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Chapter 1
General introduction

Judith GP van Can

Chapter 1
The World Health Organization (WHO) has identified obesity as one of the emerging
chronic diseases. Although genetics is a contributing factor, the rapid increase in the
prevalence of obesity suggest that environmental conditions, such as high fat foods and
relatively low physical activity, has allowed obesity to reach epidemic proportions in both
industrialized countries and in urbanized populations around the world (1,2). Obesity
increases the risk of developing a number of diseases, such as type 2 diabetes mellitus,
hypertension, dyslipidemia and cardiovascular disease (3). Obesity is the most important
modifiable risk factor for progression from insulin resistance to type 2 diabetes mellitus
(4). Under physiological conditions, the amount of insulin secreted by the β-cells of the
pancreas matches the insulin demand in order to keep glucose concentrations within the
normal range (5). However, when insulin demand exceeds that capacity to secrete insulin,
glucose concentrations will rise and the pre-diabetic states will occur. Individuals can be
grouped into those who suffer from impaired fasting glucose (IFG) or impaired glucose
tolerance (IGT). Consequently, the rise in glucose concentrations in these pre-diabetic
conditions are the result of defects in β-cell function and a reduced insulin action (6). IGT
is a condition characterized by relatively normal fasting glucose concentrations combined
with postprandial hyperglycemia (7). Individuals with isolated IGT show a moderate to
severe muscle insulin resistance and suffer from defects in both the early-and late-phase
insulin secretory response to an oral glucose load (8, 9). Subjects with IFG show increased
fasting glucose levels and normal 2h glucose levels and are characterized by a more
pronounced hepatic insulin resistance and an impaired insulin-induced suppression of
endogenous glucose production (10). Patients with IGT have a 2- to 5-fold greater risk of
developing cardiovascular disease, compared with age-matched normoglycemic controls
(11).
Obesity and type 2 diabetes mellitus develop as a consequence of a complex interaction
between genetic and environmental risk factors. High-fat, energy dense diets, which
promote obesity and reduced physical activity are the main non-genetic determinants
(12). The high fat content of Western diets has been related to increased energy intake
and an increasing body mass index (13, 14). The high palatability of high fat foods makes
overeating more likely and the high energy density of fat-rich diets has been shown to
increase energy intake in animals and humans (15-17). Stubbs et al. showed that when
subjects were allowed to eat ad libitum, they consumed more energy as the proportion of
fat in the diet increased. This is described as ‘passive overconsumption’ (18). Furthermore,
several meta-analyses show that a reduction in dietary fat without restriction of total
energy intake causes weight loss in a dose-dependent fashion (19-22). There are also
indications that the more energy efficient handling of fat as compared to other
macronutrients as well as between subjects differences in the capacity to handle fatty
8
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acids may contribute to body weight gain and in particular to the development of insulin
resistance and type 2 diabetes mellitus. The ability to increase fat oxidation upon
increased fatty acid availability and to switch between fat and glucose as the primary fuel
source in the postprandial state, defined as metabolic flexibility, may be one of the
putative physiological concepts of importance for body weight control and the
development of insulin resistance (23, 24). The capacity to regulate fat oxidation is
determined by a complex of factors including fatty acid availability, for a large extent
determined by adipose tissue lipid buffering capacity, prevailing insulin and glucose
concentrations and mitochondrial function (25-27).
In this introduction, at first the role of fat oxidation in body weight regulation and insulin
resistance is addressed. Secondly, several dietary components, supplements and
pharmacological agents that may increase fat oxidation and thereby improve body weight
control and insulin sensitivity will be reviewed briefly.
1 Body weight regulation
The traditional concept of energy balance implies that weight gain develops as result of a
chronic positive energy balance. However, long term weight maintenance (energy
balance) requires sustained macronutrient balance i.e. when the fuel mix oxidized is equal
to the fuel mix consumed. Protein and carbohydrate balance are regulated more closely
than fat balance (28). Consumption of dietary carbohydrate leads to increased
carbohydrate oxidation mainly through the action of insulin, whereas fat oxidation only
slowly adapts to an increase in dietary fat intake (29, 30). The rate at which this
adjustment in substrate oxidation is achieved is faster in the transition from a low
carbohydrate to high carbohydrate diet (~ 2 days) compared to low fat to high fat diets. In
response to an increase in dietary fat content (60%), fat oxidation can take more than 1
week to adjust to the increased fat intake (31). Fat is more readily absorbed and
assimilated into body fat stores and less rapidly oxidized than other macronutrients. In
addition, satiety signals arising from fat ingestion are weaker than that for carbohydrate
and protein (28). There is considerable evidence that macronutrients differ in their
capacity to influence appetite and satiety, with fat being the least satiating and proteins
the most (32).
The limited ability to increase fat oxidation to fat intake as compared to other
macronutrients may translate into a positive energy balance and weight gain over time
when individuals are exposed to high fat feeding (33). Horton et al. demonstrated, by
overfeeding men for 14 days each with isoenergetic amounts of fat and carbohydrate, that
fat storage is higher with fat (90-95%) than with carbohydrate (70-75%) overfeeding. This
9
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was because the excess dietary fat produced minimal increases in fat oxidation and energy
expenditure whereas excess carbohydrate significantly increased carbohydrate oxidation
and total energy expenditure (34). Thomas et al. (1992) fed lean and obese subjects ad
libitum with low-fat and high-fat diets for 1 week. On day 7 on each diet, 24 h substrate
oxidation was measured using a respiration chamber. Voluntary energy intake was higher
on the high-fat diet compared with the low-fat diet. On day 7 of the low-fat diet,
carbohydrate intake was positively related to carbohydrate oxidation, indicating that
carbohydrate intake stimulated its own oxidation, and carbohydrate balance was reached.
After 7 d on the high-fat diet, fat intake was related to fat oxidation, but only in the lean
subjects. Furthermore, even the lean subjects were not able to stimulate fat oxidation to
an extent sufficient to match fat intake, and a positive fat balance was reached. The
results of these studies clearly show that, both in the short as well as in the long term, fat
intake does not stimulate its own oxidation, when dietary fat is given in excess of energy
requirements (35).
Important work on the concept of body weight regulation was done by Flatt, who
described the features of body-weight maintenance with a two-compartment model
based on a fat compartment and a glycogen compartment (36-38). This model predicts
that one of the driving forces for food intake is the physiological requirement to maintain
glycogen stores at a certain level. Thus, an increased dietary fat intake may cause more
depletion of the carbohydrate stores in those individuals with impaired capacity to
upregulate fat oxidation, which may result in a stronger signal that promotes food intake.
Furthermore, Flatt and colleagues argued that one of the mechanisms to adapt to a high
fat diet is an increase in fat mass until a new equilibrium is reached in which fat oxidation
equals intake (29, 38). Support for this hypothesis comes from previous studies, reporting
a positive correlation between fat mass and fasting 24h fat oxidation, although this
relationship was not confirmed in all studies (30, 39-41).
As already indicated above, there are indications that obese subjects may have a
diminished capacity to use fat as a fuel and adapt more slowly to a high dietary fat intake,
compared with lean subjects (25, 35). A limited ability to adjust fat oxidation to fat intake
may translate into a positive fat balance and weight gain over time when subjects are
exposed to a high-fat diet. Decreased adaptation to a high fat diet has been observed in
formerly obese, obese individuals and individuals with a family history of obesity (35, 40,
42-44). In the NUGENOB study, it was demonstrated that insulin resistance in obese
subjects was independently associated with an impaired capacity to increase fasting fat
oxidation and an impaired ability to suppress postprandial fat oxidation (40, 45). In
addition, several studies in formerly obese women show a failure to increase fat oxidation
10
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after a isocaloric high fat diet (50% fat) compared with a low fat diet (20% fat) for 3-5 days
(42, 46). Furthermore, Raben et al. demonstrated that postprandial fat oxidation was
more suppressed acutely after a single high fat meal (50% fat) in formerly obese women
when compared with matched controls (47). It was suggested that the attenuated rise in
postprandial fat oxidation rates were caused by an impaired uptake and/or capacity to
oxidize FFA in skeletal muscle (48, 49). The impairments in fat oxidation seem to be
suppressed when subjects are fed a low-fat high-carbohydrate diet. Post-obese subjects
adjusted their carbohydrate oxidation to its intake and achieved a new nutrient-balance
(50). Prospective studies show that Pima Indians with a habitual high 24 h RQ are more
prone to gain weight over time (51). Seidell et al. found a significant positive association
between resting RQ and subsequent weight gain (52). Thus, there is accumulating
evidence that there may be a primary, possibly genetically mediated component of fat
oxidation, which may result in a reduced fat oxidation rate, predisposing subjects toward
the development of obesity.
3 Fatty acid metabolism in insulin resistant state
As indicated above, the obese insulin resistant state is often characterized by metabolic
inflexibility, ie. an impaired capacity to increase fat oxidation upon increased FFA
availability and to switch between fat and glucose during insulin-stimulated conditions
(23). The skeletal muscle is believed to be the main site responsible for the impaired fatty
acid utilization and oxidation because of its large mass and since lipids are the principal
substrate of skeletal muscle after an overnight fast and during moderate-intensity exercise
(53). It has become apparent that there are multiple regulatory sites controlling fatty acid
metabolism (54, 55). Skeletal muscle FA oxidation involves: FFA delivery to skeletal
muscle, transport across the cell membrane, synthesis and lipolysis of intramuscular
triacylglycerol (IMTG), activation of FFA and transport through the cytosol to the
mitochondria and transport across the mitochondrial membrane (56).
The adipose tissue is an important organ in lipid metabolism by buffering (in particular)
the postprandial dietary FA from the circulation and preventing excessive supply of lipids
to non-adipose tissues like skeletal muscle, liver, heart and pancreas. Insulin resistance
may be characterized by a loss of buffering capacity of the adipose tissue resulting in
increased FFA and/or TAG concentrations in the circulation, a process referred to as lipid
overflow (Figure 1). The oversupply of lipids causes a redistribution of fat from adipose
tissue to non-adipose tissues like skeletal muscle, liver and pancreas (ectopic fat
accumulation). Not only an increased supply of lipids to the skeletal muscle, but also
impairments in the regulation of FA uptake, storage and/or oxidation may results in
muscle lipid accumulation (57). Increased IMTG are hypothesized to play a role in the
11
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onset of insulin resistance. Nevertheless, endurance athletes also have elevated IMTG
levels and are very insulin sensitive (58, 59). This apparent paradox has led to the insight
that not IMTG content per se but rather skeletal muscle lipid turnover, and content or FFA
composition or localization of lipid metabolites like diacylglycerol (DAG), ceramides and
long-chain fatty acids (LCFA-CoA) may be associated with skeletal muscle insulin resistance
by interfering with the insulin signalling pathway (60, 61).
For a better understanding of these complex inter-organ relationships in insulin
resistance, the next paragraph will describe in more detail which factors may contribute to
increased lipid overflow in the obese insulin resistant state. After that, disturbances in
skeletal muscle substrate oxidation will be discussed in more detail.

Figure 1. Lipid overflow: impaired buffering capacity of adipose tissue against the daily influx of dietary fat into
the circulation leads to an excessive flux of FA and TAG into the circulation. The excess FA are deposited as TAG
and lipid intermediates in non-adipose tissues where lipotoxic lipid metabolites interfere with insulin signalling or
with glucose-stimulated insulin secretion.

