type 2 diabetes patients, in whom compensatory hyperinsulinaemia
is no longer present, shifts towards an increase in whole-body fat oxidation rate
and is accompanied by disturbances in fat and carbohydrate handling.
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INTRODUCTION

Disturbances in fatty acid metabolism, as found in sedentary, obese and/or type
2 diabetes patients, are an important factor in the development of skeletal
muscle insulin resistance [1-3]. Elevated fatty acid delivery and/or impaired
fatty acid oxidation result in net intramyocellular accumulation of
triacylglycerol and fatty acid metabolites (such as fatty acyl-CoA, ceramides
and diacylglycerol). The latter are likely to induce defects in the insulin
signalling cascade, thus causing insulin resistance [4-10] in skeletal muscle. On
a whole-body level, conflicting data exist on the proposed disturbances in
substrate metabolism in type 2 diabetes patients. In these patients, basal
oxicdation rates of whole-body total fat have been reported to be both increased
[11-13] and similar [{14-19] compared with lean [11-13] and overweight/obese
[14-19] controls respectively. Whole-body plasma NEFA uptake and/or
oxidation rates at rest have been reported to be either similar [17, 18] or
decreased [16] in the type 2 diabetes patient. However, data on arteriovenous
differences in plasma NEFA concentrations over the leg or arm have more
consistently displayed reduced fasting plasma NEFA uptake and/or oxidation
in type 2 diabetes patients when compared with normoglycaemic controls [11,
14, 20], despite elevated systemic plasma NEFA and glucose levels [14, 20].
During exercise, the uptake and oxidation of plasma NEFA and other lipid
sources have been shown to be either similar {17, 18] or decreased {16, 21] in
both the prediabetic and the type 2 diabetes state. A cross-sectional review of
the literature on the use of lipoprotein and/or muscle-derived triacylglycerol
suggests that type 2 diabetes patients have a reduced capacity to mobilise
and/or oxidise the intramyocellular lipid stores [22]. However, a direct
comparison of intramyocellular triacylglycerol (IMTG) use between diabetes
patients and matched controls has not yet been made. Exercise can lower
plasma glucose concentrations in type 2 diabetes patients. This can be attributed
to a blunted increase in hepatic glucose output [23] and/or an increase in whole-
body glucose uptake rate [15, 17, 18, 24]. The latter has been shown to result in
greater carbohydrate oxidation rates during exercise in type 2 diabetes patients
in some [24] but not all studies [15~18]. Data on differences in substrate source
utilisation during post-exercise recovery between diabetes patients and healthy,
normoglycaemic controls are entirely lacking in the literature. The apparently
inconsistent findings on aberrations in whole-body substrate utilisation in the
type 2 diabetes state can be explained by differences in the methods used and in
the selected subpopulations of type 2 diabetes patients and controls. These
equivocal data restrict conclusive insight into the exact nature and extent of the
metabolic disturbances that play a key role in the aetiology and progression of
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type 2 diabetes. In the present study, we investigated the disturbances in whole-
body substrate source utilisation in long-standing type 2 diabetes at rest, during
exercise and subsequent recovery by using contemporary stable isotope
methods combined with skeletal muscle biopsy sampling. Patients with long-
standing type 2 diabetes were selected to assess the metabolic disturbances
when compensatory hyperinsulinaemia is no longer present. Careful matching
of the type 2 diabetes patients with normoglycaemic controls was performed to
be able to determine the effect of type 2 diabetes on substrate use independently
of age, body composition and aerobic capacity. The present study is the first to
provide a complete overview of substrate source utilisation rates at rest, during
exercise and post-exercise recovery in overweight patients with long-standing
type 2 diabetes, in whom compensatory hyperinsulinaemia is no longer present.

SUBJECTS AND METHODS

Subjects

Ten male, sedentary, overweight type 2 diabetes patients and ten male,
sedentary, weight-matched healthy controls (Table 1) participated in this study.
All patients were using metformin with (n=7) or without (n=3) sulphonylurea
derivatives (gliclazide, glimepiride or tolbutamide). Exclusion criteria were
impaired liver function, renal failure and/or a history of severe cardiovascular
problems. Diabetic status was verified with an OGTT according to WHO
criteria [25]. Medication was withheld for 24 h prior to the trials. Subjects were
informed about the nature and risks of the experimental procedures before their
written informed consent was obtained. The study was performed according to

the principles of the Declaration of Helsinki and was approved by the local
medical ethical committee.

Pretesting

Maximal power output (Wma) and maximal oxygen uptake capacity (VO2zmax)
were determined with an electronically braked cycle ergometer (Excalibur;
Lode Groningen, the Netherlands) during an incremental exhaustive exercise
test 2 weeks prior to the first trial [17]. Oxygen uptake (VO2) and carbon dioxide
production (VCO2) were measured with an Oxycon B (Mijnhart, Breda, the
Netherlands). Body composition was assessed using the hydrostatic weighing
method. Body fat percentage was calculated using Siri’s equation [26].
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Diet and physical activity prior to testing

All subjects were instructed to refrain from strenuous physical activity for 2
days prior to each trial. In addition, they recorded dietary intake during 2 days
prior to the first trial and repeated this diet prior to the second trial. The
evening before each trial, all subjects received the same standardised meal

Table 1 Subjects’ characteristics

Control group Diabetes group

“ (n=10) | (n=10)
Age (years) 602 60+2
Height (m) 1.76+0.01 1.79+0.02
Body mass (kg) 8742 9144
BMI (kg/m?) 28:+0 28:+]
Body fat (%) 29+1 2042
Fat-free mass (kg) 61+ 642
Basal plasma glucose (mmol/l) 5.56+0.14 9.44+0.592
Plasma glucosel20min (mmol/1)® 5.55+0.5 16.7+1.22
Basal plasma insulin (pmol/l) 47.16+9.48 52.2046.06
Plasma insulin120min (pmol/l)® 290.40+48.24 270.06+46.50
HbAlc (%) 5.83£0.2 7.30£0.33
VO2max (l/min) 3.2+0.2 2.9+0.2
Wmax (W) 203116 200£15
Maximal heart rate (beats/min) 164+7 161+4
Diagnosed with diabetes (years) - 7x1a

Data are mean+5EM

VO2max, maximal oxygen uptake capacity; Wmax, maximal workload capacity
aSignificantly different from control group (p<0.05)
bConcentrations at =120 min during OGTT

(42 kJ [10 kcall/kg; consisting of 61% of energy as carbohydrate, 24% as fat and
15% as protein). There were no differences between groups in daily energy
intake and macronutrient composition of the diet.

Experimental trials

Each subject performed one main trial and an additional test to determine the
acetate recovery factor. Both tests were separated by at least 1 week. Each trial
consisted of 120 min of resting measurements followed by 60 min of cycling
exercise at an exercise intensity set at 50% Wmax, and a subsequent 120 min
recovery period. In the main trial, a [U-3C]palmitate and [6,6-2Hz]glucose tracer
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was infused and breath, blood and muscle samples were collected at regular
intervals. The acetate test was identical with the exception of the infusion of
[1,2-13C] acetate and the collection of breath samples only [27].

Protocol

After an overnight fast, subjects arrived at the laboratory at 08.00 hours by car
or public transport. After 30 min of supine rest, a percutaneous muscle biopsy
[28] was taken from the vastus lateralis muscle. A Teflon catheter (Baxter,
Utrecht, the Netherlands) was inserted into an antecubital vein of one arm for
blood sampling and another catheter was inserted in the contralateral arm for
isotope infusion. Subsequently, subjects were administered a single intravenous
dose of NaHBCOs (0.06375 mg/kg), followed by a [6,6-2H2]glucose prime
(13.5 umol/kg). Thereafter, a continuous infusion of [6,6-2Hz|glucose
(0.3 umol kg' min!) and [U-*C]palmitate (0.01 umol kg min-!) (or [1,2-
13Clacetate) was started (=0 min) via a calibrated IVAC pump (IVAC 560; Ivac,
San Diego, CA, USA). At =120 min subjects started to exercise on a cycle
ergometer at 50% Wmax for a 60 min period. Whilst the subject was at rest, VO
and VCO2 were measured from t=60 to 120 min (Oxycon-§; Mijnhart), during
exercise VO: and VCO2 were measured for 5min every 15 min prior to
sampling of blood and expired breath. Inmediately after cessation of exercise, a
second muscle biopsy was taken, after which the subject rested supine for 2 h.
V02 and VCO:2 were measured during recovery from =210 to 270 min.

Blood and breath samples

Blood samples (7 ml) were collected in EDTA-containing tubes and centrifuged
at 1000 g for 10 min at 4°C. Aliquots of plasma were frozen immediately in
liquid nitrogen and stored at —80°C. Plasma concentrations of glucose (Roche,
Basel, Switzerland), lactate, NEFA (Wako Chemicals, Neuss, Germany),
glycerol (Roche Diagnostics, Indianapolis, IN, USA) and triacylglycerol (5igma
Diagnostics, St Louis, MO, USA) were analysed with a COBAS semi-automatic
analyser (Roche). Plasma insulin was measured by radioimmunoassay (Linco,
St Charles, MO, USA). Blood HbA1. content was analysed by high-performance
liquid chromatography (Bio-Rad Diamat, Munich, Germany). Expired breath
samples were analysed for 1BC/2C ratio using a gas chromatograph-isotope
ratio mass spectrometer system (GC-IRMS; Finnigan MAT 252, Bremen,
Germany). For determination of plasma palmitate and NEFA kinetics, NEFA
were extracted, isolated by thin-layer chromatography and derivatised to their
methyl esters. Palmitate concentration was determined on an analytical GC
with flame ionisation detection using heptadecanoic acid as internal standard,
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and constituted 21.3+0.7% of total NEFA. The isotope tracer/tracee ratio (TTR)
of [U-13C]palmitate was determined using GC combustion isotope ratio M5
(Finnigan MAT 252). Following derivatisation, plasma [6,6-2Hz]glucose
enrichment was determined by electron ionisation GC-MS (Finnigan).
Palmitate, glucose and acetate tracer concentrations in the infusates averaged
1.05+0.01, 34.4+0.9 and 4.92+0.03 mmol/l respectively. Therefore, the exact tracer
infusion rates averaged 9.1+0.1, 27742 and 75+1 nmol kg-! min-! respectively.