12

General introduction
2-1 Adipose tissue function and dysfunction
FFA are stored as triglycerides (TAG) in adipocytes and serve as a source of energy during
fasting conditions. The balance between lipogenesis and lipolysis is primarily under the
control of insulin and catecholamines (62). Upon stimulation, adipose tissue triglyceride
lipase (ATGL) is the main enzyme responsible for the hydrolysis of TAG into DAG, whereas
hormone-sensitive lipase (HSL) is mainly responsible for the subsequent hydrolysis of DAG
into monoacylglycerol. Monoacylglycerol lipase then completes the last step of TAG
hydrolysis by converting monoacylglycerol into glycerol (63).
As already indicated above, the lipid overflow hypothesis describes the relationship
between dysfunctional adipose tissue (ie. reduced buffering capacity), increased ectopic
lipid accumulation and the development of insulin resistance in the tissues. During periods
of chronic excessive energy intake, adipocytes become overloaded with TAG and adipose
tissue has to expand to store the extra fatty acids. Failure of the adipose tissue to
differentiate new adipocytes upon increased demand for fatty acid storage result in
enlargement of existing adipocytes, which are less sensitive to insulin and are associated
with impairments in buffering capacity (64). Insulin-mediated suppression of fatty acid
release has been shown to be blunted in obesity, IGT and type 2 diabetes mellitus, which
may contribute to in lipid overflow (65-67). Nevertheless, the role of FFA in lipid overflow
and insulin resistance has recently been revisited based on studies which report that FFA
concentrations are only slightly increased or not increased at all in the obese insulin
resistant state (68-70). Indeed, hyperinsulinemia in obese subjects has been shown to be
inversely related to adipose tissue HSL and ATGL expression and whole-body FFA rate of
appearance when values are expressed per unit fat mass, indicating decreased lipolysis
per unit fat mass in the obese insulin resistant state (71-73). These findings implicate that
the slightly increased FFA concentrations may be largely explained by a mass effect of
expanding adipose tissue and that hyperinsulinemia in obesity may occurs as a
compensation to prevent further increase in plasma FFA concentrations (71, 72, 74).
Furthermore, several studies indicate that TAG rather than FFA concentrations are
elevated in the obese insulin resistant state (68, 72). Indeed, following ingestion of a single
mixed meal, impaired postprandial plasma TAG clearance by adipose tissue was reported
in obese subjects (75). This is partly explained by a lower functional LPL per unit fat mass
in combination with the absence of postprandial upregulation of adipose tissue LPL in
obesity (76). McQuaid et al. showed the adipose tissue fat storage after meals was
substantially depressed in subjects with abdominal obesity. This was especially so for
chylomicron-derived FA, representing the direct storage pathway for dietary fat. They
propose that this will result in a diversion of FA to be stored in tissues other than adipose
13
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tissue and ectopic fat accumulation (77). The contribution of endogenous fat (FFA and
VLDL-TAG) to the lipid overflow is relatively unknown.
Besides a lipid buffering depot, adipose tissue is seen as an endocrine organ which
produces adipokines like leptin and adiponectin. Leptin is a hormone mainly secreted by
adipose tissue and acts on the nervous system (78, 79). Leptin has been shown to direct
fatty acids towards oxidation and away from storage in skeletal muscle of rats or in
isolated mouse muscle (80, 81). Leptin also seems to promote triacylglycerol (TAG)
depletion and to stimulate lipolysis in skeletal muscle and adipose tissue (82-84). This
suggest that leptin may promote lipid oxidation and reduces ectopic accumulation, which
may be one of the putative mechanisms for improving insulin sensitivity (85). However,
leptin treatment has been shown to be efficient in leptin-deficient subjects, but has very
limited effect in inducing weight loss in common obese patients (86). Plasma adiponectin
levels are decreased in human obesity, insulin resistance and type 2 diabetes mellitus and
are inversely associated with visceral fat mass and adipocyte size (26, 87, 88).
Administration of adiponectin stimulates fat oxidation and glucose uptake in C2C12
myotubes and rat muscle strips and increases mitochondrial biogenesis in human
myotubes (89-91). However, underlying mechanisms are far from clear and need further
investigation. A further characteristic of adipose tissue dysfunction, is the development of
‘inflamed’ adipose tissue (92, 93). This is based on findings that immune cells infiltrate in
adipose tissue during high-fat feeding, where they become activated and initiate a proinflammatory cross-talk with adipocytes. This results in low grade inflammation in adipose
tissue and secretion of macrophage inflammatory cytokines, such as TNFα and Il-6, along
with FFA (92, 94). Recent studies show that macrophages also directly infiltrate in skeletal
muscle, potentially contributing to local inflammation of this tissue (95). Plasma levels of
TNFα are increased in the obese insulin resistant state, most likely due to increased
expression levels of TNFα in human adipose tissue and skeletal muscle (96, 97). TNFα
impaires GLUT-4 expression and glucose uptake in skeletal muscle, although findings are
inconsistent (83, 98). The possible effects of TNFα on skeletal muscle FFA metabolism are
largely unknown. IL-6 is produced by human adipose tissue and skeletal muscle and its
plasma concentrations are elevated in the obese insulin resistant state but the
relationship of IL-6 with insulin resistance is controversial (96, 99, 100). IL-6 may inhibit
adipocyte differentiation and increase plasma FFA levels via an increased lipolysis in
humans and has been shown to blunt the insulin-mediated suppression of fat oxidation in
isolated rat soleus muscle (101-103). The mechanisms via which disturbances in adipokine
production and secretion may contribute to insulin resistance, possibly party via
modulation of skeletal muscle substrate metabolism, are complex and poorly understood.
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2-2 Skeletal muscle
Disturbed fat metabolism and insulin resistance
Randle and colleagues were the first to introduce the glucose-FFA cycle, which was based
on the substrate competition of glucose and FFA (104). The Randle cycle suggested that an
increase in FA availability would lead to an increased FFA oxidation, which in turn results
in accumulation of acetyl-CoA and citrate that inhibit pyruvate dehydrogenase and
phosphofructokinase. As a result, glucose-6-phosphate concentrations increase and inhibit
hexokinase, eventually resulting in a decrease in glucose uptake and oxidation. Several
studies confirm that elevated plasma FFA concentrations rapidly inhibit glucose oxidation,
but without a concomitant acute reduction in insulin-mediated glucose uptake (105, 106).
Other studies proposed a different hypothesis, suggesting an inhibition of the insulin
signalling pathway by FFA or lipid intermediates (107-109). Studies using lipid infusion
demonstrated a delay in the effect of FFA on muscle insulin resistance. This delayed
inhibition of glucose-stimulated glucose uptake may be caused by an accumulation of
IMTG and lipid intermediates which could interfere with the insulin signalling pathway
(107). In addition, it was found that FFA decreased glucose-6-phosphate concentrations in
human skeletal muscle, suggesting that FFA primarily inhibit glucose transport and/or
phosphorylation (109). Finally, skeletal muscle fat oxidation is rather reduced than
increased in obese and/or subjects with type 2 diabetes mellitus (44, 105, 110).
Complementary to the Randle cycle, it has previously been reported that increased
glucose concentrations may inhibit fatty acid oxidation via increased malonyl-CoA
concentrations and subsequent inhibition of carnitine palmitoyl transferase 1 (CPT-1),
thereby also indicating that the regulation of glucose and fatty acid oxidation is a
coordinated process (111).
Obese individuals have increased levels of IMTG storage and this has been associated with
insulin resistance (108, 112, 113). By now, it has now become evident that not IMTG per
se but rather DAG, LCFA-CoA and ceramides concentrations, and/or fatty acid composition
and/or localization may be important for the development of insulin resistance (114, 115).
Pinnamaneni et al. suggests that the accumulation of IMTG provides a protective effect
within the cell by limiting the accumulation of other lipid metabolites (116). These data
support earlier work conducted in vitro, demonstrating that the incorporation of FFA into
IMTG reduced lipotoxicity in the cell (117). Animal studies showed an association between
increased LCFA-CoA concentrations and insulin resistance (118, 119). Additionally,
impaired insulin-mediated glucose disposal and elevated LCFA-CoA have been reported in
obese subjects (120, 121). Elevated ceramide concentrations have been shown in skeletal
15
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muscle of animals, obese subjects and lean offspring of subjects with type 2 diabetes
mellitus (122-124). Lipid infusion resulted in a threefold increase in intracellular DAG mass
in animals (125). Increased DAG content in skeletal muscle has also been reported with
fasting and lipid infusions (122, 126). A recent study in our laboratory showed that not
DAG content per se but rather DAG saturation may be associated with insulin resistance,
and that saturation may determine the effect of intramyocellular DAG on insulin
sensitivity (69). This should be considered in future studies.
Fatty acid uptake
The fatty acids that are liberated after lipoprotein lipase (LPL) mediated lipolysis and those
from the plasma FFA pool can be taken up by skeletal muscle via passive diffusion and via
protein-mediated transport (127, 128). A number of proteins have been identified that
facilitate the uptake of FFA into skeletal muscle, like membrane-bound FA translocase
(FAT/CD36), plasma membrane bound fatty acid binding protein (FABPm) and a family of
fatty acid transport proteins (FAT1-6) (129-131). Of these transporter proteins, CD36 has
been the best characterized (132). Studies in mice have shown that CD36 deficiency
impairs fatty acid uptake, whereas CD36 over-expression in muscle was associated with
reduced plasma FFA and TAG concentrations (133, 134). In humans, it has been shown
that muscle CD36 protein expression may be acutely unregulated by insulin and that this
upregulation may be more pronounced in insulin resistant conditions (135, 136). Studies
by Bonen et al. showed that the transport of LCFA into skeletal muscle was increased in
muscle strips of obese and type 2 diabetic subjects (137). Recent studies suggest that
impairments in the expression of FAT/CD36 may also be directly associated with
impairments in fat oxidation, but this requires further investigation (138). On the other
hand, reduced capacity in FFA uptake across forearm and leg muscle during fasting have
been observed in subjects with type 2 diabetes mellitus and visceral obese women
compared to lean controls under in vivo conditions (48, 139). However, in vivo, fatty acid
uptake is determined by the fatty acid supply, intracellular FFA concentrations as well as
FA uptake capacity.
The contribution of TAG-derived FA to skeletal muscle FA uptake may be as important as
plasma FFA, but is less understood and characterized. Activity and expression of
lipoprotein lipase (LPL) is an important determinant of muscle TAG extraction. Animal
studies showed that overexpression of LPL in skeletal muscle induces insulin resistance
(140). Moreover, insulin has been shown to inhibit skeletal muscle LPL activity, contrary to
its stimulating effects on adipose tissue (141). Recent studies from our laboratory show an
increased muscle VLDL-TAG and chylomicron extraction in the postprandial state in insulin
16
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resistant subjects or subjects with an impaired glucose metabolism (49, 69). Therefore, it
can be hypothesized that insulin-mediated inhibition of skeletal muscle LPL is impaired,
resulting in decreased suppression of TAG extraction and possibly enhanced muscle lipid
accumulation.
FFA acid partitioning and mitochondrial function
The fatty acids that enter the cell bound to FABPc for transport through the cytoplasm can
either be partitioned towards oxidation in the mitochondria or towards storage in
intracellular lipid fractions (142). The first step in the oxidative pathway is the activation of
fatty acids to fatty acyl-CoA by the enzyme acyl-CoA synthetase and the uptake of fatty
acyl-CoA in the mitochondrion. This uptake is regulated by the carnitine palmitoyl
transferase (CPT) system, in which CPT-1 is responsible for the transport over the outer
mitochondrial membrane and CPT-2 for the transport over the inner mitochondrial
membrane. CPT-1 is de rate-limiting step in the uptake of LCFA in the mitochondria and
therefore an important site for regulating fat oxidation (143). CPT-1 is under control of
malonyl-CoA, which is formed out of acetyl-CoA by the action of acetyl-CoA carboxylase
(ACC) (143). In rodent models of obesity and insulin resistance an increased content of
malonyl-CoA has been shown in skeletal muscle in combination with hyperglycemia,
hyperinsulinemia and a reduced lipid oxidation (130). In human skeletal muscle, it has
been shown that a combination of hyperglycemia and hyperinsulinemia increases
malonyl-CoA, inhibits CPT-1 activity and directs LCFA away from oxidation and towards
storage (144). There are indications that a lowered mitochondrial transport through CPT-1
may contribute to the reduced fat oxidation in the muscle of obese or subjects with type 2
diabetes mellitus (145).
It is known that mitochondrial content and activity determine fatty acid oxidation in
response to lipid infusion (146). Several studies indicated mitochondrial abnormalities in
type 2 diabetes mellitus subjects and insulin resistant individuals (147-149). This led to the
hypothesis that a lower mitochondrial capacity is associated with reduced lipid oxidation
and therefore increased lipid accumulation. It should be mentioned that not all studies
have reported decreased mitochondrial function in obesity or insulin resistance. Holloway
et al. showed that mitochondria isolated from obese individuals were not dysfunctional,
but only the amount of mitochondria were reduced (150). This may indicate that the
reduction in fat oxidation that has been associated with the obese insulin resistant state
results from reductions in mitochondrial content, and not from intrinsic mitochondrial
alterations (56). Boushel et al. directly measured the oxygen consumption of mitochondria
isolated from lean and obese diabetic individuals and concluded that there was no
mitochondrial dysfunction in skeletal muscle from obese subjects. Whole-muscle fat
17
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oxidation was impaired with obesity, but when data were normalized to mitochondrial
DNA this finding was lost; indicating that obese diabetic subjects have less mitochondria in
their skeletal muscle (151).
It has also been reported that the skeletal muscle of morbidly obese individuals, both from
diabetic and non-diabetic subjects, contains a lower relative percentage of type 1 muscle
fibers compared to lean controls (152, 153). Type 1, are characterized as being insulinsensitive and geared towards more oxidative metabolism compared to type 2 muscle
fibers (152). This predominance of type 2 fibers with severe obesity is again suggestive of
a general phenotype in the muscle of these patients which favors a low capacity for lipid
oxidation and insulin resistance. However, other studies indicate that fibre type is not
altered in morbid obese subjects in response to an intervention which improves insulin
action (154, 155). These data indicate that contractile and metabolic characteristics may
not always be congruent.
Fat oxidation
Metabolic flexibility is an important characteristic of skeletal muscle. The dynamic process
of adjusting fat oxidation to fatty acid uptake and IMTG turnover may prevent the muscle
from excess lipid storage, whereas an impaired flexibility may lead to lipid accumulation.
During fasting conditions, FFA normally are the predominant substrate for oxidation,
whereas uptake and oxidation are suppressed in the postprandial phase at the expense of
glucose. Several studies suggest that fasting RQ is elevated in skeletal muscle from obese
insulin-resistant, IGT and type 2 diabetes mellitus subjects (105, 156, 157). Similar findings
have been reported at a whole-body level in obese adolescents and subjects with a family
history of type 2 diabetes mellitus (158-160). Abnormalities in postprandial FFA
metabolism have already been documented in individuals with IGT and insulin resistant
obese individuals, indicating that these defects may be a primary factor in the
development of type 2 diabetes mellitus (161, 162). In addition, impairments in the ability
of skeletal muscle to utilize FFA have been reported during β-adrenergic stimulation,
insulin stimulation, after a high fat meal and exercise (44, 105, 156, 157, 161, 163).
As described in the previous part, the insulin resistant state is characterized by an
impaired metabolic flexibility. Improvements in insulin-mediated suppression of fat
oxidation was found in obese subjects after weight loss by energy reduction and after
weight loss induced by a combination of energy reduction and an exercise programme
(156, 164). Corpeleijn et al. showed that weight loss in IGT men improved metabolic
flexibility, which indicates that the impairments in the regulation of fat oxidation in
skeletal muscle are reversible (157). Data are not consistent on fasting fat oxidation with
weight loss studies showing both in increase and no change in fat oxidation or in skeletal
18
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muscle markers of fat oxidation (44, 157, 165). Furthermore, weight loss in subjects with
type 2 diabetes mellitus had no effect on plasma-derived FFA oxidation and whole-body
fat oxidation during fasting (166). This lack of improvement in skeletal muscle fat
oxidation after weight loss was also observed during β-adrenergic stimulation and exercise
(44, 166). Altogether, there are clear indications that weight loss is able to partly reverse
postprandial impairments in metabolic flexibility, whereas with respect to the fasting
condition, improved regulation of fat oxidation could not be confirmed in all studies.
4 Nutrition
Postprandial glycemia and insulinemia have been implicated in the etiology of metabolic
chronic diseases like obesity, type 2 diabetes mellitus and cardiovascular disease. Indeed,
fasting and postprandial glucose concentrations represent a strong risk factor for the
development of type 2 diabetes mellitus (167, 168). It has been hypothesized that low
glycemic index (GI) foods may affect body weight control and insulin sensitivity by
promoting satiety and stimulating fat oxidation at the expense of carbohydrate oxidation
(169). Indeed, animal studies show that a reduced GI can shift substrate use in favour of
fat oxidation, independent of diet-induced changes in body composition or energy intake
(170-172). The level of postprandial glycemia has been implicated in body weight control
via either an effect on appetite of via an effect on nutrient partitioning (169). The latter
may promote fat storage in adipose and non-adipose tissue through effects on lipolysis
and skeletal muscle fat oxidation. Animals studies showed an increase in body fat and less
lean mass when fed a high GI diet compared with a matched low GI diet over 18 weeks
(171). As indicated above, the shift towards a higher fat oxidation may be of practical use
for body weight control. A lower rate of adaptation to a high fat diet has been shown to
lead to weight gain over time (37, 51).
Diets with low GI foods reduce the risk of developing type 2 diabetes, cardiovascular
disease, thereby improving insulin sensitivity, glycaemic control and blood lipid profile
(173-175). In observational studies, increasing GI has been linked to higher prevalence of
insulin resistance, metabolic syndrome, TAG concentrations and HDL concentrations (176,
177). Although many studies have been performed with variable results, many are
confounded by dietary differences in the diets other than GI (energy, macronutrient and
fibre content) and are difficult to interpret.
Green tea
The role of polyphenols has been an active area of research for bioactive food ingredients
in the past decades. Interest in the potential role of these polyphenols in fatty acid
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metabolism, energy expenditure and obesity started only in the last decade. The most
abundant of the catechin polyphenols are epicatechin, epigallocatechin, epicatechin-3gallate and epigallocatechin-3-gallate (EGCG). The latter being the most abundant and
pharmacologically active (178). Catechins are thought to stimulate fat oxidation through
direct inhibition of catechol-o-methyltransferase (COMT), an enzyme that degrades
noradrenaline (179). This increase in CNS stimulation has been suggested to increase fatty
acid mobilization and oxidation and energy expenditure. Although this mechanism is often
referred to, there is no convincing human evidence yet.
In animal models, green tea seems to have a beneficial effect on body weight. Lee et al.
demonstrated that EGCG supplementation resulted in a reduction in body weight and
adipose tissues mass at various sites in a dose-dependent manner (180). The latter data
indicate that chronic green tea supplementation may cause some adaptations in fat
metabolism. These data are confirmed in human studies, where long-term green tea
supplementation has been reported to have slight positive effects on reducing and
maintaining body weight in humans (181-184). Although not all studies showed consistent
results (185-187). Dulloo et al. showed that consumption of a green tea extract (GTE, 270
mg EGCG) in combination with 150 mg caffeine has an acute effect on 24h fat oxidation
and EE in healthy men (188). On the other hand, Gregersen et al. found no acute effect of
GTE ingestion, with varying levels of active ingredients, on fat oxidation (189). Subjects
received low doses (40-101 mg EGCG) intermittently throughout the day. A dosage below
100 mg EGCG per administration could be beneath the threshold to elicit an effect on fat
metabolism as seen in other studies. A number of studies have also addressed the
question whether green tea catechins in the absence of caffeine can enhance EE and fat
oxidation (190, 191). Venables et al. has shown that consumption of a green tea extract
(890 mg polyphenols + 366 mg EGCG) increased fat oxidation during moderate-intensity
exercise (192). Literature is still inconclusive with respect to the most effective
supplementation protocol, optimal catechin dosage and the impact of the addition of
caffeine (193).
Mechanisms for effects on fat oxidation
Watanabe et al. has shown that EGCG inhibited acetyl CoA-carboxylase (ACC) in 3T3-L1
cells suggesting that EGCG may alter the partitioning of lipids from storage towards
oxidation (194). In addition, chronic feeding of green tea extract to mice has been shown
to elevate skeletal muscle gene expression of pathways involved in lipid transport and
oxidation, such as FAT/CD36, medium-chain acyl-CoA dehydrogenase (MCAD) and
uncoupling protein 3 (UCP3) (195, 196). Additionally, in this study, the green tea extract
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reduced malonyl-CoA in skeletal muscle and may thereby promote fatty acid transport
into the mitochondria through a reduced inhibition of CPT-1 (197). In the epididymal white
adipose tissue of EGCG-fed mice, mRNA levels of CPT-1, uncoupling protein 2 (UCP-2),
hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) were increased (180,
198). Nevertheless, this increased expression of genes involved in fat metabolism has not
consistently been found (199). Whether the effects of EGCG and/or green tea extract on
gene expression are acute, either through a direct regulatory action or due to the
transient increase in free fatty acids (FFA) chronically, remains to be established.
4 Pharmacological approach: Liraglutide
Diet and life style modifications remain the first steps in obesity management but as these
often fail to provide major and sustainable weight loss, the use of pharmaceutical agents
might sometimes be needed to allow long-term weight loss maintenance (200, 201).
Gastrointestinal hormones play important roles in the regulation of energy homeostasis
and have been regarded as potential therapeutic targets for sustainable weight loss
maintenance and glycaemic control (202, 203). Glucagon-like peptide-1 (GLP-1) is
secreted from L-cells in the gut in a physiological and glucose-dependent manner and
enhances glucose-induced insulin secretion. In addition, GLP-1 slows down gastric
emptying, inhibits glucagon secretion, promotes satiety and reduces body weight and
improves glycemic control in lean, obese subjects and type 2 diabetes mellitus subjects
(204-209). However, due to the short half-life of endogenous GLP-1 (it is rapidly
metabolised by dipeptidyl peptidase-4 (DPP-4)), a drug with protracted activity is required
to obtain the full therapeutic potential. GLP-1 analogues are an important drug class for
the treatment of type 2 diabetes mellitus and potentially also obesity (210).
Liraglutide is a GLP-1 analogue with 97% structural homology to human GLP-1 and has a
half-life of about 13 hours and can be administered subcutaneously once daily (211). The
effects of liraglutide have been studied extensively in subjects with type 2 diabetes
mellitus. The LEAD trials showed an improvement in glycemic control and a reduction in
body weight and HbA1c in subjects with type 2 diabetes mellitus (212-214). In minipigs,
liraglutide reduced feeding frequency and meal size (215). The reduction in body weight is
also observed in obese subjects and accompanied by reductions in waist circumference
and systolic and diastolic blood pressure (216). The underlying mechanism that mediates
the weight loss by liraglutide is not entirely clear. It is believed that this could be via a
combination of effects on the gastrointestinal tract and the nervous system leading to
satiety effects and increased energy expenditure (216-218). The GLP-1 receptor (GLP-1R)
has been localized to the stomach, duodenum, brain, pancreas, heart, lung and kidney
(219). Furthermore, GLP-1 binding sites have been found in muscle cell, adipocytes and
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liver (220-222). The findings of GLP-1R outside the pancreas provide evidence that GLP-1
has many extra-pancreatic effects and corroborates other studies that show physiological
effects of GLP-1 (217, 223, 224). The effect of GLP-1 in adipose tissue has been poorly
studied, only a few reports exist. Studies in isolated rat and human adipocytes have
demonstrated that GLP-1 has the ability to induce both lipogenic and lipolytic pathways
(225-227). The use of vildagliptin, a DPP-4 inhibitor, was found to decrease the rate of
fasting lipolysis as indicated by a reduction of palmitate flux in obese subjects (228).
However, extensive research is necessary to determine to effects of GLP-1R agonists on
adipose tissue function in vivo.
Outline of this thesis
This thesis focuses on the modulation of fat oxidation by nutritional and pharmacological
interventions in overweight/obese subjects. Chapter 2 A-B describes the role of slowly
digestible carbohydrates, trehalose and isomaltulose, on insulinemic and glycemic
responses, postprandial lipolysis and fat oxidation in healthy overweight subjects,
respectively. The effects of trehalose and isomaltulose are investigated when ingested as a
drink and in combination with a mixed meal. By labelling the carbohydrates by a tracer we
were able to determine whole body substrate utilization as well as exogenous
carbohydrate oxidation. It is not known whether the putative beneficial effect of
isomaltulose and trehalose on fat oxidation also extend to IGT subjects, who show
profound disturbances in the capacity to utilise fat as a substrate source during fasting
conditions as well as the capacity to switch between fuels in the postprandial state. For
this reason, chapter 3 describes a study with a similar protocol as chapter 2A-B but now in
subjects with impaired glucose tolerance. In recent years there has been an increased
interest in the health benefits of polyphenols in the prevention of obesity and type 2
diabetes mellitus. Green tea is rich in catechins, and beneficial effects have been
attributed to the most abundant catechin, EGCG. Originally, the effects of polyphenols
including EGCG were mainly ascribed to their anti-oxidant potential, but more recently it
has become clear that the metabolic effects also extend to pathways of fatty acid
metabolism. However, the exact underlying mechanisms of the effects of EGCG are still
poorly understood. Chapter 4 describes the effects of a 3 day supplementation of 300 mg
EGCG on fat oxidation in overweight subjects. Local lipolysis, glucose metabolism and
blood flow in adipose tissue and skeletal muscle were measured in a subgroup using
microdialysis. Nutritional modifications have not always been successful, therefore in
chapter 5, we investigated the effects of a pharmacological agent, liraglutide, in obese
subjects on substrate oxidation, glucose metabolism, gastric emptying and food intake.
Subjects were treated for 5 weeks with 1.8 mg, 3.0 mg liraglutide or placebo respectively.
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Substrate utilization was measured during a in the respiration chamber followed by a meal
test to measure circulating metabolites and appetite by VAS scales. A fat biopsy was taken
to determine the expression of genes in subcutaneous adipose tissue that are involved in
the regulation of these metabolic pathways and adipose tissue function. In chapter 6, the
results are discussed in a broader perspective and implications for future research are
given.
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Chapter 2A