Calculations

From respiratory measurements, total fat and carbohydrate oxidation rates
were calculated using the non-protein respiratory quotient [29]:

fat oxidation rate = 1.695 VO2-1.701 VCO:2 (1)
carbohydrate oxidation rate =4.585 VCO2 - 3.226 VO:  (2)

where VO: and VCO: are in litres/min and oxidation rates in g/min. Rate of
appearance (Ra) and rate of disappearance (Rd) of palmitate and glucose were

calculated using the single-pool non-steady state Steele equations adapted for
stable isotope methodology [30]:

F-VI(C,+C)/2] [(E,—E )/(t,—t,)]
(E,+E) /2 o

Ra =

c,-C,)
t,—t,

(4)

where F is the infusion rate (umol kg! min-'), V is the distribution volume for
palmitate or glucose (40 and 160 ml/kg, respectively), C: and C2 are palmitate or
glucose concentrations (mmol/l) at times 1 (#1) and 2 (f2) respectively, and E2 and
E1 are the plasma palmitate or glucose enrichments (TTR) at times 2 and 1,

respectively. Production of 1BCO:2 (Pr3CO2; mol/min) from the infused palmitate
tracer was calculated as:

Pri3CO:z = (TTRCO: x VCO2)/(k x Ar) (5)

where TTRCO:z is the breath 1B3C/2C ratio at a given time point, VCO:2 is carbon
dioxide production (I/min), k is the volume of 1 mole of CO2 (22.4 litres/mol),
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and Ar is the fractional 13C label recovery in breath CO: observed after the
infusion of labelled acetate [27, 31, 32], calculated as:

Ar = ((TTRCO:2 x VCO2)/(k x 2F)) (6)

where F is the infusion rate of [1,2-3C] acetate (mol/min). Plasma palmitate
oxidation (Rox) (mol/min) can subsequently be calculated as:

Rox palmitate = Rd palmitate X (Pr13COz/F x 16) (7)

where Rd palmitate is the rate of disappearance of palmitate (mol/min), F is the
palmitate infusion rate (mol/min) and 16 is the number of labelled carbon atoms
in palmitate. Total plasma NEFA oxidation was calculated by dividing
palmitate oxidation rates by the fractional contribution of plasma palmitate to
total plasma NEFA concentration. The contribution of fat sources other than
plasma NEFA was calculated by subtracting plasma NEFA oxidation from total
fat oxidation.

In a previous study it has been shown that during exercise (50% Wmax) plasma
glucose Rd equals its Rox (96-100%) [33]. Therefore, plasma glucose oxidation
rate during exercise was estimated as:

Rox plasma glucose = Rd plasma glucose (8)

Whole-body muscle glycogen use was calculated by subtracting plasma glucose
oxidation from total carbohydrate oxidation. As plasma glucose Rd does not
match Rox during resting conditions [34], plasma glucose oxidation rates
cannot be calculated accurately at rest when using a [6,6-2Hz]glucose tracer.

Muscle sample analysis

Muscle samples were dissected, freed from any visible non-muscle material,
frozen in nitrogen-cooled isopentane and embedded in Tissue-Tek (Sakura,
Zoeterwoude, the Netherlands). Multiple serial sections (5 um) were thaw-
mounted together on uncoated, precleaned glass slides for each subject. To
determine muscle fibre type-specific IMTG content, cross-sections were stained
with Oil red O together with immunolabelled cellular constituents using a
protocol described before [2]. For each muscle biopsy a total of 58+7 and 49+4
muscle fibres were analysed for lipid content for diabetes patients and control
subjects respectively. To permit quantification of intramyocellular glycogen we
used the modified PAS stain [35). For each muscle biopsy, 148+15 and 157+13
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muscle fibres were analysed for glycogen content in diabetes and control
subjects respectively . Large overviews containing 167+24 and 174+20 fibres per

subject (diabetes and control subjects respectively) were used to determine
muscle fibre type composition.

Statistics

All data are expressed as meantSEM. To compare tracer kinetics, substrate
utilisation rates, IMTG contents and/or plasma metabolite concentrations over
time, repeated measures ANOVA was applied. A Scheffé post hoc test was
applied in case of a significant F ratio, to locate specific differences. 1o
determine differences between diabetes patients and control subjects, Student’s
t test for unpaired observations was used. Simple linear regression was used to

investigate specific correlations. Significance was set at the 0.05 level of
confidence.

RESULTS

Tracer kinetics

Plasma palmitate and glucose Ra, Rd and Rox are shown in Fig. 1 and Table 2.
As plasma palmitate and glucose concentrations were subject to changes
throughout rest, exercise and/or recovery (Fig. 2), non-steady-state Steele
equations were applied. Table 3 shows breath 3CO2 enrichment and plasma
palmitate and glucose enrichment throughout the test. At rest, plasma palmitate
Ra, Rd and Rox were stable, and significantly higher in the diabetes patients
compared with the controls (Ra and Rd, p<0.05; Rox, p=0.07). During exercise,
plasma palmitate Ra, Rd and Rox increased over time in both groups (p<0.01)
and were higher in the diabetes compared with the control group (Ra and Rd,
p<0.05; Rox, p=0.08). During post-exercise recovery, plasma palmitate Ra, Rd
and Rox were similar between groups. Acetate recovery factors in the diabetes
and control groups respectively averaged 0.11+0.00 and 0.13+0.00 at rest,
0.87+0.00 and 0.91+0.00 during exercise, and 0.24+0.00 and 0.26+0.00 during
subsequent recovery (no significant difference between groups). At rest, plasma
glucose Ra and Rd were stable, and significantly higher in the diabetes patients
(p<0.05). During exercise, plasma glucose Ra and Rd increased over time in both
groups (p<0.01) and were similar between groups. During post-exercise
recovery, plasma glucose Ra and Rd were higher in the diabetes patients
(p<0.05). No changes over time in plasma glucose Ra or Rd were observed. In
the diabetes patients, the percentage of plasma glucose Ra that disappeared
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(%Ra/Rd) was significantly greater during exercise when compared with
resting conditions. Furthermore, during exercise, %Ra/Rd was significantly
greater in the diabetes group compared with the controls.

Table 2 Tracer kinetics

Control
(n=10)

Diabetes
(n=10)

Ra palmitate

Rd palmitate

Rox palmitate

%Rd ox palmitate

Ra glucose

Rd glucose

%Ra Rd glucose
Exercise

Ra palmitate

1.85 1£0.20
1.83+0.20
0.73+£0.10
39.9+2.0
10.77+0.42
10.91+0.33
10142

2.84+0.20 b

2.46+0.18a
2.45+0.18a
1.01x0.10
40.9+1.9
15.53+0.84 2
16.46+0.764
10543

3.71+0.36 a. b

Rd palmitate 2.80+0.20° 3.64+0.35 b
Rox palmitate 2.26+0.20° 2.82+0.22 1
%Rd ox palmitate 80.8+3.70" 79.2+3.9b
Ra glucose 20.51+0.91° 18.69+0.98"
Rd glucose 20.11+1.065 21.52+1.21°b
%Ra Rd glucose 99+4 1186 b
Recovery
Ra palmitate 2.01x0.14¢ 2.23+0.15¢
Rd palmitate 2.004+0.14¢ 2,24+0.15¢
Rox palmitate 0.86+0.08¢ 1.04+0.08 <
%Rd ox palmitate 43.2+2.6°¢ 46.5+1.6 bc
Ra glucose 8.63+0.48 be 10.14+0.472<
Rd glucose 9.57+0.45 be 11.5940.76 2«
%Ra Rd glucose 10616 114+4

Tracer kinetics were determined at rest and du;*ing exercise (50% Wmax) and subsequent recovery.
Ra rate of appearance; Rd rate of disappearance; Rox rate of oxidation (umol kg~! min-1); %Rd ox
percentage of Rd oxidised (%); % Ra Rd percentage of Ra that disappeared. Values are mean+SEM

(2n=20). aSignificantly different from control group (p<0.05). "Significantly different from resting
values (p<0.01). Significantly different from exercise values (p<0.01).
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Substrate utilisation

Total energy expenditure and substrate source utilisation rates are illustrated in
Fig. 3. Energy expenditure averaged 5.75+0.22 and 5.28+0.16 KJ/min in the
diabetes and control group respectively. Total fat oxidation rates (g/min) at rest
were significantly higher in the diabetes group than in the control group
(0.11£0.01 and 0.09+0.01 g/min respectively), contributing 77+2 and 67+£3% to
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Ra, Rd and Rox plasma palmitate
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Figure 1. a Plasma rates of appearance (Ra), disappearance (Rd) and oxidation (Rox) of palmitate at
rest and during exercise and post-exercise recovery (lmol kg! min-1) in the diabetes group (closed
symbols) and the control group (open symbols). Circles, Ra; triangles, Rd; squares, Rox. b Plasma
glucose rates of appearance (Ra), disappearance (Rd) and oxidation (Rox) at rest and during
exercise and post-exercise recovery (umol kg-! min-'). Data are meantSEM (n=20). *Ra and Rd
significantly different from control group (p<0.05).
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Figure 2. Plasma concentrations of NEFA (a), glucose (b), insulin (c), free glycerol (d), triglycerides
(e) and lactate (f) in the diabetes (closed circles) and control group (open circles). Values are
mean+SEM. *Significantly different from control group (p<0.05).