Abstract
Introduction: The proposed impact of slowly digestible sources of dietary carbohydrate in
reducing the risk of developing obesity and related metabolic disorders remains unclear.
The aim of the present study is to compare the postprandial metabolic response to the
ingestion of glucose (GLUC) vs trehalose (TRE).
Aim: We hypothesized that the reduced digestion and absorption rate of TRE is
accompanied by an attenuated glycemic and insulinemic response, leading to a less
inhibited postprandial fat oxidation rate.
Design: In a randomized, single blind, cross-over study, 10 overweight subjects ingested 2
carbohydrate drinks (75 g CHO equivalents of TRE or GLUC) following an overnight fast
(8.40 AM) and together with a standardized mixed meal (12.30 PM, 25 en% of total energy
content was provided as either GLUC or TRE). Blood samples were collected prior to
ingestion and every 30 min thereafter for a period of 3h, substrate use was assessed by
indirect calorimetry and expired breath samples were collected.
Results: Ingestion of carbohydrates with a mixed meal resulted in a lower peak glucose
response and a lower ΔAUC following TRE when compared with GLUC. Differences in peak
insulin response and ΔAUC were observed with TRE when compared with GLUC during AM
and PM. These differences were accompanied with a reduced carbohydrate oxidation
after TRE when ingested as a drink, whilst no significant differences in fat oxidation
between drink were observed.
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Ingestion of trehalose: effects on fat oxidation in overweight subjects

Introduction
Over the last 2 decades the prevalence of obesity and obesity-related disorders has
increased rapidly (1). Both genetic and environmental factors (physical activity and diet)
play an important role in the etiology of these chronic metabolic diseases. Obesity
develops as a result of an imbalance between energy intake and energy expenditure,
resulting in a positive energy balance. Although many factors promote a positive energy
balance, there is sound evidence that a high fat/low carbohydrate (CHO) diet may increase
the risk for weight gain largely because of excess energy intake (2). On the other hand,
high carbohydrate-low fat diets containing a large amount of rapidly available
carbohydrates (cooked starches) and added refined sugars (sucrose, high fructose corn
syrup) which may be counter-productive to body weight control and glycemic control. The
latter because they markedly increase postprandial glycemia and insulinemia, thereby
inhibiting adipose tissue lipolysis and/or muscle fat oxidation and, as such may promote
fat storage in both adipose and non-adipose tissue. Greater postprandial fat storage in
non-adipose tissue, such as skeletal muscle and liver tissue, has been associated with the
development of insulin resistance, whilst postprandial hyperglycemia per se is a strong risk
factor for the development of type 2 diabetes mellitus and cardiovascular comorbidities
(3, 4). Finally, hyperinsulinemia might affect triacylglycerol (TAG) clearance and liver TAG
production, thereby increasing plasma TAG concentrations. Therefore, the
recommendation to ingest a carbohydrate rich diet, containing a large amount of high
glycemic carbohydrates may actually have less favourable effects on blood lipid profile (5,
6).
Potential negative side effects of high carbohydrate diets may be counteracted by the use
of low glycemic index (GI) foods. Prolonged use of low GI foods has been reported to
prevent the risk profile for developing obesity, diabetes and cardiovascular disease (7).
Brand-Miller et al. hypothesized that the ingestion of slowly digestible carbohydrates
attenuates postprandial glycemia, reduces insulinemia, and enhances fat oxidation, all of
which may assist to prevent body weight gain and insulin resistance (7). The latter may be
of relevance in dietary strategies to modulate body weight and improve insulin sensitivity.
The present study compares the postprandial metabolic response following ingestion of
glucose (GLUC) vs. trehalose (TRE). We hypothesized that the ingestion of trehalose is
accompanied by an attenuated glycemic and/or insulinemic response, a reduced inhibition
of postprandial fat oxidation rate and a lower plasma triacylglycerol concentration when
compared with glucose ingestion.
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Methods
Subjects
Ten healthy, overweight men (n=8) and women (n=2) were recruited to participate study
(age 314 yrs, BMI 27.70.8 kg/m2, fasting glucose 5.10.1 mmol/L, fasting insulin 141.9
µU/ml). Subjects with cardiovascular or metabolic disorders, and those using medication
were excluded from the study. The study was reviewed and approved by the Medical
Ethics Committee of Maastricht University. All subjects provided written informed
consent.
Study design
All subjects were studied following an overnight fast at 8.00 AM on 2 occasions with an
interval of at least 1 wk. At the beginning of the experimental day, a Teflon cannula was
inserted into an antecubital vein. Two different carbohydrate drinks were ingested
(glucose or trehalose), during 2 different trials, performed in a single blind, randomized
cross-over design. GLUC and TRE were derived from corn, a natural carbohydrate source
with a high natural abundance of 13C. The carbohydrate load consisted of 75 g
carbohydrate equivalents and was dissolved in 400 ml water, to assess the metabolic
response. After baseline measurements all experimental beverages were consumed within
15 min. Blood samples were taken prior to the consumption of the drinks/meals (t=-5min)
and at t= 30,60, 90, 120, 150 and 180 min after ingestion to determine circulating
metabolite and hormone concentrations. Energy expenditure and substrate use were
measured, immediately before and for 3h after carbohydrate ingestion (8.40 AM), using a
ventilated hood system. Expired breath samples were collected every h to determine
13
CO2 enrichment. These procedures were repeated at the same day before consuming a
standardized lunch together with a beverage containing either GLUC or TRE and for 3h
after lunch (12.30 PM). Lunch had a total energy content equivalent to 50% of calculated
24h resting energy expenditure. Lunch macronutrient composition represented 55 energy
percentage (En%) CHO, 30 En% fat and 15 En% protein; 25 En% of the total energy content
of the meal was provided in the form of a beverage containing either TRE or GLUC. Lunch
was consumed within 15 min.
Test products
Trehalose (TRE)
TRE is a disaccharide of glucose with an α 1,1 glycoside linkage. It is a non-reducing sugar
that is naturally present in honey, bread, mushrooms and fermented drinks. TRE is
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produced industrially by enzymatic conversion using starch as base material. Its sweetness
is 40-45% compared to that of SUC. When ingested, trehalose is enzymatically hydrolyzed
in the small intestine by trehalose into 2 D-glucose molecules, which are subsequently
absorbed and metabolized (8, 9). It appears that ingestion, hydrolysis, absorption and
metabolism of trehalose is essentially identical to all other digestible disaccharides (8).
Exogenous carbohydrate oxidation
As indicated above, all carbohydrates were derived from naturally 13C enriched sources:
GLUC (13C enrichment = -11.17 delta per mil v PDB (δ‰) and TRE (13C enrichment = -17.86
13
δ‰). The C-enrichment of the experimental beverages was determined by elemental
analyser isotope ratio mass spectrometry (IRMS; Carlo Erba-Finnigan MAT 252, Bremen,
Germany). Subjects were instructed not to consume any food products with a high 13C
natural abundance for at least 1 wk prior to and during the experimental period. In
European countries the consumption of native carbohydrate sources with a high natural
13
C abundance is low (10).
Biochemical analyses
At all time points, 8 ml blood was collected in pre-chilled tubes with 200µL 0.2 M EDTA
(Sigma, Dorset, UK). After collection, blood samples were centrifuged immediately at 4C
for 10 min at 1000 g and frozen at -80C until analysis. Plasma glucose and free fatty acid
(FFA) concentration were determined enzymatically: (glucose: ABX Diagnostics,
Montpellier, France and NEFA: NEFA-NEFA C kit, Wako, Neuss, Germany) on a semiautomatic analyzer (COBAS FARA, Roche Diagnostics, Basel, Switzerland). Insulin was
analyzed by radioimmunoassay (Human Insulin RIA Kit, LINCO Research Inc, MO). Breath
samples were analyzed for 13C/12C ratio by gas chromatography isotope ratio mass
spectrometry (GC-IRMS) (Finnigan MAT 252).

Calculations
Metabolic rate was calculated from VO2 (L/min) and VCO2 (L/min) according to the
equations of Frayn (11). Nitrogen (N) excretion was calculated based on the assumption
that protein oxidation represents 15% of total energy expenditure. Energy expenditure
was calculated using the formula of Weir (12).
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Carbohydrate oxidation = (4.55 • VCO2) – (3.21 • VO2) – (2.87 • N)
Fat oxidation = (1.67 • VO2) – (1.67 • VCO2) – (1.92 • N)
N (g/min) = ((0.15 • EE)/17)/6.25
Energy expenditure (KJ/min) = 4.187 • (3.9 •VO2 + 1.1 • VCO2)
The isotopic enrichment was expressed as ‰ difference between 13C/12C ratio of the
sample and a known laboratory reference standard according to the formula of Craig (13) :

  13 C/ 12 Csample  
3
 C    13 12
  1 10 permil
  C/ Cstandard  
13

The 13C was then related to an international standard Pee Dee Bellemnite (PDB).
Exogenous CHO oxidation was estimated using the following formula (14):

 Exp  Exp bkg   1 
Exo CHO oxidation  VCO 2  
 
  Ing  Exp bkg   k 
in which VCO2 is the volume of expired CO2 per min (L/min), Exp is the 13C enrichment of
expired air with CHO ingestion at different time-points, Ing is the enrichment of the CHO
in the experimental beverages, Expbkg is the 13C enrichment in expired breath before the
intervention (background) and k is the amount of CO2 (in Liters) produced by the oxidation
of 1 g glucose (k = 0.7467 liter of CO2 per g glucose). This represents a minimal estimate of
exogenous carbohydrate oxidation, as part of the 13C will be temporarily fixated in the
bicarbonate pool and in the tricarboxylic acid cycle intermediates (14, 15).

Statistics
A computerized statistics program, SPSS 11 for Macintosh, was used to perform all
calculations. All data are expressed as means with their standard errors. The total
response of metabolic parameters after CHO ingestion was expressed as the incremental
area under the curve (minus baseline values, ΔAUC) and calculated by the trapezoid
method. Response is defined in the result section as ΔAUC, unless mentioned otherwise.
Differences between responses to GLUC vs TRE were analyzed by means of student’s
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paired t-test. Student’s paired t-test was used to compare differences in peak response
between the different carbohydrates.
Results
Plasma glucose, insulin, FFA and triacylglycerol
Fasting plasma glucose, insulin and FFA concentrations did not differ between
experiments (Figure 1A-C). Peak plasma glucose concentrations were significantly lower
after ingestion of TRE when compared with GLUC (Figure 1A). The glycemic response was
not significantly lower after intake of TRE compared with GLUC following an overnight fast
(P=0.08), whilst there was a significant difference between TRE and GLUC when ingested
in combination with a mixed meal (P<0.02, Table 1).

Figuur 1 Plasma glucose (A), insulin (B) and FFA (C) concentrations following glucose (-●-) and trehalose (-○-)
ingestion. Values are means, with their standard error represented as vertical bars. * P <0.05

Peak insulin concentrations and the total response were significantly lower after ingestion
of TRE compared with GLUC during AM and PM (Figure 1B, Table 1). During AM, there
were no differences in circulating FFA concentrations between TRE and GLUC, whilst there
was a trend towards less suppression of FFA with TRE during PM (P=0.09) (Figure 1C, Table
1). The intake of trehalose resulted in a lower increase in TAG concentrations compared
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with glucose during the morning (P ˂ 0.02) and a higher increase during the a ernoon (P ˂
0.05) (Table 1).
Thermogenesis and respiratory quotient
There were no significant differences in the thermogenic response (ΔAUC) between TRE
vs. GLUC during AM and PM. There was a tendency towards a lower increase of the
respiratory quotient (RQ) after intake of TRE compared to GLUC during AM (P=0.09), but
no significant differences were observed between TRE and GLUC during PM (Table 1).
Total fat oxidation
There was a trend towards an attenuated suppression of fat oxidation with ingestion of
TRE when compared with GLUC during AM (P=0.1), whereas values were not different
during PM (Figure 2A).

Figure 2. Course of time of fat oxidation (A), CHO oxidation (B) and Energy expenditure (C) following glucose (-●-)
and trehalose (-○-) ingestion. Values are means, with their standard error represented as vertical bars. * P <0.05
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Total carbohydrate oxidation
After intake of TRE the increment in total CHO oxidation was significantly lower as
compared with GLUC during AM (P=0.02). No significant changes were observed during
PM (Figure 2B, Table 1).
Exogenous carbohydrate oxidation
No significant differences were observed in the minimal estimates of exogenous CHO
oxidation rates between experiments. The mean percentage of the enriched sugar
recovered in breath carbon dioxide excretion averaged at least 7-10% in all trials during
AM.
Table 1. Overview of metabolic responses, expressed as AUC, after ingestion of TRE and GLUC. * P<0.05 **
P<0.01
AUC AM over 3 h
AUC PM over 3 h
TRE vs. GLUC
TRE vs. GLUC
*

Glucose (mmol/L)

178 vs. 188

274 vs. 360

Insulin (µU/ml)

4868vs. 9264**

10693 vs. 14634 **

FFA (mmol/L)

-61372 vs. -49332

-32263 vs. -41182

Triacylglycerol (mmol/L)

-6759 vs. 16102 *

62761 vs. 40076 *

Fat oxidation (g/min)

-0.99 vs. -3.21

-0.88 vs. -1.95

CHO oxidation (g/min)

5.18 vs. 11.86 *

10.1 vs. 13.27

RQ

7.7 vs. 3.8

6.3 vs. 4.3

Energy Expenditure (KJ/min)

69.5 vs. 48.9

156 vs. 147.9

Discussion
The present study provides evidence that attenuated postprandial glycemic and
insulinemic responses following TRE ingestion shifts postprandial substrate use towards a
lower CHO oxidation in overweight subjects after ingestion of a CHO drink, but not when
ingested as part of a mixed meal. No significant effects were observed on postprandial fat
oxidation. The attenuated glycemic and insulinemic responses following TRE are
attributed to the slower rates at which TRE is digested and/or absorbed. Several studies
have shown that the absorption rate of TRE is slower than GLUC (16). An attenuated rise
in blood glucose and insulin levels after intake of TRE were observed in trained athletes
and healthy subjects (17, 18). The present study is the first to show that TRE ingestion
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attenuates the rise in plasma glucose and insulin levels in overweight subjects. Although,
there were no significant differences in the total integrated glycemic responses following
ingestion of different carbohydrates after an overnight fast (AM), there was a clearly
attenuated rise in peak plasma glucose concentration after ingestion of TRE compared
with GLUC. The differences in the duration of elevated glycemia and the absence of a
strong rebound effect may explain the lack of difference when considering the ΔAUC.
Substrate use
The postprandial hyperglycemia with ingestion of GLUC increases insulin secretion, and
higher insulin levels would promote glucose uptake in insulin-sensitive tissues, like the
skeletal muscle, and inhibit adipose tissue lipolysis (19). Through these mechanisms,
interindividual differences in substrate use may play a role in the development of obesity
and subsequently type 2 diabetes mellitus. Additionally, a shift towards a greater
postprandial fat oxidation rate may attenuate lipid accumulation in non-adipose tissues
leading to reduced insulin resistance (20, 21). Lower glucose and insulin levels were
observed after ingestion of TRE and no significant effects on postprandial fat oxidation
were observed, whilst there was a slightly lower increase in CHO oxidation. Thus, the
trehalose-induced lower glycemic and insulinemic response did not promote fat oxidation
in the postprandial period.
Postprandial TAG concentration
Hyperinsulinemia may be accompanied by a greater increase in plasma triacylglycerol
concentrations, which are considered to be risk factors for the development of
cardiovascular disease (5). Low glycemic, low insulinemic carbohydrate sources may be
used to attenuate the postprandial rise in TAG concentrations, but there is no clear
consensus. In the present study, we observed that TRE resulted in reduced TAG
concentrations during AM, whilst during PM postprandial TAG was slightly increased when
compared with GLUC.
In conclusion, ingestion of TRE versus GLUC attenuates the postprandial glycemic and
insulinemic responses. Attenuated blood glucose and insulin concentrations tended to
shift postprandial substrate use towards a reduced carbohydrate oxidation when TRE was
ingested as a drink during AM, but had no significant effects on postprandial fat oxidation
or postprandial FFA concentrations.
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Abstract
Introduction: The impact of slow digestible sources of dietary carbohydrate in reducing
the risk of developing obesity and related metabolic disorders is unclear. The aim of the
present study was to compare the postprandial metabolic response to the ingestion of
sucrose (SUC) vs. isomaltulose (IMU).
Aim: We hypothesized that the reduced digestion and absorption rate of IMU would result
in lower glycemic and insulinemic responses when compared with the ingestion of SUC,
leading to greater postprandial fat oxidation rates.
Design: In a randomized, single blind, cross-over study, 10 overweight subjects ingested 2
different carbohydrate drinks (SUC and IMU, 75 g CHO equivalents) following an overnight
fast (8.40 AM) and with a standardized meal (12.30 PM, 25 en% of total energy content
was provided as either SUC or IMU drink). Blood samples were taken before ingestion and
every 30 min thereafter for a period of 3h, substrate use was assessed by indirect
calorimetry and breath samples were collected.
Results: Ingestion of carbohydrates with a mixed meal resulted in a lower peak glucose
and insulin response and a lower ΔAUC following IMU when compared with SUC. Together
with the lower glucose and insulin responses, postprandial fat oxidation rates were higher
(14%) with IMU when compared with SUC when ingested with a mixed meal (P=0.02). The
attenuated rise in glucose and insulin concentrations following IMU results in reduced
inhibition of postprandial fat oxidation.
Conclusion: The metabolic response to IMU co-ingestion suggests that this may represent
an effective nutritional strategy to counteract overweight induced metabolic disturbances.
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Introduction
Over the last 2 decades the prevalence of obesity and obesity-related disorders has
increased rapidly (1). Both genetic and environmental factors play an important role in the
etiology of these chronic metabolic diseases. Obesity develops as a result of an imbalance
between energy intake and energy expenditure, resulting in a positive energy balance.
Although many factors promote a positive energy balance, there is sound evidence that a
high fat/low carbohydrate (CHO) diet increases the risk of weight gain due to excess
energy intake (2). On the other hand, high carbohydrate-low fat diets containing a large
amount of rapidly available carbohydrates (cooked starches) and added refined sugars
(sucrose, high fructose corn syrup) may be counter-productive to body weight control
because they markedly increase postprandial glycemia and insulinemia. The latter may
promote fat storage in both adipose and non-adipose tissue, through an inhibitory effect
on adipose tissue lipolysis and/or muscle fat oxidation. Greater postprandial fat storage in
non-adipose tissue, such as skeletal muscle and liver tissue, has been associated with the
development of insulin resistance, whilst postprandial hyperglycemia per se represents a
strong risk factor for the development of type 2 diabetes mellitus and cardiovascular
comorbidities (3, 4). Finally, hyperinsulinemia may negatively impact on triacylglycerol
(TAG) clearance, resulting in higher plasma TAG concentrations. Therefore, the
recommendation to ingest a carbohydrate rich diet, containing a large amount of high
glycemic carbohydrates may be less favourable effects on blood lipid profile (5, 6).
Potential negative side effects of high carbohydrate diets may be counteracted by the use
of low glycemic index (GI) foods. Prolonged use of low GI foods has been reported to
prevent the risk profile for developing obesity, diabetes and cardiovascular disease (7).
Brand-Miller et al. hypothesized that the ingestion of slowly digestible carbohydrates
attenuates the postprandial rise in glycemia and insulinemia, and enhances fat oxidation
rates. The latter may assist in preventing body weight gain and insulin resistance (7). As
such, slowly digestible carbohydrates may be of relevance in dietary strategies to
modulate body weight and improve insulin sensitivity.
The aim of the present study was to compare postprandial hormonal and metabolic
responses following ingestion of sucrose (SUC) vs. isomaltulose (IMU). We hypothesized
that the ingestion of isomaltulose is accompanied by a lower glycemic and/or insulinemic
response, a greater increase in satiety regulating peptides, less inhibition of postprandial
fat oxidation rate and a lower plasma triacylglycerol response when compared with
sucrose.
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Methods
Subjects
Ten healthy, overweight men (n=8) and women (n=2) were recruited for this study (age
314 yrs, BMI 27.7  0.8 kg/m2, fasting glucose 5.1  0.1 mmol/L, fasting insulin 14  1.9
µU/ml). Subjects with cardiovascular or metabolic disorders, and those using medication
were excluded from the study. The study was reviewed and approved by the Medical
Ethics Committee of Maastricht University. All subjects provided written informed
consent.
Study design
All subjects were studied following an overnight fast at 8.00 AM on 2 occasions with an
interval of at least 1 wk. At the beginning of the experimental day, a teflon cannula was
inserted into an antecubital vein. Two different carbohydrate drinks were ingested
(glucose or trehalose), during 2 different trials, performed in a single blind, randomized
cross-over design. SUC and IMU were derived from cane sugar, a natural carbohydrate
source with a high natural abundance of 13C. The carbohydrate load consisted of 75 g
carbohydrate and was dissolved in 400 ml water, to assess the metabolic response. After
baseline measurements all experimental beverages were consumed within 15 min. Blood
samples were taken prior to the consumption of the drinks/meals (t=-5min) and at t= 30,
60, 90, 120, 150 and 180 min after ingestion to determine circulating metabolite and
hormone concentrations. Energy expenditure and substrate use were measured,
immediately before and for 3h after carbohydrate ingestion (8.40 AM), using a ventilated
hood system. Expired breath samples were collected every h to determine 13CO2
enrichment. These procedures were repeated at the same day before consuming a
standardized lunch and for 3h after lunch (12.30 PM). Lunch had a total energy content
equivalent to 50% of calculated 24h resting energy expenditure. Lunch macronutrient
composition represented 55 energy percentage (En%) CHO, 30 En% fat and 15 En%
protein; 25 En% of the total energy content of the meal was provided in the form of a
beverage containing either IMU or SUC. Lunch was consumed within 15 min.
Test products
Isomaltulose (IMU)
[6-0-(-D-glucopyranosyl)-D-fructofuranose, Chemical Abstract Service n°.1371 8-94-0] is
a reducing disaccharide produced by an enzymatic conversion of SUC, whereby the 1,2glycosidic linkage between GLUC and fructose is rearranged to a 1,6-glycosidic linkage. The
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sucrase-isomaltase complex located on the brush border membrane of the small intestinal
epithelial cells hydrolyzes both isomaltulose and sucrose. The resulting monosaccharides,
glucose and fructose, are taken up into the portal blood (8).
Exogenous carbohydrate oxidation
13