total energy expenditure (p<0.01). The difference in fat oxidation rate was
attributed to a significantly higher NEFA oxidation rate in the diabetes group
(p<0.05), with no differences in muscle and/or lipoprotein-derived
triacylglycerol utilisation. The latter contributed only —2+7 and 6+7% to total
energy expenditure in the diabetes and control groups respectively. Exercise
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was performed at a 50% Wmax workload, which resulted in an absolute
workload set at 100+7 and 101+8 W (NS) or a relative workload of 63£2% and
54+2 of VO2max (p<0.05) in the diabetes and control groups respectively. Energy
expenditure during exercise averaged 39+2 and 36+2 kJ/min respectively. Fat
oxidation contributed 42+3 (0.40£0.04 g/min) and 39+3% (0.35+0.03 g/min) to
total energy expenditure in the diabetes and control group respectively. Muscle
and/or lipoprotein-derived triacylglycerol use increased significantly during
exercise conditions to 0.09+0.03 and 0.10+0.02 g/min in the diabetes and control
group respectively, contributing 8+£3 and 114+3% respectively. Total
carbohydrate oxidation rates during exercise averaged 1.37+0.09 and 1.37+0.08
g/min in the diabetes and control group respectively, contributing 58+3 and
61£3% to total energy expenditure. In the diabetes and control group, plasma
eglucose oxidation averaged 0.35+0.03 and 0.32+0.02 g/min respectively,
contributing 15+1 and 14+1% to total energy expenditure, with muscle glycogen
contributing 43+3 and 46+3% to energy expenditure. Aside from a tendency to
ereater plasma NEFA oxidation rates in the diabetes group (p=0.08), no
significant differences in substrate source utilisation rates were observed
between groups. During post-exercise recovery, energy expenditure averaged
5.9+0.2 in the diabetes group and 5.5#0.2 kJ/min in the control group, fat
oxidation contributing 90+2% (0.13+0.01 g/min) and 80+3% (0.11+0.01 g/min;
p<0.05) to total energy expenditure, respectively. The greater fat oxidation rate
in the diabetes group was attributed mainly to a greater plasma NEFA
oxidation rate in the diabetes group (p=0.10), whereas no differences were
observed in muscle- and/or lipoprotein-derived triacylglycerol. The greater fat
oxidation rates were matched by lower total carbohydrate oxidation rates.

Table 3 Palmitate and glucose enrichments

=

BC breath enrichment 1C palmitate enrichment 2H glucose enrichment

(TTR 10-5) (TTR 10-3) (TTR 10-3)
D C D C D C |
Rest  639:0.74 6.88:0.87  3.92:0.0¢ 5.59+0.10 11.1320.76° 18.44+0.92
Exercise 12.07+0.18 12.84:038  2.78:0.12% 3.43:0.16 14.87+0.17% 18.94+1.18

Recovery 15.42+1.03 15.68+0.98  4.2410.18 4.69+0.16 19.49+0.10 22.41+0.10

13C breath, BC palmitate and [6,6-2H2] glucose enrichments (tracer/trécee ratio,nTTR) during rest,
exercise and recovery conditionsaSignificantly different from control group (p<0.05}).
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Plasma metabolite concentrations

Plasma metabolite concentrations are shown in Fig. 2. Plasma glucose
concentrations were significantly higher in the diabetes group throughout the
experiment. During exercise, there was a significant decline in plasma glucose
concentration in the diabetes group only. Plasma NEFA concentrations at rest
were higher in the diabetes group compared with the control group. No
differences in plasma NEFA
between groups were
observed during exercise and
recovery conditions. Glycerol
concentrations increased
significantly during rest and
exercise and decreased during
recovery. Free glycerol
concentration tended to be
higher in the diabetes group
(p=0.06). Plasma triglycerol
DIABETES ~ CONTROL concentrations declined
significantly at rest and
during exercise in the diabetes
patients, but were stable in
control subjects.

Energy expenditure af rest

Energy expenditure during exercise

DIABETES CONTROL

Figure 3. Whole-body substrate source
utilisation at rest (a), during exercise
(b) and post-exercise recovery (c).
Black (a~c), plasma NEFA; white (a—c),
muscle and lipoprotein-derived
triacylglycerol; grey, carbohydrate in a
and ¢, plasma glucose in b; hatching
(b), muscle glycogen. *Substrate source
oxidation significantly different from
control group (p<0.05); t total fat
oxidation significantly different from
control group (p<0.05).

Energy expenditure during recovery
(k3.min-1)

DIABETES CONTROL
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Plasma insulin levels declined during exercise in both groups (p<0.01), resulting
in significantly lower insulin concentrations during recovery compared with
resting levels. No significant differences in plasma insulin concentrations were
observed between groups.

Muscle tissue analysis

Muscle fibre type analysis showed 46+3% type I muscle fibres and 544+3% type II
fibres in the diabetes group, and 49+4% type I muscle fibres and 51+4% type II
fibres in the control group. In both groups, type I fibres contained 2-3 times
more IMTG than type II fibres (p<0.005). Type I and II muscle fibre lipid content
averaged 24+4 and 11+2 arbitrary units (AU) respectively in the diabetes group
and 3415 and 11+2 AU respectively in the control group. No significant
differences in type I or II muscle fibre lipid content were observed between
egroups. No significant net changes in type I or type II intramyocellular lipid
content were observed following exercise in the diabetes or control group. In
the diabetes and control groups, net changes were 8+4 and -6+6 AU
respectively for type 1 fibres and 4+3 and 34 for type II fibres (all p>0.05),
respectively. Type I and II muscle fibre glycogen content averaged 36+6 and
32+4 AU respectively in the diabetes group and 36+4 and 46+6 AU in the control
group. No significant differences in type I or II muscle fibre glycogen content
were observed between groups. After exercise, type II fibres contained
significantly more glycogen than type I fibre type in both groups. However, no
significant net changes in type I and Il muscle fibre glycogen content (type I
fibres, -13x6 AU in diabetes group and —6+3 AU in control group; type II fibres,
9+6 AU in diabetes group and -6+5 AU in control group; all p>0.05) were
observed following exercise in both groups.

DISCUSSION

The present study investigated the nature and extent of disturbances in
different components of whole-body carbohydrate and fat metabolism in long-
term diagnosed type 2 diabetes patients. Using contemporary stable isotope
methods, we found that basal whole-body fat oxidation rates were significantly
greater in long-standing type 2 diabetes patients when compared with
normoglycaemic controls matched for age, body composition and whole-body
oxidative capacity (Fig. 3). This is attributed to significantly higher plasma
NEFA appearance rates, resulting in greater NEFA uptake and oxidation rates
(Fig. 1). In contrast, resting total carbohydrate oxidation rates were reduced in
type 2 diabetes patients, despite substantially elevated plasma glucose
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appearance rates and the prevalence of hyperglycaemia. Exercise signiticantly
reduces plasma glucose concentrations in type 2 diabetes patients, as glucose
disposal exceeds its rate of appearance during exercise conditions.

Fasting whole-body fat oxidation rates were greater in the diabetes patients.
This seems to be in contrast to some [14~19], but not all [12, 13, 36}, previous
studies, which describe normal and/or decreased basal whole-body fatty acid
oxidation rates in the type 2 diabetic state [14-19]. These apparently
contradictory findings are explained by the fact that long-term diagnosed
diabetes patients were selected to participate in the present study. These
patients differ significantly in metabolic profile from their recently diagnosed
counterparts in that they no longer show any compensatory hyperinsulinaemia
(Fig. 2, Table 1). As a consequence, plasma insulin levels do not compensate for
the adipose tissue insulin resistance present in type 2 diabetes [37-40] and fail
to inhibit adipose tissue lipolysis. This explains the greater plasma NEFA
appearance rates and elevated plasma NEFA availability observed in the
diabetes patients (Figs 1 and 2). The elevated plasma NEFA availability drives a
greater NEFA uptake rate and subsequently augments plasma NEFA oxidation
in the diabetes patients. The higher basal plasma NEFA turnover and fat
oxidation in the diabetes patients were accompanied by a lower carbohydrate
oxidation rate (Fig. 3), despite substantially greater hepatic glucose output (Ra
glucose) and the presence of marked hyperglycaemia. This clearly demonstrates
that carbohydrate metabolism is significantly impaired in the long-term
diagnosed type 2 diabetes patient, and suggests that this might (in part) be
attributed to the increased fat oxidation. Interestingly, despite previous studies
suggesting substantial differences in the use of plasma glucose, glycogen, NEFA
and/or IMTG as a substrate source during exercise conditions in type 2 diabetes
patients and normoglycaemic controls [16-18, 24], substrate source utilisation
rates were remarkably similar between type 2 diabetes patients and
normoglycaemic controls (Fig. 3). However, it should be noted that in the type 2
diabetic state, such apparently normal substrate utilisation rates are observed in
the presence of a significantly greater NEFA turnover. Exercise significantly
lowered blood glucose concentrations in type 2 diabetes patients. Though this
has been observed before [15, 17, 18, 23, 41], the present study shows that this
can be attributed to an improved plasma glucose disposal rate, with plasma
glucose Rd representing 118+6% of its Ra during exercise (Table 2). The
exercise-induced decline in blood glucose concentrations continued during
subsequent recovery, blood glucose Rd remaining well above its Ra (114+1%).
These data extend the observations made in previous studies [17, 23, 24, 42] and
demonstrate that exercise forms a potent strategy to acutely improve glycaemic
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control in type 2 diabetes. Our data do not support the hypothesis that the
capacity to mobilise and/or oxidise the IMTG pool is substantially impaired in
type 2 diabetes patients when compared with normoglycaemic controls, as
suggested previously [2, 43, 44]. Tracer kinetic data (Fig. 1, Table 2) as well as
histochemical analysis indicate that muscle- (and/or lipoprotein-)derived
triglycerol play only a relatively minor (quantitative) role as a substrate source
at rest and/or during exercise conditions in both sedentary type 2 diabetes
patients and healthy sedentary men. During post-exercise recovery, total fat
oxidation rates were elevated compared with pre-exercise resting values in both
the type 2 diabetes patients and the normoglycaemic controls (Fig. 3).
Furthermore, total fat oxidation rates were greater in the type 2 diabetes
patients compared with controls. In contrast, carbohydrate oxidation rates were
reduced, which was accompanied by a decreased plasma glucose Ra and Rd.
The present data are not necessarily in contrast to previous findings, which
generally show reduced NEFA uptake and/or oxidation rates over the leg or
arm in recently diagnosed type 2 diabetes patients [11, 14, 16, 20, 45]. The
greater whole-body NEFA turnover rate in long-term diagnosed type 2 diabetes
patients observed in the present study is most likely attributable to the presence
of adipose tissue insulin resistance and the absence of compensating
hyperinsulinaemia in the selected patient group. Disturbances in whole-body
NEFA metabolism remain evident, since the higher total fat oxidation rates
occurred under conditions of disproportional elevated plasma NEFA
appearance rates and concomitantly elevated plasma NEFA concentrations.
Disturbances in glucose handling in these long-standing diabetes patients are
more clearly visible, as total glucose oxidation rates are reduced, despite major
upregulation of plasma glucose Ra, Rd and the concomitant hyperglycaemic
state. Gaining more insight into the differences in disturbances of substrate
utilisation between subpopulations of type 2 diabetes patients (i.e. recently or
long-term diagnosed) will be of great importance to our understanding of the
aetiology and progression of the disease.

In conclusion, fasting whole-body fat oxidation rates are elevated in long-term
diagnosed type 2 diabetes patients, which is attributed to greater plasma NEFA
appearance rates, elevated plasma NEFA availability, and increased plasma
NEFA disappearance and oxidation rates. The greater plasma NEFA
appearance rate is most likely attributable to disinhibition of adipose tissue
lipolysis, secondary to adipose tissue insulin resistance and the absence of
compensatory hyperinsulinaemia. Furthermore, hyperglycaemia in long-
standing type 2 diabetes patients is associated with elevated plasma glucose
appearance and disappearance rates, but is not accompanied by elevated
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carbohydrate oxidation rates. Moderate-intensity exercise improves plasma
glucose disposal in long-standing type 2 diabetes patients, thereby etfectively
reducing blood glucose concentrations.
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CHAPTER 3

ABSTRACT

Purpose

The purpose of this study was to compare substrate source utilization in older,
long-term exercising, endurance-trained males with sedentary controls.

Methods

[U-B3C]palmitate and [6,6-Hz]glucose tracers were applied to assess plasma
free fatty acid (FFA) and glucose oxidation rates, and to estimate muscle and/or
lipoprotein derived triacylglycerol (TG) and muscle glycogen use. Subjects were
10 long-term exercising, endurance-trained males and 10 sedentary controls
(age 57+1 and 60+2 y, respectively). Muscle biopsy samples were collected
before and after exercise to assess muscle fiber type specific intramyocellular
lipid and glycogen content.

Results

During exercise, plasma palmitate Ra, Rd and Rox were significantly greater in
the trained subjects compared to the controls (Ra: 0.36+£0.02 and 0.25+0.02; Rd:
0.36+0.03 and 0.24+0.02; Rox: 0.31£0.02 and 0.2040.02 mmol-min-1, respectively,

P<0.01). This resulted in greater plasma FFA and total fat oxidation rates in the
trained versus sedentary subjects (P<0.001). Muscle and/or lipoprotein derived
TG use contributed 10+2 and 11+3% in the trained and control group,
respectively (NS). No significant net changes in muscle fiber lipid content were
observed.

Conclusion

Older, endurance-trained males oxidize more fat during moderate intensity
exercise than sedentary controls. This greater total fat oxidation rate is
attributed to a higher plasma FFA release, uptake and oxidation rate. In
contrast, intramyocellular triacylglycerol does not seem to represent a major
substrate source during 1h of moderate intensity exercise in older trained or
sedentary men.
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INTRODUCTION

Endurance exercise elevates skeletal muscle fat oxidative capacity (2, 14, 22, 27,
29, 33, 37, 39). In accordance, whole-body fat oxidation rates have been reported
to be higher during exercise in the endurance-trained versus sedentary state,
both at the same absolute (2, 14, 22, 27, 29, 33, 37, 39) and relative exercise
intensity (2, 4, 26). Less is known about the impact of training status on the
specific use of the different endogenous substrate sources (i.e. plasma glucose,
muscle glycogen, plasma free fatty acids and muscle and/or lipoprotein derived
triacylglycerol). Some studies applying stable isotope methodology to assess
plasma free fatty acid (FFA) uptake and oxidation rates (2, 22, 27, 29, 33, 38, 40),
as well as studies quantifying net changes in intramuscular triacylglycerol
content (14) suggest that the higher fat oxidation rate during exercise in the
endurance-trained state is attributed to a greater utilization of muscle derived
triacylglycerol (TG) (2, 4, 14, 22, 27, 29, 33). In contrast, other studies have
reported a greater capacity to take up plasma FFA from the circulation (18, 38)
resulting in higher plasma FFA oxidation rates during exercise in the
endurance-trained state (38). The latter findings tend to be in accordance with
studies reporting greater skeletal muscle FA transporter protein expression in
the endurance-trained state (19, 20).

The concomitant reduced reliance on endogenous carbohydrate use, observed
both at the same absolute and relative exercise intensity, has been attributed to
both a lower plasma glucose appearance (Ra), disappearance (Rd) and
oxidation rate (Rox) (3, 5, 9, 12) and less muscle glycogen use (7, 25).

The apparent discrepancy in the literature on the effects of endurance training
on fat source uftilization during exercise is likely due to differences in
experimental design and the selected subject population. Data from short-term
training interventions (14, 27, 29, 33) suggest that the training-induced increase
in whole-body fat oxidation is attributed to a greater muscle (and/or
lipoprotein) derived TG use. In contrast, most data from cross-sectional studies
comparing substrate use between young endurance-trained athletes and
sedentary controls suggest that the greater fat oxidative capacity in the
endurance-trained state is attributed to a higher plasma FFA release, uptake
and/or oxidation rate (4, 10, 11, 20, 38). This discrepancy in the literature implies
that large differences may exist in the skeletal muscle adaptive response on
substrate use following either short or long-term endurance training.
Furthermore, the effects of endurance training on substrate source utilization
have generally been studied in healthy, young subjects (14, 22, 27, 29, 33, 40).
Data on the impact of several decades of endurance training (i.e. throughout
adulthood) on substrate source utilization are scarce. However, such data are
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warranted to increase our understanding of the impact of physical (in)activity
on whole-body and skeletal muscle oxidative capacity, substrate selection, body
composition, and the association of these factors with the development of
chronic metabolic disease at a more advanced age (1).

In the present study, contemporary stable isotope methodology was applied to
quantify whole-body substrate source utilization at rest, during moderate-
intensity exercise and subsequent post-exercise recovery in 10 older males (57x1
y) following decades of endurance training and 10 male age-matched, sedentary
controls (60+2 y). In addition, skeletal muscle biopsies were collected to
determine net changes in muscle fiber type specific lipid and glycogen content.
The present study is the first to provide a complete overview on substrate
source utilization at rest, during exercise and post-exercise recovery in older,
endurance-trained athletes and matched, sedentary controls.

RESEARCH DESIGN AND METHODS

Subjects

Ten older, endurance-trained males and 10 age-matched, sedentary controls
(Table 1) were selected to participate in this study. Endurance-trained subjects
were selected that performed endurance type exercise (cycling) for at least 3
times-week!, with more than 60 min per session and had been active in
endurance type exercise training for a period of at least 25 y. Endurance trained
subjects were questioned on their current and past training schedule. Sedentary
control subjects had no history of participating in any regular physical activity
program. Subjects were informed about the nature and risks of the
experimental procedures before their written informed consent was obtained.
The study was performed conform the standards set by the Declaration of

Helsinki and was approved by the Medical Ethical Committee of Maastricht
University.

Pre-testing

Maximal power output (Wmax) and maximal oxygen uptake -capacity
(VO2max) were determined on an electronically braked cycle ergometer (Lode
Excalibur, Groningen, The Netherlands) during an incremental exhaustive
exercise test 2 weeks prior to the first experimental trial. Throughout the test,
VO2 and VCO: were measured with an Oxycon 8 (Mijnhart, Breda, The
Netherlands). Body composition was assessed using the hydrostatic weighing
method in the morning after an overnight fast. Simultaneously, residual lung
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volume was measured by the helium-dilution technique using a spirometer
(Volugraph 2000, Mijnhardt, Bunnik, The Netherlands). Body weight was
measured with a digital balance with an accuracy of 0.001 kg (E1200, August
Sauter GmbH, Albstadt, Germany). Body fat percentage was calculated using

Siri’s equation. Fat free mass (FFM) was calculated by subtracting fat mass (FM)
from total body weight.

Diet and physical activity prior to testing

All subjects were instructed to refrain from strenuous physical activity for 2
days prior to each trial. In addition, they were asked to record dietary intake
during 2 days prior to the first experimental trial and to repeat this diet prior to
the second trial. The evening before each ftrial, all subjects were instructed to
consume a standardised meal (42 kJ-kg?; consisting of 61 Energy% (En%)
carbohydrate, 24 En% fat and 15 En% protein). There were no significant
differences in daily energy intake or macronutrient composition of the diet
between groups in the days prior to the tests, as assessed by 2 d food records.
Trained subjects ingested 9.8+0.8 MJ-day* with 29+1 En% from fat, 18+1 En%
from protein and 531 En% from carbohydrate. Control subjects ingested

9.1+0.3 MJ-day! with 32+1 En% from fat, 15£1 En% from protein and 53+1 En%
from carbohydrate.

Experimental trials

Each subject performed 2 trials; one main trial and an additional trial to
determine the acetate recovery factor. Both trials were separated by at least 1
week. Each trial consisted of 120 min of resting measurements, followed by 60
min of cycling exercise at an exercise intensity set at 50% Wmax, and a
subsequent 120 min recovery period. In the main trial an [U-13C]palmitate and
[6,6-2Hz]glucose tracer were infused with breath and blood samples being
collected at regular time intervals. Muscle biopsies from the vastus lateralis
were collected before and immediately after cessation of exercise. The acetate
recovery test was identical to the main trial with the exception of the infusion of
[1,2-13C]acetate and the collection of breath samples only. This study is part of a
greater research project investigating substrate utilization at rest and during
exercise in various (clinical) populations.