As indicated above, all carbohydrates were derived from naturally C enriched sources:
SUC (13C enrichment = -12.23 δ‰), IMU (13C enrichment = -11.26 δ‰). The 13C-enrichment
of the experimental drinks was determined by elemental analyser isotope ratio mass
spectrometry (IRMS; Carlo Erba-Finnigan MAT 252, Bremen, Germany). Subjects were
13
instructed not to consume any food products with a high natural abundance of C at least
1 wk prior to and during the experimental period. In European countries the consumption
of native carbohydrate sources with high natural 13C abundance is low (9).
Biochemical analyses
At all time points, 8 ml blood was collected in pre-chilled tubes with 200µL 0.2 M EDTA
(Sigma, Dorset, UK). After collection, blood samples were centrifuged immediately at 4C
for 10 min at 1000 g and frozen at -80C until further analysis. Plasma glucose and free
fatty acid (NEFA) concentration were determined enzymatically: (glucose: ABX Diagnostics,
Montpellier, France and NEFA: NEFA-NEFA C kit, Wako, Neuss, Germany) on a semiautomatic analyzer (COBAS FARA centrifugal spectrophotometer, Roche Diagnostics,
Basel, Switzerland). Insulin was analyzed by radioimmunoassay (Human Insulin RIA Kit,
LINCO Research Inc, St. Charles, MO), as was total ghrelin (Total Ghrelin RIA kit, LINCO
Research Inc, MO). Plasma active GLP-1 concentration was analyzed by enzyme-linked
immunoradiometric assay (EGLP-35K; Linco Research Inc, MO). Breath samples were
analyzed for 13C/12C ratio by gas chromatography isotope ratio mass spectrometry (GCIRMS) (Finnigan MAT 252).

Calculations
Metabolic rate was calculated from VO2 (L/min) and VCO2 (L/min) according to the
equations of Frayn (10). Nitrogen (N) excretion was calculated based on the assumption
that protein oxidation represents 15% of total energy expenditure. Energy expenditure
was calculated using the formula of Weir (11).
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CHO oxidation = (4.55 • VCO2) – (3.21 • VO2) – (2.87 • N)
Fat oxidation = (1.67 • VO2) – (1.67 • VCO2) – (1.92 • N)
N (g/min) = ((0.15 • EE)/17)/6.25
Energy expenditure (KJ/min) = 4.187 • (3.9 •VO2 + 1.1 • VCO2)
13

12

The isotopic enrichment was expressed as ‰ difference between C/ C ratio of the
sample and a known laboratory reference standard according to the formula of Craig (12) :

  13 C/ 12 Csample  
3
 C    13 12
  1 10 permil
  C/ Cstandard  
13

13

The  C was then related to an international standard Pee Dee Bellemnite (PDB).
Exogenous CHO oxidation was estimated using the following formula (13):

 Exp  Exp bkg   1 
Exo CHO oxidation  VCO 2  
 
  Ing  Exp bkg   k 
in which VCO2 is the volume of expired CO2 per min (L/min), Exp is the 13C enrichment of
expired air with CHO ingestion at different time-points, Ing is the enrichment of the CHO
in the experimental drinks, Expbkg is the 13C enrichment of expired breath before the
intervention (background) and k is the amount of CO2 (in Liters) produced by the oxidation
of 1 g of glucose (k = 0.7467 liter of CO2 per g of glucose). Endogenous CHO oxidation was
calculated as the difference between total CHO oxidation and exogenous CHO oxidation.
This represents a minimal estimate of exogenous carbohydrate oxidation, as part of the
13
C will be temporarily fixated in the bicarbonate pool and in the tricarboxylic acid cycle
intermediates (14, 15).
Statistics

A computerized statistics program, SPSS 11 for Macintosh, was used to perform all
calculations. All data are expressed as means with their standard errors. The total
response of parameters after CHO ingestion was expressed as the incremental area under
the curve (minus baseline values, ΔAUC) and calculated by the trapezoid method.
Response is defined in the result section as ΔAUC, unless mentioned otherwise.
Differences between responses to SUC vs. IMU were analyzed by means of student’s
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paired t-test. Student’s paired t-test was used to compare differences in peak response
between the different carbohydrates.
Results
Plasma glucose, insulin, FFA and triacylglycerol
Fasting plasma glucose, insulin and FFA concentration did not differ between experiments
(Figure 1A-C). Peak plasma glucose concentrations were lower after ingestion of IMU
when compared with SUC both when ingested as a drink (AM) as well as with a meal (PM)
(Figure 1A). The glycemic response was lower after intake of IMU when compared with
SUC during PM (P <0.01) (Table 1).

Figure 1. Plasma glucose (A), insulin (B) and FFA (C) concentrations following sucrose (-●-) and isomaltulose (-○)
ingestion. Values are means, with their standard error represented as vertical bars. * P <0.05
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Peak insulin concentrations were lower after ingestion of IMU compared with SUC during
AM (P<0.02) (Figure 1B). Intake of IMU resulted in a lower insulin response as compared
with SUC both during AM (P=0.03) as well as PM (P<0.01) (Table 1). Ingestion of IMU
resulted in less suppression of NEFA concentrations when compared with SUC during PM
(P= 0.01) (figure 1C, Table 1). TAG concentrations were equal between IMU and SUC
(Table 1).
Total fat oxidation
The suppression of fat oxidation tended to be lower with IMU compared with SUC during
AM (P= 0.10), reaching statistical significance during PM (P=0.018) (Figure 2A, Table 1).

Figure 2. Fat oxidation rate (A), CHO oxidation rate (B) and plasma ghrelin concentration (C) following sucrose
(-●-) and isomaltulose (-○-) ingestion. Values are means, with their standard error represented as vertical bars. *
P <0.05
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Total carbohydrate oxidation
The CHO oxidation rates were different after ingestion of IMU or SUC during AM, but were
not significant. Intake of IMU resulted in a lower increase of CHO oxidation compared with
SUC during PM (P<0.01) (Figure 2B, Table 1).
Thermogenesis and respiratory quotient
The thermogenic response was equal between IMU vs. SUC during AM and PM, (Table 1).

Table 1. Overview over metabolic responses, expressed as AUC, after ingestion of IMU and SUC. * P<0.05 **
P<0.01

AUC AM over 3 hours
IMU vs. SUC

AUC PM over 3 hours
IMU vs. SUC

Glucose (mmol/L)

79 vs. 59

149 vs. 239 **

Insulin (µU/ml)

3176 vs. 4726 *

10693 vs. 14634 **

NEFA (mmol/L)

-54730 vs. -59122

-22743 vs. -43370 *

Triacylglycerol (mmol/L)

-7418 vs. 9740

61386 vs. 66804

Fat oxidation (g/min)

-3.59 vs. -5.58

-0.56 vs. -3.99 *

CHO oxidation (g/min)

12.99 vs. 18.96

8.06 vs. 18.3 *

RQ

8.9 vs. 13.0

3.2 vs. 9.5 *

Energy Expenditure (KJ/min)

72.1 vs. 89.3

124 vs. 153

Ghrelin (pg/ml)

-16177 vs. -14326

-21700 vs. -34678

GLP-1 (mmol/L)

188 vs. 43

642 vs. 464
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Exogenous carbohydrate oxidation
No differences were observed in the minimal estimates of exogenous CHO oxidation rates
between experiments. The mean percentage of the enriched sugar recovered in breath
carbon dioxide excretion was at least 7-10% in all trials during AM.
Satiety peptides responses
Intake of IMU resulted in lower peak values of ghrelin when compared to SUC during AM
(P=0.045, Figure 2C). Differences were observed between plasma concentrations and
ΔAUC of the satiety peptides, ghrelin and GLP-1, during PM which were not significant
(Table 1).
Discussion
The present study provides evidence that an attenuated rise in glycemic and insulinemic
responses following IMU may shift postprandial substrate utilization towards greater fat
use in overweight subjects.
The attenuated glycemic and insulinemic responses following IMU are attributed to the
slower rates at which IMU is digested and absorbed. Several studies have shown that IMU
absorption rates are slower than SUC (16, 17). The present study is the first to show that
IMU intake attenuates the postprandial rise in plasma glucose and insulin levels in
overweight subjects. Although, there were no significant differences in the total
integrated glycemic responses following the ingestion of different carbohydrates after an
overnight fast (AM), a lower peak plasma glucose concentration was evident after
ingestion of IMU compared with SUC. The different duration of elevated glycemia and the
absence of a strong rebound effect may explain the lack of difference when considering
the ΔAUC. The rebound effect induced hypoglycemia and low levels of insulin during AM,
which resulted in an increase in FFA concentrations after intake of SUC as compared with
IMU.
Substrate use
Intake of IMU in combination with a mixed meal resulted in an attenuated rise in the
plasma glucose and insulin responses when compared with SUC and subsequently less
inhibition of postprandial fat oxidation. The greater postprandial fat use was accompanied
by higher circulating plasma FFA concentrations. The latter is likely attributed to a greater
supply of plasma FFA, resulting from a reduced insulin mediated suppression of lipolysis
(18). These data seem consistent with two other papers, which highlighted the stimulating
effect of isomaltulose ingestion on fat oxidation and/or lipid deposition when compared
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to sucrose, in rats and healthy men. Sato et al. observed significant reductions in visceral
fat mass, adipocyte cell size, hyperglycemia, and hyperlipidemia after 8 weeks of
isomaltulose feeding compared with sucrose feeding in Zucker fatty (fa/fa) rats (19). Arai
et al. showed that peak plasma glucose and insulin levels were lower 30 min after
ingestion of the IMU containing liquid meal when compared with the control formula
ingestion in healthy men. Postprandial fat oxidation rates following ingestion of the IMU
meal group were higher when compared with the control formula group (20).
The present study shows that IMU is of benefit to stimulate postprandial fat oxidation
when compared to SUC. The observation implies that substitution of IMU for SUC may
support body weight control in obesity. A shift towards a greater postprandial fat use may
attenuate fat accumulation in non-adipose tissues leading to reduced insulin resistance
(21-23). Further studies are needed to investigate the long term physiological significance
of our findings.
Satiety regulatory peptides
Contact of nutrients with the small intestine is postulated to be an important mechanism
inducing satiety and it has been suggested that a slower carbohydrate digestion rate
extends this contact (24). Circulating ghrelin concentrations rise with fasting and decline
following meal ingestion and this primary regulation by food intake is in accordance with
suggested role of ghrelin as a ‘hunger hormone’ (25). In the present study, peak ghrelin
levels following IMU were significantly lower when compared with SUC during AM. The
observation that ghrelin responses following IMU were much less pronounced when
ingested as part of a mixed meal indicates that either the total quantity of carbohydrates
consumed within the meal, or the interaction with other macronutrients in the meal may
be more important in the overall satiety response.
In conclusion, ingestion of IMU attenuates the postprandial glycemic and insulinemic
responses when compared with SUC ingestion. Lower postprandial plasma glucose and
insulin concentrations shift postprandial substrate use towards greater fat use, which in
the case of IMU was most pronounced when provided in combination with a mixed meal.
Additionally, IMU ingestion has an impact on the postprandial ghrelin response. We
speculate that exchanging high glycemic/insulinemic carbohydrates in the diet for slowly
digestible carbohydrate sources may represent an effective nutritional strategy to
counteract overweight induced metabolic disturbances like reducing insulin resistance and
ectopic fat accumulation.