Protocol

After an overnight fast, subjects arrived at the laboratory at 8.00 AM by car or
public transportation. After 30 min of supine rest, a percutaneous muscle
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biopsy was taken from the vastus lateralis muscle. A Tetlon catheter (Baxter BV,
Utrecht, The Netherlands) was inserted into an antecubital vein of one arm for
blood sampling, another catheter was inserted in the contralateral arm for
isotope infusion. Subsequently, subjects were administered a single intravenous
dose of NaH2CQOs (0.06375 mg-kg1), followed by a [6,6-2Hz]glucose prime (13.5
umol-kg1). Thereafter, a continuous infusion of [6,6-?Hz]glucose (0.3 umol-kg-
I'min?) and [U-13C]palmitate (0.01 pmolkgl-min?) (or [1,2-BClacetate) was
started (t = 0 min) via a calibrated IVAC pump (IVAC 560, 5an Diego, CA). At
=120 min subjects started to exercise on a cycle ergometer at 50% Wmax for a
60 min period. Whilst at rest, VOz and VCO:2 were measured from t = 60 to 120
min (Oxycon-8, Mijnhart), during exercise VO2 and VCO:2 were measured for 5
min every 15 min prior to sampling of blood and expired breath. Immediately
after cessation of exercise, a second muscle biopsy was taken, after which
subjects rested supine for 2 h. VOz and VCO:2 were measured during recovery
from t =210 to 270 min.

Blood and breath sample analysis

Blood samples (7 ml) were collected in EDTA containing tubes and centrifuged
at 1000-g for 10 min at 4°C. Aliquots of plasma were frozen immediately in
liquid nitrogen and stored at -80°C. Plasma glucose (Roche, Basel, Switzerland),
lactate, FFA (Wako Chemicals, Neuss, Germany), glycerol (Roche Diagnostics,
Indianapolis, IN, USA) and triacylglycerol (Sigma Diagnostics, St Louis, MO,
USA) concentrations were analysed with a COBAS semi-automatic analyser
(Roche). Plasma insulin was measured by radioimmunoassay (Linco, St.
Charles, MO, USA). Blood HbAlc content was analysed by high-performance
liquid chromatography (Bio-Rad Diamat, Munich, Germany). Expired breath
samples were analysed for 13C/2C ratio by GC continuous flow isotope ratio MS
(Finnigan MAT 252, Bremen, Germany). For determination of plasma palmitate
and FFA kinetics, FFA were extracted, isolated by thin-layer chromatography,
and derivatised to their methyl esters. Palmitate concentration was determined
on an analytical GC with flame ionisation detection using heptadecanoic acid as
internal standard and comprised 21.3+£0.7% of total FFA. Isotope tracer/tracee
ratios (TTR) of [U-13C]palmitate was determined using GC combustion isotope
ratio MS (Finnigan MAT 252). Following derivatization, plasma [6,6-2Hz]glucose
enrichment was determined by electron ionisation GC-MS (Finnigan).
Palmitate, glucose and acetate tracer concentrations in the infusates averaged
1.05£0.01, 32.7+1.0 and 4.95£0.04 mmol-L, respectively. Therefore, the exact

tracer infusion rates averaged 9.1+0.1, 280+2, and 761 nmol-kg-l-min-,
respectively.
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Calculations

From respiratory measurements, total fat and carbohydrate oxidation rates
were calculated using the non-protein respiratory quotient.

Fat oxidation rate 1.695 VO2 - 1.701 VCOn2 (1)
Carbohydrate oxidation rate 4,585 VCO2 - 3.226 VOn (2)

with VO2 and VCOZ2 in L-min?' and oxidation rates in gmin'. Rate of
appearance (Ra) and rate of disappearance (Rd) of palmitate and glucose were

calculated using the single-pool non-steady state Steele equations adapted for
stable isotope methodology.

_ F=V[(C,+C)/2][(E,—E )/(t,—t))]
= (E,+E,) /2

Ra

y
C _

Ri=Ra-V: | — C')

Lt —t,

(4)

where F is the infusion rate (umol-kglmint);, V = distribution volume for
palmitate or glucose (40 and 160 mL.kg!, respectively); Cl1 and C2 are palmitate
or glucose concentrations (mmol.L?) at time 1(t1) and 2(t2), respectively and E2
and E1 are the plasma palmitate or glucose enrichments (TTR) at time 2 and 1,

respectively. 3CQO2 production (Pr*CO: ; mol-min) from the infused palmitate
tracer was calculated as:

Pr13CO:2 = (TTRCO:2. VCQO2) / (k . Ar) (5)

where TTRCO: is the breath 13C/12C ratio at a given time point, VCO: is the
carbon-dioxide production (L-min?), k is the volume of 1 mol of CO: (22.4
L-mol?); and Ar is the fractional 3C label recovery in breath COz, observed after
the infusion of labeled acetate and calculated as:

Ar=((TTRCO:2.VCO2) / (k.2F)) (6)

where F is infusion rate of [1,2-13C] acetate (mol-min-1).
Plasma palmitate oxidation (Rox) (mol-min) can subsequently be calculated as:

Rox palmitate = Rd palmitate . (Pr13CQO2 / F. 16) (7)
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where Rd palmitate is the rate of disappearance palmitate (mol-min?); F is the
palmitate infusion rate (mol'min?) and 16 is the number of labeled carbon
atoms in palmitate. Total plasma FFA oxidation was calculated by dividing
palmitate oxidation rates by the fractional contribution of plasma palmitate to
total plasma FFA concentration. The contribution of fat sources other than
plasma FFA was calculated by subtracting plasma FFA oxidation from total fat
oxidation.

In a previous study it has been shown that during exercise (50% Wmax) plasma
glucose Rd equals its Rox (96-100%) (15). Therefore, plasma glucose oxidation
rate during exercise was estimated as:

Rox plasma glucose = Rd plasma glucose (9)

Whole body muscle glycogen use was calculated by subtracting plasma glucose
oxidation from total carbohydrate oxidation. As plasma glucose Rd does not
match Rox during resting conditions, plasma glucose oxidation rates can not be
accurately calculated at rest when using a [6,6-2Hz]glucose tracer.

Muscle sample analysis

Muscle samples were dissected, freed from any visible non-muscle material,
and frozen in nitrogen-cooled isopentane and embedded in Tissue-Tek (Sakura,
Zoeterwoude, The Netherlands). Multiple serial sections (5 um) were thaw
mounted together on uncoated, pre-cleaned glass slides for each subject. To
determine muscle fibre type specific IMTG content, cross-sections were stained
with oil red O together with immuno-labelled cellular constituents using the
protocol described before (43). From each muscle biopsy a total of 53£5 and
49+4 muscle fibres were analysed for lipid content in the trained and control
group, respectively. To permit quantification of intramyocellular glycogen we
applied the modified PAS stain (32). For each muscle biopsy 153423 and 157+13
muscle fibres were analysed for glycogen content in the trained and control
group, respectively. Muscle fibre type-specific oxidative capacity was assessed
by determining succinate dehydrogenase activity (SDH) in skeletal muscle
cross-sections using (immuno)histochemical staining analyses as described
before (23). For each muscle cross-section 147+13 and 111+8 muscle fibres were
analysed for SDH activity in the trained and control group, respectively. Large
overviews containing 146426 and 174+20 fibres per subject in the trained and

control group, respectively, were used to determine muscle fibre type
composition.
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RESULTS

Subjects’ characteristics

The older, endurance-trained males had been cycling for the greater part of their
adulthood (42+3 y) and were still cycling more than 3 times/week. Current
training volume averaged ~275 km/wk, or approximately 11h of exercise per
week. Subjects did not participate in other sports except for occasional fithess
and/or running (n=3). Sedentary control subjects had no history of participating in
any regular physical activity program. Significant differences in body

composition, maximal workload and oxygen uptake capacity were observed
between groups (Table 1).

Table 1 Subjects’ characteristics

Control Trained
n=10 _ n=1¢
57

Age (y) 60
Height (m)

Body mass (kg) 87
BMI (kg/m?) 28
Body fat (%) 29
Fat free mass (kg) 61
Basal plasma glucose (mM) 5.56
Plasma glucose 120min (MM) 5.71
Basal plasma insulin (mU-L1) 7.86
[Plasma insulin 120min 48.40
HbAlc (%) 5.83
VO2max (L-min-!) 3.2
VO2Z2max per kg 36.8
(MmL-min"-kg1)

Wmax (W) 203 300
Wmax per kg FFM (W-kg1) 3.27 4.67
Maximal heartrate (bpm) 164 172
Training history (years) n/a 43

78
26
17
64
5.65
5.28
5.13
29.40
5.78
3.5
48.8

H o H B H O H O+ H H O+ B
R R O & £ U = - O U I

9*

3
2
Body mass index (BMI) is calculated dividing body mass by height?, Plasma

glucose/insulinizomin represents plasma glucose/insulin concentrations at t = 120 min.
Data are means + SEM. * significantly different from control group (P <0.05)

+ H H+ i+
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Table 2 Tracer kinetics

Control
(n=10)

Trained

(n=10)

Control

(n=10)

Trained

(n=10)

mmniolr mint

umol-kg FEM-1-min?