61

Chapter 2B
References
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

13.
14.
15.
16.

17.
18.

62

Seidell JC. Obesity, insulin resistance and diabetes--a worldwide epidemic. Br J
Nutr 2000;83 Suppl 1:S5-8.
Saris WH. Glycemic carbohydrate and body weight regulation. Nutr Rev
2003;61:S10-6.
Blaak EE, Hul G, Verdich C, et al. Fat oxidation before and after a high fat load in
the obese insulin-resistant state. J Clin Endocrinol Metab 2006;91:1462-9.
Blaak EE. Basic disturbances in skeletal muscle fatty acid metabolism in obesity
and type 2 diabetes mellitus. Proc Nutr Soc 2004;63:323-30.
Sparks JD, Sparks CE. Insulin regulation of triacylglycerol-rich lipoprotein synthesis
and secretion. Biochim Biophys Acta 1994;1215:9-32.
Chong MF, Fielding BA, Frayn KN. Mechanisms for the acute effect of fructose on
postprandial lipemia. Am J Clin Nutr 2007;85:1511-20.
Brand-Miller JC, Holt SH, Pawlak DB, McMillan J. Glycemic index and obesity. Am J
Clin Nutr 2002;76:281S-5S.
Lina BA, Jonker D, Kozianowski G. Isomaltulose (Palatinose): a review of biological
and toxicological studies. Food Chem Toxicol 2002;40:1375-81.
Wagenmakers AJ, Rehrer NJ, Brouns F, Saris WH, Halliday D. Breath 13CO2
background enrichment during exercise: diet-related differences between Europe
and America. J Appl Physiol 1993;74:2353-7.
Frayn KN. Calculation of substrate oxidation rates in vivo from gaseous exchange.
J Appl Physiol 1983;55:628-34.
Weir JB. New methods for calculating metabolic rate with special reference to
protein metabolism. J Physiol 1949;109:1-9.
Craig H. Isotopic standards for carbon and oxygen and correction factors for
mass-spectrometric analysis of carbon dioxide. Geochim Cosmochim Acta
1957;12:133-49.
Pirnay F, Crielaard JM, Pallikarakis N, et al. Fate of exogenous glucose during
exercise of different intensities in humans. J Appl Physiol 1982;53:1620-4.
Irving CS, Wong WW, Shulman RJ, Smith EO, Klein PD. [13C]bicarbonate kinetics
in humans: intra- vs. interindividual variations. Am J Physiol 1983;245:R190-202.
Leijssen DP, Elia M. Recovery of 13CO2 and 14CO2 in human bicarbonate studies:
a critical review with original data. Clin Sci (Lond) 1996;91:665-77.
Dahlqvist A, Auricchio S, Semenza G, Prader A. Human intestinal disaccharidases
and hereditary disaccharide intolerance. The hydrolysis of sucrose, isomaltose,
palatinose (isomaltulose), and a 1,6-alpha-oligosaccharide (isomaltooligosaccharide) preparation. J Clin Invest 1963;42:556-62.
Kawai K, Okuda Y, Yamashita K. Changes in blood glucose and insulin after an oral
palatinose administration in normal subjects. Endocrinol Jpn 1985;32:933-6.
Wolever TM. Carbohydrate and the regulation of blood glucose and metabolism.
Nutr Rev 2003;61:S40-8.

Ingestion of isomaltulose ingestion: effects on fat oxidation in overweight subjects
19.

20.

21.
22.
23.

24.
25.

Sato K, Arai H, Mizuno A, et al. Dietary palatinose and oleic acid ameliorate
disorders of glucose and lipid metabolism in Zucker fatty rats. J Nutr
2007;137:1908-15.
Arai H, Mizuno A, Sakuma M, et al. Effects of a palatinose-based liquid diet
(Inslow) on glycemic control and the second-meal effect in healthy men.
Metabolism 2007;56:115-21.
Flatt JP. Carbohydrate balance and body-weight regulation. Proc Nutr Soc
1996;55:449-65.
Eckel RH, Hernandez TL, Bell ML, et al. Carbohydrate balance predicts weight and
fat gain in adults. Am J Clin Nutr 2006;83:803-8.
Weiss R, Dufour S, Taksali SE, et al. Prediabetes in obese youth: a syndrome of
impaired glucose tolerance, severe insulin resistance, and altered myocellular
and abdominal fat partitioning. Lancet 2003;362:951-7.
Read N, French S, Cunningham K. The role of the gut in regulating food intake in
man. Nutr Rev 1994;52:1-10.
Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, Weigle DS. A
preprandial rise in plasma ghrelin levels suggests a role in meal initiation in
humans. Diabetes 2001;50:1714-9.

63

Chapter 2B

64

Chapter 3
Reduced glycemic and insulinemic responses
following trehalose and isomaltulose ingestion:
implications for postprandial substrate use in
impaired glucose tolerant subjects

Judith GP van Can, Luc JC van Loon, Fred Brouns and Ellen E Blaak.
Reduced glycemic and insulinemic responses following trehalose and isomaltulose
ingestion: implications for postprandial substrate use in impaired glucose tolerant
subjects.
British J of Nutr 2011; dec 15: 1-8.
65

Chapter 3
Abstract
Introduction: The impact of slowly digestible sugars in reducing the risk of developing
obesity and related metabolic disorders remains unclear.
Aim: We hypothesized that such carbohydrates, resulting in a lower glycemic and
insulinemic response, may lead to greater postprandial fat oxidation rates in subject with
impaired glucose tolerance (IGT).
Design: This study intends to compare the postprandial metabolic responses to the
ingestion of glucose (GLUC) vs trehalose (TRE) and sucrose (SUC) vs isomaltulose (IMU). In
a randomized single-blind cross-over design, 10 overweight IGT subjects were studied 4
times, following ingestion of different carbohydrate drinks either at breakfast or in
combination with a mixed meal at lunch. Before and 3h after CHO ingestion, energy
expenditure, substrate utilization and circulating metabolite concentrations were
determined.
Results: Ingestion of carbohydrate drinks with a meal resulted in an attenuated rise in
glucose (-33%) and insulin (-14%) concentration following TRE when compared with GLUC
and following IMU, an attenuation of 43% and 34% when compared with SUC ingestion,
respectively. Additionally, there was less inhibition of the rise in free fatty acid
concentrations and less decline in postprandial fat oxidation (22%) after IMU when
compared with SUC, whereas TRE did not differ from GLUC.
Conclusion: The attenuated rise in glucose and insulin concentrations following IMU
ingestion, attenuated the postprandial inhibition of fat oxidation compared to SUC when
co-ingested with a meal. This suggests that exchange of SUC in the diet for IMU may result
in a more favourable metabolic response and may help to reduce the risks associated with
obesity and type 2 diabetes.
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Introduction
The increasing prevalence of obesity and obesity-related disorders like type 2 diabetes has
become the greatest health problems of the present and coming decades (1). According to
the physiological state where abnormalities in glucose metabolism are present but below
the cut-off point for the diagnosis of type 2 diabetes, individuals can be grouped into
those who suffer from 1. impaired fasting glucose (IFG) or 2. impaired glucose tolerance
(IGT). Individuals with isolated IGT show a moderate to severe muscle insulin resistance
and suffer from a defect in both the early-and late-phase insulin secretory response to an
oral glucose load. Patients with IGT have a 2- to 5-fold greater risk of developing
cardiovascular disease, compared with age-matched normoglycemic controls (2). Each
year, about 10% of the subjects with IFG and IGT progress to develop type 2 diabetes (3).
Lifestyle intervention, directed towards a healthy diet, i.e a reduction in saturated fat
intake, an increase in low glycemic carbohydrate intake, and an increase in habitual
physical activity level has proven effective in preventing or delaying the onset of type 2
diabetes in subjects with IGT (4, 5). Interventions to reduce the glycemic index (GI) and
glycemic load (GL) of the daily diet have received much interest in nutritional research (6,
7). So far, numerous studies have reported that diets low in GI or glycemic load can have
beneficial effects on weight loss and/or reduce the risk of developing of chronic metabolic
disease in humans (6, 8-10). Whereas some suggest that diets high in carbohydrate may
have an adverse effect on triglyceride concentrations and HDL cholesterol (11), other fail
to confirm those findings. The apparent discrepancy between studies is likely attributed to
differences in the duration of the intervention, gender, and the use of different type of
sugars between studies (12-14).
It has been hypothesized that low GI foods may affect body weight control and insulin
sensitivity by promoting satiety and stimulating fat oxidation at the expense of
carbohydrate oxidation (15). This increased fat oxidation may reduce fat storage in
adipose and non-adipose tissues, thereby promoting insulin sensitivity and an improved
metabolic profile. Indeed, animal studies show that a reduced GI can shift substrate use in
favour of fat oxidation, independent of diet-induced changes in body composition or
energy intake (16-18). We recently showed that a reduced glycemic response after a
mixed meal containing TRE or IMU may improve fat oxidation rates at the expense of
carbohydrate oxidation in overweight subjects (19, 20). Similar findings were also
observed during exercise conditions (21).
So far, it is not known whether these beneficial effects on fat oxidation also extend to
impaired glucose tolerant subjects who show profound disturbances in the capacity to
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utilise fat as a substrate source during basal fasting conditions as well as in the capacity to
switch between carbohydrate and fat oxidation during postprandial conditions (22). The
fact that disturbances in fatty acid uptake and oxidation are already present in the prediabetic state, suggests a key role in the progression towards type 2 diabetes (23).
Consequently, more work is warranted to assess the impact of low GI carbohydrates on
postprandial substrate use in an obese group with impaired glucose tolerance. Therefore,
we examined the metabolic response to the ingestion of 2 slowly digestible carbohydrate
sources, trehalose (TRE) and isomaltulose (IMU), respectively. TRE is a glucose
disaccharide with an α 1.1 glycoside linkage, whereas IMU is a dissacharide and produced
by an enzymatic conversion of sucrose (SUC).
We hypothesized that the ingestion of trehalose and isomaltulose will be accompanied by
a lower glycemic and/or insulinemic response, an attenuated inhibition of postprandial
lipolysis and fat oxidation rate and a lower plasma triacylglycerol response when
compared with glucose and sucrose, respectively.
Methods
Subjects
Ten overweight men (n=6) and women (n=4), of which 2 were post-menopausal, with
impaired glucose tolerance were recruited for this study. Subjects’ characteristics are
presented in table 1. Subjects with type 2 diabetes and/or overt cardiovascular
complications, and those using medication for digestive disorders were excluded from the
study. All subjects were screened with a standard 75 g OGTT after an overnight fast.
Impaired glucose tolerance was diagnosed based on the WHO criteria. This study was
conducted according to the guidelines laid down in the Declaration of Helsinki and all
procedures involving human subjects/patients were approved by the Medical Ethical
Committee of the Maastricht University Medical Centre+. All subjects gave written
informed consent.
Study design
Each subject participated in 4 trials, separated by a 1-wk washout period, in which the
metabolic response was measured after ingestion of 4 different carbohydrate drinks.
Carbohydrate drinks were ingested after an overnight fast (breakfast drink) and in
combination with a standardized mixed meal (lunch). The carbohydrate drinks (glucose,
trehalose, sucrose and isomaltulose) were provided in a single-blind, randomized order.
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Table 1. Subjects’ characteristics

Subjects (female n=4, male n=6)
Mean  SD
Age (years)

56  8

Weight (kg)

91.3  20.3

BMI (kg/m2)

30.8  4.9

Fasting glucose (mmol/L)

5.63  0.64

2h glucose (mmol/L)

8.78  0.96

Fasting insulin (µU/ml)

18  8.9

HOMA-IR

4.63  2.53

HbA1c (%)

5.85  0.19

Fasting free fatty acids (µmol/L)

402  101

Fasting triacylglycerol (mmol/L)

1.15  0.47

ALAT (U/L)

30  9.7

Creatinine (µmol/L)

79  15.2

Protocol
At the beginning of the experimental day, after an overnight fast, a cannula was inserted
into an antecubital vein. The carbohydrate load consisted of 75 g carbohydrate
equivalents and was dissolved in 400 ml water. The carbohydrate drink was consumed
after an overnight fast at breakfast (8.45AM) or in combination with a mixed meal at lunch
(12.30 PM) within a period of 15 min. Energy expenditure and substrate utilization were
measured, before and for 3h after ingestion of the meal and/or drink using a ventilated
hood system (Omnical, Maastricht University, The Netherlands) (24). Gas analyses, which
are performed every min, are performed by dual paramagnetic O2 analysers and dual
infrared CO2 analysers (type 1156, 1507, 1520; Servomex, Cowborough, Sussex, UK),
similar to the analysis system described by Schoffelen et al. (25). Blood samples were
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taken before consumption of the meal/drinks (t= -5min) and then at t= 30, 60, 90, 120,
150 and 180 min after carbohydrate ingestion to determine circulating metabolites and
hormone concentrations. Expired breath samples were collected each h to determine
13
CO2 enrichment. Energy expenditure and substrate use were calculated using the
formulas of Weir and Frayn (26, 27).
Lunch had a total energy content equivalent of 50% of calculated 24h resting energy
expenditure based upon the formula of Harris and Benedict (28). Lunch macronutrient
composition represented 55 En% CHO, 30 En% fat and 15 En% protein; 25 En% of the total
energy content of the meal was provided in the form of a beverage containing either TRE,
IMU, GLUC or SUC.
Test products
Trehalose (TRE)
TRE is a disaccharide of glucose with an α 1,1 glycoside linkage. It is a non-reducing sugar
that is naturally present in honey, bread, mushrooms and fermented drinks. For our
experimentation 13C enriched TRE was produced by enzymatic conversion using corn
starch as base material. In the human intestine TRE is exclusively digested by epithelial
trehalase into two D-glucose molecules, which are subsequently absorbed and
metabolised (29, 30). Apart from the trehalase action, it appears that ingestion, hydrolysis,
absorption and metabolism of trehalose is essentially identical to all other digestible
disaccharides (29).
Isomaltulose (IMU)
Isomaltulose is a disaccharide produced by an enzymatic conversion of SUC, whereby the
1,2-glycosidic linkage between glucose and fructose is rearranged to a 1,6-glycosidic
linkage. For our experiment 13C enriched IMU was produced by enzymatic conversion
using cane sugar as base material. The sucrase-isomaltase complex located on the brush
border membrane of the small intestinal epithelial cells hydrolyzes both isomaltulose and
sucrose. The resulting monosaccharides, glucose and fructose, are taken up into the portal
blood (31).
Biochemical analyses

At all time points, 8 ml blood was collected in pre-chilled tubes with 200µL of 0.2 M EDTA
(Sigma, Dorset, UK). After collection, blood samples were centrifuged immediately at 4C
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for 10 min at 1000 g and frozen at -80C until further analysis. The plasma was used for
the enzymatic colorimetric quantification of fatty acids (NEFA C kit; Wako Chemicals,
Neuss, Germany), TAG (Sigma, St.Louis, MO, USA) on a COBAS FARA centrifugal
spectrophotometer (Roche Diagnostica, Basel, Switserland). Plasma glucose concentration
(ABX Diagnostics, Montpellier, France) was measured enzymatically on a COBAS MIRA
automated spectrophotometer (Roche Diagnostica). Plasma insulin was measured with a
double antibody radioimmunoassay (Linco research, St. Charles, MO,USA). Breath samples
were analyzed for 13C/12C ratio by gas chromatography isotope ratio mass spectrometry
(GC-IRMS) (Finnigan MAT 252) as described in van Can et al. (19, 20).
Statistics
A computerized statistics program, SPSS 15 for Windows, was used to perform all
calculations. All data are expressed as means  SEM. The total response of parameters
after CHO ingestion was expressed as the incremental area under the curve (iAUC) and
calculated by the trapezoid method. Response is defined in the result section as iAUC,
unless mentioned otherwise. Differences between responses to GLUC vs TRE and SUC vs
IMU were analyzed by means of student’s paired t-test. Student’s paired t-test was used
to compare differences in peak response between the different carbohydrates. The 4
carbohydrates were not compared with each other due to the fact that they are made out
of different carbohydrate sources. Therefore TRE is compared with GLUC and IMU
compared with SUC.
Results
Circulating metabolites
Glucose response
Ingestion of TRE resulted in lower peaks in glucose concentrations when compared with
GLUC both during breakfast drinks (P<0.01) and lunch (P=0.001) (Figure 1A). This did,
however not result in a significant difference in glycemic response, expressed as iAUC
(Table 2). Glucose peaks were lower after ingestion of IMU compared with SUC during
breakfast (P=0.01) and lunch (P=0.001) (Figure 1B). There was a reduced incremental
glycemic response after ingestion of IMU when combined with a mixed meal (P<0.001;
Table 3).
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Insulin response
TRE resulted in lower peak insulin concentrations when compared with GLUC following
breakfast (P=0.003) and lunch (P=0.025; Figure 1C). The iAUC was lower after ingestion of
TRE compared with GLUC during breakfast (P=0.009) but not when TRE was ingested with
a mixed meal during lunch (Table 2). Insulin responses were reduced after ingestion of
IMU compared with SUC following breakfast (iAUC, P<0.05) and lunch (iAUC, P=0.001;
Figure 1D, table 3).
FFA response
As expected, plasma FFA concentrations decreased after carbohydrate ingestion. Ingestion
of either TRE or GLUC resulted in a similar FFA response pattern, also when ingested in
combination with a mixed meal (Figure 1E). There were no significant differences in the
integrated decrement between TRE and GLUC (Table 2). Ingestion of IMU in combination
with a mixed meal during lunch, resulted in a less inhibition of the decline in plasma FFA
concentrations when compared with SUC (P<0.0001; Figure 1F,Table 3).
TAG response
TAG concentrations increased after ingestion of the different carbohydrate drinks and
when the drinks were ingested in combination with a mixed meal. There were no
differences in incremental TAG AUC after ingestion of TRE compared with GLUC during
breakfast and lunch (Figure 2A and Table 2). There was a trend towards a lower
incremental AUC when IMU was ingested in combination with a mixed meal (P=0.06;
Figure 2B,Table3).
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Figure 1. Time course of the glycemic response after intake of trehalose (-●-) and glucose (-○-) (A) and
isomaltulose (-●-) and sucrose (-○-) (B). Time course of the insulinemic response after intake of trehalose (-●-)
and glucose (-○-) (C) and isomaltulose (-●-) and sucrose (-○-) (D). Time course of the FFA concentrations after
intake of trehalose (-●-) and glucose (-○-) (E) and isomaltulose (-●-) and sucrose (-○-) (F).Values are means, with
their standard error represented as vertical bars. * P <0.05
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Thermogenesis and substrate oxidation
There were no differences in the thermogenic response between carbohydrate drinks
during breakfast or when ingested with a mixed meal (Table 2-3).
There were no differences in the incremental AUC of the respiratory quotient (RQ) after
TRE ingestion compared with GLUC during breakfast and lunch (Table 2). Intake of IMU did
not result in differences in RQ response compared with SUC during breakfast, whereas
IMU ingested in combination with a mixed meal resulted in a reduced RQ response
compared with SUC (P=0.034; Table 3).
There were no significant differences in the decrement in fat oxidation rates between TRE
and GLUC during breakfast and lunch (Figure 2B, Table 2). Fat oxidation did not differ
between IMU and SUC during breakfast, interestingly fat oxidation was significantly less
suppressed after IMU when compared with SUC following lunch (P<0.05; Figure 2C, Table
3).
There were no significant differences in carbohydrate oxidation between TRE and GLUC
during breakfast and lunch (Figure 2D, table 2). Intake of IMU did not result in significant
differences following breakfast when compared with SUC, whereas the increment in CHO
oxidation was lower after ingestion of IMU when compared with SUC during lunch
(P=0.036; Figure 2E, table 3).
No differences were observed in the minimal estimates of exogenous CHO oxidation rates
between experiments. The mean percentage of the enriched carbohydrate oxidized, as
calculated by the recovery of 13CO2 in the expired breath, was 11% for TRE, 12% for GLUC,
15% for IMU and 19% for SUC respectively.
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Figure 2. Time course of the TAG response after intake of trehalose (-●-) and glucose (-○-) (A) and isomaltulose (●-) and sucrose (-○-) (B). Time course of the fat oxidation rate after intake of trehalose (-●-) and glucose (-○-) (C)
and isomaltulose (-●-) and sucrose (-○-) (D). Time course of the CHO oxidation rare after intake of trehalose (-●-)
and glucose (-○-) (E) and isomaltulose (-●-) and sucrose (-○-) (F).Values are means, with their standard error
represented as vertical bars. * P <0.05
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Table 2. Metabolic responses, expressed as change in area under the curve (iAUC), after ingestion of trehalose
and glucose.

Glucose (mmol/L over 3h)
Insulin (µU/ml over 3h)
FFA (mmol/L over 3h)
TAG (mmol/L over 3h)
Fat oxidation (g over 3h)
CHO oxidation (g over 3h)
Energy Expenditure (kJ over 3h)
Respiratory Quotient (over 3h)

iAUC breakfast over 3h

iAUC lunch over 3h

Trehalose

Glucose

Trehalose

Glucose

428
9425**
-41527
13182
-1.32
6.55
33
5.47

554
15216
-52838
9158
-2.66
10.11
53
7.60

374
17934
-15200
56566
0.62
8.72
144
1.77

559
20875
-55284
6863
0.38
9.6
166
2.68

Mean value was significantly different from that for glucose: * P,0·05, ** P,0·01.

Table 3. Metabolic responses, expressed as change in area under the curve (iAUC), after ingestion of
isomaltulose and sucrose.

Glucose (mmol/L over 3h)
Insulin (µU/ml over 3h)
FFA (mmol/L over 3h)
TAG (mmol/Lover 3h)
Fat oxidation (g over 3h)
CHO oxidation (g over 3h)
Energy Expenditure (kJ over 3h)
Respiratory Quotient (over 3h)

iAUC breakfast over 3h

iAUC lunch over 3h

Isomaltulose

Sucrose

Isomaltulose

Sucrose

248
5779*
-36137
19802
-4.22
14.14
54
11.14

266
7326
-38869
20896
-5.20
16.19
55
13.18

279**
11726**
-12880**
40787
*
-0.89
12.27*
156
4.89*

489
17658
-55284
60680
-4.08
23.16
158
12.24

Mean value was significantly different from that for sucrose: * P,0·05, ** P,0·01.
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Discussion
Substrate utilization
The main finding of the present study is that intake of IMU in combination with a mixed
meal resulted in an attenuated rise in postprandial plasma glucose and insulin
concentrations and a lesser inhibition of circulating FFA concentration and fat oxidation
compared to SUC ingestion. The reduced inhibition of postprandial fat oxidation could be
attributed to a greater supply of FFA to the fat-oxidizing tissue, secondary to a reduced
insulin mediated suppression of lipolysis (32). Our results seem consistent with other
work, highlighting the stimulating effects of isomaltulose ingestion on postprandial fat
oxidation and/or lipid deposition when compared with sucrose, in rats, healthy and
overweight subjects (19, 33, 34). This study shows that IMU ingestion in exchange for SUC
has beneficial effects in subjects with impaired glucose tolerance and, as such, may help to
prevent progression into type 2 diabetes.
The attenuated postprandial decline in fat oxidation induced by ingestion of IMU may
have implications for body weight control. Flatt proposed that subjects who continue to
oxidize carbohydrate in the postabsorptive state deplete their endogenous glycogen
stores; thereby stimulating food intake. Through this mechanism, inter-individual
differences in substrate selection may play a key role in the development of obesity (35). A
lower decrement in circulating FFA and fat oxidation following the ingestion of more
slowly digestible carbohydrates may favour fat oxidation above storage, resulting in less
fat accumulation in non-adipose tissues with a favourable effect on insulin sensitivity by
preventing late hypoglycaemia and the accompanying increase in plasma FFA
concentrations (36). High FFA concentrations may be linked with insulin resistance and
cardiovascular disease by increasing muscle ectopic fat promoting lipotoxicity which may
reduce insulin action (37).
Glycemic and insulinemic responses
The attenuated glycemic and insulinemic responses following TRE and IMU are attributed
to the slower rates at which TRE and IMU are digested and absorbed. Several studies have
shown that the absorption rate of TRE and IMU are slower than GLUC and SUC,
respectively (38, 39). TRE as well as IMU are absorbed and tolerated well in humans (29,
31). Reduced glucose and insulin concentrations after intake of TRE or IMU have been
observed in trained athletes, healthy subjects, as well as in overweight subjects (19, 20,
40, 41). This study is the first to show that intake of TRE and IMU attenuated the
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postprandial rise in plasma glucose and insulin concentrations in subjects with IGT.
Although, there were no significant differences in the integrated glycemic responses
following the ingestion of different carbohydrates after an overnight fast (breakfast),
there was a clearly attenuated rise in peak plasma glucose concentration after ingestion of
IMU compared with SUC and after ingestion of TRE compared with GLUC (see Figure 1).
Postprandial TAG concentration
High concentrations of plasma triacylglycerol concentrations are considered to be risk
factors for the development of cardiovascular disease (42). Low glycemic, low insulinemic
carbohydrate sources may be used to attenuate the postprandial rise in TAG
concentrations. However, data show no consensus regarding higher postprandial TAG
concentrations following the ingestion of fructose (43, 44). In the present study, we
observed a trend towards reduced TAG concentrations with ingestion of IMU in
combination with a mixed meal compared with SUC, whereas no such differences were
observed for TRE. In contrast, in healthy overweight subjects TRE resulted in reduced TAG
concentrations during breakfast (20). This discrepancy could be explained by the higher
age of the subjects in the present study. Animal as well as human studies generally
observed more pronounced effects in younger subjects (45, 46).
A limitation of the present study is that the number of subjects is rather small. We cannot
rule out gender differences, although the cross-over design limits inter-individual
variation. The set-up of the study provides a proof of principle on the impact of trehalose
and isomaltulose in the breakfast setting and under more physiological conditions where
the drink is consumed in combination with a mixed meal. Further studies are warranted to
investigate the overall response and physiological significance of the observed differences.
In conclusion, ingestion of TRE and IMU result in an attenuated postprandial rise in plasma
glucose and insulin concentrations when compared with GLU and SUC, respectively. Coingestion of IMU with a mixed meal resulted in an attenuated decline in plasma FFA
concentrations and postprandial fat oxidation rate when compared with SUC, which may
reduce ectopic fat accumulation and improve insulin sensitivity. Thus, exchanging SUC for
IMU may be favourable to prevent metabolic disturbances, thereby potentially slowing
down the progression to type 2 diabetes. More studies are needed to determine the longterm effects of exchanging rapid for more slowly digestible sugars on body weight control
and the prevention of type 2 diabetes in subjects with IGT.
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Abstract
Introduction: Green tea, particularly the catechin epigallocatechin-3-gallate (EGCG), may
affect body weight and composition. The underlying mechanism may relate to an
enhanced lipolysis and fat oxidation.
Aim: To investigate the effects of a 3 day supplementation of 300mg EGCG on fat
oxidation in overweight subjects.
Design: In a double-blind randomized, cross-over study, 24 subjects (9M/15F, age= 30  2
y, BMI= 27.7  0.3 kg/m2) received 300mg/day EGCG or placebo for 3 days. Energy
expenditure, substrate metabolism and circulating metabolites, were determined at
baseline and for 6 hours after ingestion of a mixed meal (energy content was 40% of
calculated energy expenditure). After 6h, a fat biopsy was collected to examine gene
expression of factors involved in fatty acid handling. In 12 subjects, adipose tissue and
skeletal muscle glycerol, glucose and lactate concentrations were determined by the
microdialysis technique.
Results: EGCG supplementation had no effects on energy expenditure, fat and
carbohydrate oxidation compared to placebo. Although EGCG reduced circulating glycerol
concentrations, no differences in adipose tissue and skeletal muscle lipolysis were
observed. Fasting (P=0.001) and postprandial (P=0.003) skeletal muscle lactate
concentration were reduced after EGCG supplementation compared to placebo, despite
similar tissue blood flow. Adipose tissue leptin expression was increased (P=0.05) and
FAT/CD36 expression tended to be increased after EGCG as compared with placebo
(P=0.08).
Conclusions: Although whole body fat oxidation was unaltered, skeletal muscle lactate
concentration was reduced after EGCG supplementation, suggesting a reduced glycolytic
flux and a shift towards a more oxidative muscle phenotype. The underlying mechanism
needs to be examined more extensively.
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Introduction
The prevalence of obesity has become an epidemic problem during the last few decades
(1). Being overweight or obese is considered to be the most important risk factor for the
onset of type 2 diabetes mellitus (2).
In recent years there has been an increased interest in the health benefits of polyphenols
in the prevention of obesity and type 2 diabetes mellitus. Green tea is rich in polyphenols,
especially catechins. These catechins are comprised primarily of epigallocatechin gallate
(EGCG), epigallocatechin (EGC), and epicatechin (EC) (3). Many of the beneficial health
effects of green tea have been attributed to the most abundant catechin, EGCG and were
initially mainly related to their anti-oxidant activity (4-7). More recently, interest has
increased in the anti-obesity effect of green tea. Consumption of green tea extracts (270
mg EGCG) in combination with caffeine supplementation (150-600 mg caffeine) has been
shown to increase fat oxidation and energy expenditure in an acute manner, and to
reduce body weight in normal to overweight subjects (8-12). Moreover, Venables et al.
has shown that consumption of a green tea extract (890 mg polyphenols + 366 mg EGCG)
increased fat oxidation during moderate-intensity exercise (13). Furthermore, green tea
may increase insulin sensitivity, possibly by increasing fat oxidation and reducing ectopic
fat accumulation, thereby reducing the risk of developing type 2 diabetes. A crosssectional study showed an inverse association between green tea consumption and
fasting glucose concentrations (14). Additionally, 12 day supplementation of green tea in
Sprague-Dawley rats increased insulin sensitivity (15). Results of human intervention
studies are not consistent yet (16, 17).
The underlying mechanisms behind the possible effect of green tea components on
energy expenditure and fat oxidation are not well studied in humans yet. One of the
putative mechanisms is that EGCG may modulate energy expenditure by inhibiting
catechol-o-methyltransferase (COMT), an enzyme involved in the degradation of
norepinephrine. As a consequence there is a prolonged stimulation of the adrenergic
receptors, thereby increasing lipolysis and fat oxidation (18). Another mechanism may
involve activation of sirtuins, especially sirtuin1 (SIRT1) and its transcriptional co-factor
Peroxisome proliferator-activated receptor-γ coactivator 1 alpha (PGC-1α), although data
are not consistent yet and few human intervention data are available (19-22).
Watanabe et al. has shown that EGCG inhibited acetyl CoA-carboxylase (ACC) in 3T3-L1
cells suggesting that EGCG could alter the partitioning of lipids from storage towards
oxidation (23). In addition, chronic feeding of green tea extract to mice has been shown to
elevate skeletal muscle gene expression of factors involved in lipid transport and
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oxidation, such as FAT/CD36, medium-chain acyl-CoA dehydrogenase (MCAD) and
uncoupling protein 3 (UCP3) (24, 25). In a similar study, green tea extract reduced
malonyl-CoA in skeletal muscle, which is an inhibitor of carnitine palmitoyl transferase
(CPT), an enzyme involved in fatty acid transportation into the mitochondria (26).
Whether the effects of EGCG and/or green tea extract on gene expression are acute,
either through a direct regulatory action or due to the transient increase in free fatty acids
(FFA) chronically, remains to be established.
We hypothesized that a 3 day supplementation of 300mg/day EGCG would increase
postprandial fat oxidation accompanied by stimulation of postprandial lipolysis. In a
subset of 12 subjects local adipose tissue and skeletal muscle metabolism was
investigated by the microdialysis technique. Finally, molecular pathways were studied in
adipose tissue by determining gene expression of enzymes involved in lipolysis and fatty
acid partitioning.
Methods
Ethics Statement
The study was reviewed and approved by the Medical Ethical Committee of the
Maastricht University Medical Centre+ and all subjects gave written informed consent
before participation.
Subjects
Twenty-four overweight men (n=9) and women (n=15) with a low habitual caffeine intake
(< 300mg/day) were recruited for this study. Subjects‘ characteristics are presented in
table 1. Subjects with type 2 diabetes and/or overt cardiovascular complications, and
those using medication for digestive disorders were excluded from participation. All
subjects tolerated the EGCG capsules well and no adverse effects were observed on liver
enzymes ALAT and ASAT.
Study design
The effects of EGCG and placebo on postprandial fat oxidation were studied in a double
blind, randomised cross-over design, with a washout of at least 4 days between both
treatments. Subjects consumed the capsules during 2 days with breakfast and dinner (at
both occasions 1 capsule of 150mg). At day 3, subjects came to the university for a
postprandial test (test day). At this day the 2 capsules were ingested simultaneously, 1h
before the ingestion of a liquid mixed meal.
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Table 1. Subjects’ characteristic’s