Ra
Rd
%Ra Rd

Exercise

Ka

Rd

Rox
%Rd ox

Ra
Rd
%Ra Rd

Recovery

Ra
Rd
Rox

%Rd ox

Ra
Rd

%Ra Rd

palmitate
palmitate
palmitate

palmitate

glucose
glucose

glucose

palmitate
palmitate
palmitate

palmitate

glucose

glucose

glucose

palmitate
palmitate
palmitate

palmitate

glucose

glucose

glucose

0.75
0.83

113

+
+

+

0.01%
11.6
0.01%

2.5%

0.04+1
0.04+1

6

0.15
0.15
0.07
43.9

0.79
0.92

117

0.01%
0.01%
0.01%
1.9+

0.02t

2.83
2.82
1.22
43.2

12.29

0.01t7 13.62

31%

113

0.26
0.26
0.13
2.1

0.74
0.62
1

6

2.65
2.64
1.00
37.7

16.16
16.71
104

2.39
2.38
1.04
43.9

12,39
-+ 14.38

117

+

+

0.19%
0.19%
0.09%
1.9+

0.38+4
0.37+1

3+t

Tracer kinetics as determined at rest, during exercise (50% Wmax) and subsequent recovery. Ra, rate of
appearance; Rd, rate of disappearance; Rox, rate of oxidation (mmol'min-1 and pumol-kg FFM-1-min-
'); %Rd ox,, percentage of Rd oxidised (%); % Ra Rd percentage of Ra that disappeared (%). Values are
means + SEM (2n = 20). *significantly different from control group (P < 0.05) tsignificantly different
from resting values (P < 0.01); {significantly different from exercise values (P <0.01).
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Figure 1. Tracer kinetics as determined at rest, during exercise (T=120-180min, 50% Wmax) and
subsequent recovery. Ra, rate of appearance; Rd, rate of disappearance; Rox, rate of oxidation
(mmol-min-1). Values are meanstSEM (2n = 20). Dotted lines mark beginning and end of exercise
period. Fig. A: *Plasma palmitate Ra, Rd and Rox significantly greater in trained subjects compared
to controls (P<0.001). Fig.B: *Plasma glucose Ra and Rd significantly greater in T as compared to

controls at rest and during recovery. #Plasma glucose Rd significantly lower in trained subjects (all
P<0.05).
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Tracer kinetics

Acetate recovery factors averaged 0.15+0.02 and 0.14£0.02 (rest: NS), 1.00+0.03
and 0.88+0.01 (exercise: P<0.05) and 0.25+0.02 and 0.28+0.02 (recovery: NS), in the
trained and sedentary group, respectively. At rest and during post-exercise
recovery, plasma palmitate Ra, Rd and Rox did not significantly differ between
groups (Table 2, Figure 1). During exercise, plasma palmitate Ra, Rd and Rox
were significantly greater in trained subjects compared to controls (I’<0.001).
Plasma palmitate Ra reached plateau values within 15 min after the onset of
exercise in the trained group, whereas in the control group, plasma palmitate Ra
steadily increased during exercise. Plasma palmitate Rd and Rox increased
significantly over time during exercise in both groups. Plasma glucose Ra and Rd
were significantly greater in the trained subjects as compared to the sedentary
controls at rest (P<0.001). In contrast, during exercise, plasma glucose Rd was
greater in the sedentary controls. Plasma glucose Ra and Rd increased over time
during exercise in the sedentary, but not in the trained subjects.

Plasma metabolite concentrations

Plasma glucose concentrations at rest did not differ between groups (Figure 2).
During exercise, plasma glucose concentrations were higher in the trained group
versus control (P<0.01). Plasma glucose values returned to pre-exercise levels
during recovery in both groups. At rest, plasma FFA concentrations did not differ
between groups. Plasma FFA concentrations during exercise tended to be higher
in the trained group as compared to the sedentary controls (I’=0.055). At the onset
of exercise, plasma FFA decreased in the control but not in the trained group. In
both groups, plasma FFA concentrations increased until 15 min after cessation of
exercise. Plasma free glycerol concentrations increased significantly during
exercise and returned to basal levels during recovery. Plasma free glycerol
concentrations were significantly greater during exercise in the trained vs
sedentary group (P<0.01). Plasma TG concentrations did not differ between
groups. Plasma lactate concentrations increased during exercise, and were higher
in the sedentary versus trained group (P’<0.05). Plasma insulin levels declined

during exercise in the sedentary group only (P<0.05). Plasma insulin
concentrations did not differ between groups.

Whole-body substrate source utilization

At rest, energy expenditure averaged 5.30+£0.12 and 5.28+0.16 k]-min-! at rest, in
the trained and sedentary group, respectively (Figure 3). Total fat oxidation rate
(g'min) at rest did not differ between groups (0.09+0.00 and 0.09+0.01 g-min-t),
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contributing 70+3 and 67+3% to total energy expenditure, respectively (Figure 3).
Exercise was performed at a 50% Wmax workload, which resulted in an absolute
workload set at 15045 (T) and 10148 W (UT, P<0.001) in the trained and sedentary
group, respectively. Mean heartrate during exercise averaged 12444 (72+2%
HRmax) and 122+5 (75+2% HRmax) in the trained and sedentary group (NS).
Energy expenditure and oxygen uptake (expressed as % of VOumax) during
exercise were higher in the trained versus sedentary controls (49+2 and 36+2
kJ-min, and 61+1 and 5442 %VQO2-max, respectively P<(.05).

—&— TRAINED
—4— CONTROL

Plasma glucose {mmaol.L %}
Plasma free glycerol {(umol.L )

|
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Figure 2. Plasma glucose (A), free glycerol (B), free fatty acids (C), lactate (D), insulin (E) and
triacylglycerol (F) concentrations. Values are meanstSEM. Dotted lines mark beginning and end of
exercise period. *Significantly different from control group (P<0.05).
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Total fat oxidation rates during exercise were significantly greater in the trained
subjects versus sedentary controls (0.52+0.03 and 0.35+0.03 g':min, respectively,
P<0.001), contributing 43+2 and 39+3 % to total energy expenditure (P=0.19, NS).
The greater total fat oxidation was attributed to higher plasma FFA oxidation
rates, which were higher from an absolute (P<0.002) as well as relative point of
view (P=0.06). Muscle and/or lipoprotein derived TG use significantly increased
from rest to exercise to 0.12+0.02 and 0.10+0.02 g-min’, contributing 10+2 and
11£3% in the trained and control group, respectively (NS; Figure 3). Total
carbohydrate oxidation rates during exercise averaged 1.70+0.07 and 1.37+0.08
gmin'! in the trained and sedentary control group, respectively (P<0.01),
contributing 5742 and 61+3 % to total energy expenditure (NS). Plasma glucose
oxidation rates contributed 80 and 14+1% of total energy expenditure in the
trained versus sedentary groups, respectively (P<0.05). Muscle glycogen use
contributed 49+2 and 46+3% to total energy expenditure in the trained and
sedentary group, respectively (N5S; Figure 3).

= other fat sources
32X carbohydrates
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"Iﬁ' Il
L
LN

A

— other fat sources
MEX plasma glucose
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EE during exercise {kJ.min™)

s FFA

.00 other fat sources
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daas L ——
S

CONTROL TRAINED CONTROL TRAINED

Figure 3. Energy expenditure at rest, during exercise and subsequent recovery (k]-min! and EE%).
Values are means + SEM. * Significantly greater total fat and FFA oxidation (P<0.05) + Significantly

lower total carbohydrate and plasma glucose oxidation (P<0.05) # Significantly greater total fat
oxidation (P<0.05).
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During post-exercise recovery, energy expenditure tended to be greater in the
sedentary groups compared to the trained group (5.5+0.2 and 4.9+0.2 kJ-min,
respectively (P=0.06). This was attributed to a higher total fat oxidation rate

(P<0.01). Neither plasma FFA or muscle and/or lipoprotein derived TG use
differed between groups during post-exercise recovery (Figure 3).
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Figure 4. Fiber-type specific intramyocellular lipid (top) and glycogen (bottom) content in type I (left
panel) and type II (right panel) fibers, pre (black bars) and post (white bars) exercise.

Muscle tissue analysis

Muscle fiber type specific lipid and glycogen content before and immediately
after exercise are illustrated in Figure 4. Muscle fibre type analyses showed a
significantly greater type I fiber content in the trained versus sedentary group
(71+4 and 49+4% type I; 2944 and 51+4% type Il fibers, respectively; P<0.001). In
both groups, type I muscle fibers contained 2-3 fold more lipid than type II fibers
(P<0.005). No significant net changes in type [ or Il muscle fiber lipid content were
observed following exercise in either group (Figure 4). No significant net changes
in muscle fiber glycogen content were observed in either group (-14.7+13.0% and -
18.0£10.8% in trained and control subjects, respectively, Figure 4). Muscle fiber
type specific succinate dehydrogenase (SDH) activity is shown in Figure 5.
Significantly greater SDH activity was observed in the type 1 and II muscle fibers
in the trained subjects compared to the sedentary controls (P<0.05).
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SDH activity (AU)

Figure 5. Fiber-type specific succinate
dehydrogenase activity in type | (black
bars) and type [I (white bars) muscle
fibers. *Significantly different from

CONTROL TRAINED control group (P<0.05).

DISCUSSION

In the present study, we report a greater total fat oxidation rate during exercise of
the same relative intensity in older, long-term exercising, endurance-trained
males, as compared to age-matched sedentary controls. The greater fat use in the
endurance-trained state is entirely attributed to a greater plasma FFA appearance,
uptake and oxidation rate. In contrast, muscle and/or lipoprotein derived TG is of
minor quantitative importance during 1h of moderate intensity exercise in either
endurance-trained or sedentary older males.

Older, endurance-trained males were shown to oxidise more fat during exercise
of the same relative workload (50%Wmax) when compared to sedentary, age-
matched controls (Figure 3). Despite an identical relative workload (W) and
heartrate (124+4 b/min (72+2% of HRmax) versus 122+5 (75+2% of HRmax)),
exercise intensity expressed as a percentage of maximal oxygen uptake capacity
was higher in the trained versus sedentary group (61+1% versus 54+2% VO2max,
respectively). The greater whole-body and skeletal muscle oxidative capacity, and
concomitant higher fat oxidation rate during exercise in the endurance-trained
state are in accordance with previous findings in young endurance-trained
subjects (4, 22, 26, 38), master athletes (8, 26), and middle- to older aged subjects
after endurance training (6, 16, 30, 33, 34, 36). However, less consensus exists with
regard to the specific endogenous fat sources that are being utilized to a greater
extent in the endurance-trained versus untrained state. Studies applying short-
term training interventions generally report that greater fat oxidation rates during
exercise are accounted for by an increased muscle (and/or lipoprotein) derived
TG use (14, 27, 29, 33). In contrast, others report higher plasma FFA appearance,
uptake and oxidation rates in the endurance-trained state (4, 10, 11, 20, 38). This
latter perspective is supported by the present study, as the greater whole-body fat
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oxidation rates in the endurance-trained subjects were entirely attributed to a
higher plasma FFA appearance, uptake and oxidation rate (Table 2 and Figure
1,3). Furthermore, the use of muscle (and/or lipoprotein) derived TG was shown
to be of relative minor importance in both groups, contributing only ~10% of total
energy expenditure. In accordance, no net decline in type I or Il muscle fiber lipid
content was observed following exercise in either group (Figure 4). As such, we
conclude that, from a quantitative point of view, intramuscular triacylglycerol
does not represent a major substrate source during 1 h of moderate intensity
exercise in older endurance-trained or sedentary males.

Differences in training history between subjects’ populations are likely to explain
the apparent discrepancy on the effects of endurance training on fat source
utilization during exercise. Schrauwen et al. (33) have applied the same stable
isotope methodology to assess endogenous fat source utilization during exercise
before and after 3 months of endurance training in middle-aged sedentary men.
They reported that the greater fat oxidation following short-term endurance
training was entirely accounted for by an increase in muscle (and/or lipoprotein)
derived TG use (33). In the present study, we made a cross-sectional comparison
between older, long-term exercising, endurance-trained cyclists and age-matched,
sedentary men. Though genetic differences and self-selection bias could have
contributed to our findings, we observed much greater plasma FFA oxidation
rates during exercise in the endurance-trained subjects (Figure 3). This is in line
with previous findings, showing that long-term endurance exercise training
increases plasma FFA use (4, 18, 38). The greater capacity to utilise plasma
derived FFA is associated with a greater lipolytic response of adipose tissue (10,
11), a higher plasma FFA uptake rate during exercise (4, 18, 38), and a greater
skeletal muscle FA transport capacity in the endurance-trained state (18-20).
These adaptive responses suggest that plasma derived FFA are the preferred
substrate source to allow greater fat oxidation rates in the endurance-trained
state. In this respect, the greater muscle (and/or lipoprotein) derived TG use
following a short-term training intervention as observed by Schrauwen et al. (33)
likely reflects an early adaptive response to exercise. We speculate that an
increase in skeletal muscle fat oxidative capacity is an early response to exercise
training, and that the adipose tissue lipolytic response and muscle FFA transport
capacity are not yet upregulated at this stage to allow greater plasma FFA use.
The latter is likely to occur after more prolonged (i.e. years of) endurance training.
In further support of this view, plasma FFA Ra levels reached plateau values
immediately after the onset of exercise in the trained athletes only, which
indicates that the increased demand for plasma FFA is rapidly met by an
increased adipose tissue lipolytic rate (Figure 1). These data imply that long-term
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endurance training augments the capacity of adipose tissue to respond rapidly to
increased skeletal muscle FFA demands.

The balance between plasma FFA availability and demand in the older athletes
was facilitated by their relative low absolute workload capacity when compared
to young, endurance-trained athletes who generally exercise at much higher
absolute workloads. It has been previously shown that plasma FFA availability
determines IMTG mobilization and oxidation (41). Thus, under high workload
conditions where plasma FFA availability cannot match FA turmover, muscle TG
stores will be mobilized and oxidized to a greater extent. This also explains why
the contribution of muscle TG oxidation to energy expenditure seems to be
considerably greater in younger, trained athletes (40).

The greater fat oxidation rate during exercise in the trained subjects was
accompanied by a significantly lower endogenous carbohydrate oxidation rate
(Figure 3). The latter was mainly attributed to lower plasma glucose appearance
and disappearance rates (Figure 1) and is in accordance with previous findings
during exercise at the same relative intensity in an endurance-trained versus
untrained state (2, 5). Even though whole-body glycogen use represented ~50% of
total energy expenditure during exercise (Figure 4), no significant net decline in
type I or II muscle fiber glycogen content was observed in either group. It might
be speculated that greater variance in fiber type specific muscle glycogen content
as assessed by the PAS staining methodology prevented the net decline in muscle
fiber type specific glycogen content from reaching statistical significance. We
observed a non-significant 1629% net decline in type I muscle fiber glycogen
content in vastus lateralis tissue (Figure 4), which seems to be relatively small
when compared to studies that measured mixed muscle glycogen content before
and after similar exercise protocols in younger subjects (24, 42). Future studies are
warranted to address the apparent discrepancy between findings.

In the post-exercise recovery phase, fat oxidation in the control subjects was
stimulated when compared to resting conditions (Figure 3). This could largely be
attributed to a greater plasma FFA oxidation rate in the control subjects, with no
differences being observed in muscle (and/or lipoprotein) derived TG use. As
such, the effects of exercise to stimulate adipose tissue lipolysis and subsequent
plasma FFA release, uptake and oxidation extend to the post-exercise recovery
phase.

Aging has been associated with a decline in skeletal muscle (17, 21, 28, 34) and/or
whole-body (26, 35) oxidative capacity, a progressive decline in muscle mass,
strength and a concomitant increase in body fat content (13, 21). These age-related
changes in oxidative capacity and body composition contribute to an increased
likelihood of developing chronic metabolic diseases (28, 31). Though we did not
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aim to assess the impact of age on substrate source utilization, our data suggest
that decades of intense endurance type exercise training attenuate much of the
decline in whole-body and skeletal muscle oxidative capacity observed with
aging (Figure 5). Furthermore, the progressive loss of muscle mass and
concomitant increase in body fat mass with aging seems to be largely prevented
by maintaining high levels of physical activity throughout adulthood. These
apparent clinical benefits of regular exercise are likely to reduce the risk of
developing chronic metabolic disease at an advanced age.

In conclusion, endurance-trained master athletes oxidize more fat during
moderate intensity exercise as compared to sedentary controls. The greater total
fat oxidation rate during exercise in the endurance-trained state is attributed to a
higher plasma FFA release, uptake and subsequent oxidation rate. In contrast,
intramyocellular triacylglycerol does not represent a major substrate source
during moderate intensity exercise in endurance-trained master athletes or
sedentary men. Decades of endurance training seem to attenuate the decline in
whole-body and skeletal muscle oxidative capacity and the concomitant changes
in body composition, and likely reduces the risk of developing chronic metabolic
disease at an advanced age.
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CHAPTER 4

ABSTRACT

Aim
In animal models, administration of the adenosine analogue AICA-riboside has
shown beneficial effects on ischemia-reperfusion injury and glucose homeostasis.

The vascular and/or metabolic effects of AICA-riboside administration in humans
rermain to be established.

Methods

AICA-riboside was infused intra-arterially in 4 different dosages up to 8
mg/min/dl in 24 healthy subjects. Forearm blood flow (FBF) and glucose uptake,
and plasma glucose, free fatty acid and AICA-riboside concentrations were
assessed. We also combined AICA-riboside infusion (2 mg/min/dl) with the intra-
arterial administration of the adenosine receptor antagonist caffeine (90
ug/min/dl, n=6) and with the endothelial NO-synthase inhibitor L-NMMA (0.4
mg/min/dl, n=6). Additional in vitro experiments were performed to explain our
in vivo effects of AICA-riboside in humans.

Results

AICA-riboside increased FBF dose-dependently from 2.0+0.2 to 13.2+1.9
ml/min/dl maximally (P<0.05 for all dosages). The latter was not reduced by
caffeine administration, but significantly attenuated by L-NMMA infusion.
Despite high plasma AICA-riboside concentrations, forearm glucose uptake did
not change. In vitro experiments showed rapid uptake of AICA-riboside by the

equilibrative nucleoside transporter in erythrocytes and subsequent
phosphorylation to AICA-ribotide (ZMP).

Conclusion

AICA-riboside induces a potent vasodilator response in humans, which is

mediated by NO. Despite high local plasma concentrations, AICA-riboside does
not increase skeletal muscle glucose uptake.
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INTRODUCTION

The adenosine analogue 5-aminoimidazole-4-carboxamide-riboside (AICA-
riboside, also known as acadesine) has been shown to improve ischemia-
reperfusion-injury (7; 17; 21) and glucose homeostasis in various animal models
(19). Although the exact molecular mechanisms remain to be elucidated, it seems
evident that AICA-riboside induced activation of AMP-activated protein kinase
(AMPK) plays a key role (14). AICA-riboside is taken up by skeletal muscle cells
and subsequently phosphorylated by adenosine kinase to AICA-ribotide, or ZMP
(8). ZMP is an intermediate of the de novo purine synthesis and is present in very
low concentrations in normal cells. ZMP activates AMPK by mimicking the
effects ot AMP, without disturbing cellular levels of AMP, ADP or ATP (8).
AMPK activation has been shown to stimulate endothelial NO-release (15),
increase skeletal muscle glucose uptake (14) and inhibit hepatic glucose
production (37). Consequently, AMPK represents a promising pharmacological

target for the prevention and/or treatment of ischemic heart disease and/or
insulin resistance (25).

Both in vitro (14) and in vive animal studies (19) as well as in vitro human studies
(22) have demonstrated that AICA-riboside stimulates GLLUT4 translocation to
the plasma membrane resulting in greater insulin sensitivity and increased
glucose uptake. Until now, only 3 recent studies have described the in vive
metabolic effects of AICA-riboside administration in humans (1; 6; 9). In our
study, we observed a significant decline in plasma glucose concentrations
following intravenous AICA-riboside infusion (6). This might, at least partly, be
attributed to increased muscle perfusion leading to increased glucose uptake in
skeletal muscle (26; 27), as AICA-riboside has been suggested to have strong
vasodilator properties being an analogue to adenosine (17). Adenosine plays an
important role in the regulation of vascular tone and is a potent vasodilator (30).
So far, the impact of AICA-riboside administration on blood flow in vivo in
humans has not been established. In the present study, we investigated the
impact of AICA-riboside administration on skeletal muscle forearm blood flow
(FBF) and glucose uptake (FGU) 11 vivo in healthy humans. Additional in vitro
experiments were performed to elucidate the mechanisms responsible for the
vasodilator properties of AICA-riboside 717 v1vo in humans.
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METHODS

Study population

A total of 32 healthy subjects (14 males, 18 females, 4 subjects participated twice)
were selected to participate (age: 21.9+2.2 y, BMI: 21.5+1.7 kg/m?, means+5D). The
investigation conforms to the principles outlined in the Declaration of Helsinki.
The local ethics committee approved the study and all subjects gave their written
informed consent.

Protocol and experimental procedure

AICA-riboside was infused into the brachial artery (perfused forearm model (38),
see also below) for 110 min in 4 doses (1, 2, 4 or § mg/min per dl forearm tissue),
each dose in a separate group of 6 volunteers. Hereafter, normal saline was
infused intra-arterially for an additional 70 min. The exact dose calculations of
AICA-riboside are provided below.

The experiments started at 8.15 AM after an overnight fast in a quiet, temperature
controlled room (23-24° C). The subjects abstained from catfeine and alcohol for at
least 24 h prior to the experiments (29). A catheter (Angiocath: 20-gauge, 48 mm,
Becton Dickinson and Co., Sandy, Utah, USA) was inserted into the brachial
artery of the non-dominant arm (experimental arm) for intra-arterial infusion of
AICA-riboside and for obtaining arterial blood samples. The brachial artery
catheter was connected with an arterial pressure monitoring line to a Hewlett
Packard 78353 B monitor (Hewlett Packard GmbH, Boblingen Germany) for
continuous blood pressure monitoring. In both arms a 20-Gauge catheter was
inserted retrograde into a deep forearm vein for blood sampling, enabling
measurement of forearm arterio-venous glucose differences (AGluca-v) in both
arms. Thirty min after complete instrumentation; baseline data (FBF, AGlucav,
plasma insulin level, uric acid level and hematocrit) were collected. During
administration of the highest dose of AICA-riboside (8 mg/min/dl), plasma free
fatty acid (FFA), free glycerol, lactate and triglyceride concentrations were also
measured (n=5). We used the venous occlusion plethysmography (34) in our
experiments to measure baseline forearm blood flow (by a Hokanson EC-4
Plethysmograph) in both arms simultaneously and to measure the local
vasodilator response to the administration of AICA-riboside into the brachial
artery in one of the two arms. This technique is a well-validated method for these
measurements (3; 33). Intrabrachial administration of vaso-active drugs results in
a high local concentration in the forearm vascular bed, but prevents significant

systemic spillover of the drugs and subsequent systemic confounding effects or
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effects on the contra lateral arm. Venous outflow from the forearm is prevented
by the placement of a cuff with repetitive inflation around the upper arm using
an inclusion pressure of plus minus 40 mmHg (E-20 Rapid Cuff Inflator,
Hokanson). The arms are slightly elevated (10 cm) above heart level. One min
before the start of the measurements, wrist cuffs are inflated to 100 mmHg above
systolic blood pressure to exclude hand and skin flow to enter the deep venous
system at the wrist, because the blood flow in hands is predominantly through
skin. The rate of swelling of the forearm, measured with mercury-in-silastic strain
gauges, 1s used to assess FBF. We measured FBF in both arms, but we infused
AICA-riboside only in the experimental arm. In the contra lateral arm no AICA-
riboside was infused and therefore we can use this as the “placebo arm”. By using
this study model, no other placebo experiments are needed, because the healthy
subjects are their own controls.

To further characterize the vasodilator effects of AICA-riboside, we combined
intra-arterial AICA-riboside administration (2 mg/min/dl) with intra-arterial
infusion of the adenosine receptor antagonist caffeine (90 pg/min/dil, n=6) or the
endothelial NO-synthase inhibitor, NS-monomethyl-L-arginine (L-NMMA, 4
mg/min/dl, n=6). In the caffeine experiment, we used the same experimental
procedure as described above, with the exception that after 90 min of AICA-
riboside infusion, caffeine was concomitantly infused for 15 min to inhibit
adenosine-induced vasodilation. We have recently demonstrated that this intra-
arterial dose of caffeine is effective in reducing adenosine-induced vasodilation
(28; 29). AICA-riboside in a dose of 2 mg/min/dl showed approximately the same
increase in FBF as adenosine in this study (28). In the experiments with L-NMMA
(Clinalpha, Laufelfingen, Switzerland), we started first with 15 min of L-NMMA
to completely inhibit NO-synthase. Hereafter, we infused AICA-riboside for 110
min. Every 15 min we combined AICA-riboside administration with L-NMMA
(T=15-30, T= 45-60 and T= 75-90 min). We recently described that this dose of L-
NMMA (4 mg/min/dl) maximally inhibits endothelial NO-synthase in the human
forearm (35).

AICA-riboside dose calculation

AICA-riboside has been administered intravenously to healthy subjects (12; 13)
and to patients with cardiac disease (10; 24) in studies regarding ischemic
protection during major surgery. All dosages were well tolerated. Studies
suggested that dosages up to 8 gram over 30 min do not impose any health risk
(13). Assuming a baseline FBF of 2 ml/min/dl (and plasma flow ~ 1 ml/min/dl), an
infusion rate of 1 mg/min/dl would result in a local plasma AICA-riboside
concentration of 1 mg/ml, equalling 3.87 mmol/l (molecular weight 258.24). Inn
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vitro, AICA-riboside appeared to be pharmacologically active in this range (22).
AICA-riboside (Toronto Research Chemicals, Toronto, Canada) was prepared for
human use by our department of Clinical Pharmacy and was dissolved in normal
saline.

Measurement of AICA-riboside and ZMP concentrations

In the AICA-riboside experiments (8 mg/min/dl), we measured plasma AICA-
riboside concentrations and AICA-riboside and ZMP concentrations in
erythrocytes, in venous blood samples taken from the experimental as well as
from the control arm (at T= 0, 5, 30, 60, 90 and 180 min). The erythrocyte data
were used as a model for the intracellular handling of AICA-riboside in the
vascular wall. One ml of blood was drawn in lithium-heparin tubes and directly
stored on ice. To avoid further uptake or metabolism of AICA-riboside after
sampling, the tubes were first filled with dipyridamole (Boehringer Ingelheim,
Alkmaar, The Netherlands. Used concentrations were based on our own
measurements, see Results section and figure 6) and A-13497, final blood
concentration 25uM and 225 nM respectively. Dipyridamole inhibits the
endogenous equilibrative nucleoside transporter (ENT) and was found to block
AICA-riboside uptake in erythrocytes (vide infra). A-13497 blocks adenosine
kinase, an enzyme that converts AICA-riboside into ZMP. Erythrocytes were
washed twice in normal saline and lysed with 10 volumes aqua pure (cold).
Lysed erythrocytes and plasma were stored at —-80°C until final analysis.

In vitro characterisation of AICA-riboside uptake in cells

In additional i vitro experiments we further characterized the AICA-riboside
uptake by erythrocytes. Assuming that AICA-riboside is taken up by the ENT, we
measured intracellular AICA-riboside and ZMP concentrations under varying
concentrations of the ENT inhibitor dipyridamole. We incubated at 37°C washed
erythrocytes (50 pl of 20 % erythrocytes added to MOPS buffer (3-[IN-
morpholino] propanesulfonic acid)) with dipyridamole (concentration range 0-50
uM) 5 min before adding 3 mM AICA-riboside. After 5 min, 250 pM

dipyridamole was added to block the uptake of AICA-riboside completely and
immediately stored on ice.

Laboratory measurements and analysis

Plasma glucose concentrations were measured by the glucose oxidation method
(Beckman Glucose Analyzer II; Beckman, Fullerton, CA). Plasma Insulin was

assessed in duplicate against IS 83/500 by an in-house radioimmunoassay (RIA)
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using an anti-human insulin antiserum raised in guinea-pig and radio-iodinated
human insulin as a tracer. Bound/free separation was carried out by addition of
sheep anti-guinea-pig antiserum and precipitation by means of polyethylene
glycol (PEG). Between- and within-run CV’s were 4.6% and 5.8% respectively, at
a level of 33 mU/L.

At the highest AICA-riboside dose, blood was collected for determination of
plasma FFA, glycerol, triglyceride and lactate concentrations by regular assays.
Plasma AICA-riboside concentrations and AICA-riboside and ZMP levels in the
erythrocytes were determined by high-performance liquid chromatography
(HPLC) with ultraviolet detection set at 260 nm. The used column was Hypersil
BDS C18 5u 200 x 4.6 mm (Thermo Quest). The mobile phase consisted of
methanol, 10 mmol/] tetrabuthylammonium hydrogen sulphate and 5 mmol/]
KHPOy, pH 8.2 (20:80, v/v). For the in wvitro experiments, the AICA-riboside
concentration in the supernatant was determined with HPLC, by use of a Polaris
column. The mobile phase consisted of methanol, 50 mmol/l NHsH2POs and 5
mmol/l hexanesulfonic acids, pH 3.0 (2:98, v/v). Plasma caffeine concentrations

were determined by use of reversed-phase HPLC with ultraviolet detection set at
273 num.,

Calculations and statistical analysis

FBF registrations of the last 2 min were averaged to a single value. FGU was
calculated from A Gluc av and FBF, assuming that:

Whole blood glucose = (1- [0.3 x Hematocrit]) X plasma blood glucose (11)
FGU = A Gluc av % (1-]0.3 x Hematocrit]) x FBF

All data are expressed as means+SEM, unless otherwise indicated. To detect
changes in plasma metabolite concentrations and hemodynamic values over time,
a repeated-measures ANOVA was applied. A Scheffé post hoc test was applied in

cases of a significant ¥ ratio, to detect specific differences. A P value of less than
0.05 was considered significant.

RESULTS

Hemodynamic effects of AICA-riboside

AICA-riboside induced a time- and dose-dependent vasodilation in the
experimental arm only. From baseline to the end of the infusion (110 min), AICA-
riboside increased FBF for each of the 4 doses (all P<0.05, Figure 1, top). After
discontinuation of AICA-riboside, FBF declined and returned towards baseline
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values. FBF in the contra lateral arm did not increase during AICA-riboside
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