Age (years)
BMI (kg/m2)
Waist circumference (cm)
Hip circumference (cm)
WHR
Fat mass (%)
Fat free mass (%)
Glucose (mmol/L)
Insulin (µU/mL)
HOMA-IR
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

Mean ± SEM (N=24, 9M/15F)
30  2
27.7  0.3
89  1.7
99  1.1
0.9  0.01
28.8  1.9
71.2  1.9
5.2  0.06
12.5  0.7
2.9  0.2
114  2
75  1

Test product
The test product EGCG (Teavigo TG Lot: UT05080001) was provided by DSM Nutritional
Products Ltd to Temmler Werke GmbH (Munchen, Germany). All capsules supplied by
Temmler Werke GmbH were manufactured, tested and released according to Good
Manufacturing Practice (GMP) guidelines. Teavigo TG™ contains > 90% EGCG on a dry
weight basis. The placebo capsules were made from cellulose. The capsules were of
identical appearance containing either 150 mg EGCG or placebo. The dose of 300 mg
EGCG per day has been shown to be safe and well tolerated. This applied to single doses
as well as repeated dosing (27, 28).
Protocol Test day
All subjects were asked to refrain from drinking alcohol, smoking and doing strenuous
exercise for a period of 24h before the test day. Subjects came to the laboratory by car or
bus in the morning after an overnight fast. At the beginning of the test day (day 3), a
cannula was inserted into an antecubital vein for blood sampling. The EGCG or placebo
capsules were consumed 1h before metabolic testing and a fasting blood sample was
drawn to determine baseline values of EGCG (t = -65 min). A liquid test meal was
consumed 60 min after ingestion of EGCG/placebo capsules. Blood samples were taken
before ingestion of the liquid meal (t= -5 min) and for 6h after meal ingestion at t= 30, 60,
90, 120, 180, 240, 300 and 360 min after EGCG/placebo ingestion to determine circulating
87

Chapter 4
metabolites and hormone concentrations. Energy expenditure and substrate utilization
were measured, before and for 6h after ingestion of the liquid test meal, using a
ventilated hood system (Omnical, Maastricht University, The Netherlands) (29). Gas
analyses, which occurred every minute, are performed by dual paramagnetic O2 analysers
and dual infrared CO2 analysers (type 1156, 1507, 1520; Servomex, Cowborough, Sussex,
UK), similar to the analysis system described by Schoffelen et al (30).
The liquid meal had a total energy content equivalent of 40% of calculated 24h resting
energy expenditure based upon the formula of Harris and Benedict (31). The energy
content of the test meal was accounted for 49En% CHO, 35En% FAT and 16En% protein
and was consumed within 20 minutes. A fat biopsy was taken at the end of the 6h
postprandial period in each condition (t = 360 min). Blood samples and fat biopsy were
snap frozen in liquid nitrogen and stored at -80°C until analysis.
Fat biopsy
A small amount (about 1 g) of abdominal subcutaneous adipose tissue was collected
under local anesthesia using a needle biopsy technique and snap frozen in liquid nitrogen.
Total RNA was isolated, using the total RNA stabilization and purification kit for human
samples Qiagen (Qiagen, Hombrechtikon, Switzerland). Gene expression of hormonesensitive lipase (HSL), adipose triglyceride lipase (ATGL), CPT-1, ACC-1, fatty acid
translocase (FAT/CD36) and leptin was measured by the Taqman multiplex method using
the ABI 7900 quantitative real-time RT-PCR instrument (Applied Biosystems, Rotkreuz,
Switzerland) as described by Heim (32). All probe and primer sets were designed with the
Primer Express program version 1.0 (Applied Biosystems) and initially tested to have
comparable (>90%) efficiency in multiplex assays using 18S rRNA as an internal control. An
overview of the primers and probes is listed in table 2.
Microdialysis
In a subset of 12 subjects, the lipolytic effects of EGCG in adipose tissue and skeletal
muscle were determined by the microdialysis technique.
On arrival, four microdialysis probes (CMA 60, CMA microdialysis AB, Stockholm Sweden)
were inserted. Two microdialysis probes were placed in the abdominal subcutaneous
adipose tissue under sterile conditions 6-8 cm left and right from the umbilicus. One hour
before insertion of these probes, the skin was anesthesized by means of a cream
containing lidocaine (25 mg/g) and prilocaine (25 mg/g) (EMLA, Astra Zeneca, Sweden).
Furthermore, two microdialysis probes were inserted in the medial portion of the m.
gastrocnemius of both legs after anesthesia (xylocaine 2% without adrenalin, Astra
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Zeneca). Thereafter, 90 min was allowed for recovery of adipose tissue and muscle from
insertion trauma.
In both adipose tissue and skeletal muscle, one probe in both adipose tissue and skeletal
muscle was perfused with Ringer’s solution (147 mM sodium, 4mM potassium, 2.25mM
calcium and 156 mM chloride, Baxter BV, Utrecht, The Netherlands) at a rate of 0.3 µl/min
to obtain a near 100% recovery. Microdialysate was collected from these probes in 30 min
fractions during the baseline period and during the early postprandial period (0-120 min)
and at 60 min fractions during the last 4h postprandially (120-360 min), to determine
glycerol, glucose and lactate concentrations. Baseline concentrations of glycerol, lactate
and glucose were determined by the average of three baseline samples. The second
microdialysis probe in adipose tissue and in skeletal muscle was used for determining
tissue blood flow using the ethanol dilution technique (33, 34). For this, the probes were
perfused with Ringer’s solution supplemented with 50 mM ethanol, at a flow rate of 5
µl/min (Harvard microinfusion pump, Plato BV, Diemen, The Netherlands).
Ethanol concentrations were determined both in the ingoing and outgoing perfusion
solvent to assess the ethanol inflow/outflow ratio as an indicator for local nutritive blood
flow. Ethanol concentrations were determined at the same day, whereas microdialysate
samples for measurement of glycerol, glucose and lactate concentrations were
immediately frozen and stored at -80° C until analysis.
Biochemical analyses
At all time points, 8ml blood was collected in pre-chilled tubes with 200µl of 0.2M EDTA
(Sigma, Dorset, UK). After collection, blood samples were centrifuged immediately at 4° C
for 10 min at 1000g and frozen at -80° C until analysis. Additionally, 500µl of the cell free
plasma supernatant was combined with exactly 500ul stabilization buffer at ambient
temperature for the determination of EGCG concentration by HPLC. Plasma glucose (Uni
Kit III, Roche, Basel, Switzerland), lactate, FFA (NEFA-C, Wako Chemicals, Neuss, Germany),
triacylglycerol and free glycerol (148270, Roche Diagnostics, Indianapolis, IN, USA)
concentrations will be analyzed with a COBAS FARA semi-automatic analyzer (Roche).
Insulin will be analyzed by radioimmunoassay (Human Insulin RIA Kit, LINCO Research Inc,
St. Charles, MO).
Glycerol, glucose and lactate concentrations from the microdialysates were measured by
bioluminescence (35). Ethanol concentrations were measured spectrophotometrically
using a standard enzymatic technique (R-Biopharm AG, Darmstadt, Germany).
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Calculations
Substrate oxidation was calculated from VO2 (L/min) and VCO2 (L/min) according to the
equations of Frayn (36). Nitrogen excretion was calculated based on the assumption that
protein oxidation represents ~15% of total energy expenditure. Energy expenditure was
calculated using the formula of Weir (37).
Carbohydrate oxidation (CHO) (g/min) = (4.55*VCO2) – (3.21*VO2) – (2.87*N)
FAT oxidation (g/min) = (1.67*VO2) – (1.67*VCO2) – (1.92*N)
N (g/min) = ((0.15* EE)/17)/6.25
Statistics
All data are expressed as means  SEM. The total response of parameters after ingestion
EGCG or placebo was expressed as the total area under the curve (AUC) and calculated by
the trapezoid method. Differences between placebo and EGCG were analyzed by means of
student’s paired t-test. Normal distribution was tested by the Kolmogorov-Smirnov test. If
parameters were not normally distributed they were ln transformed. Plasma lactate, TAG,
glycerol and the genes CPT-1, ACC-1, HSL and leptin data were ln transformed. SPSS 15 for
Windows was used to perform all calculation. The level of statistical significance was set at
P ≤ 0.05.
Results
Circulating metabolites
EGCG supplementation showed no differences in plasma glucose and insulin
concentration compared to placebo (Figure 1A-B). Plasma free fatty acids (FFA)
concentrations tended to be reduced after EGCG supplementation (AUC, P=0.07) (Figure
1D). Also, plasma glycerol concentrations were reduced after EGCG supplementation as
compared with placebo (AUC, P=0.02) which was most pronounced in the late
postprandial period (240-360 min) (Figure 1E). EGCG supplementation did not induce
differences in plasma lactate and triglyceride concentrations (TAG), although fasting TAG
concentration tended to be reduced after EGCG (P=0.07) (Figure 1C,1F).
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Energy expenditure and substrate oxidation
Supplementation of 300 mg/day EGCG did not change fat and CHO oxidation (Figure 2AB). Similarly, there were no differences in energy expenditure between conditions (Figure
2C).

Figure 1. A Time-course of systemic glycemic response after intake of 300mg/day EGCG or placebo. B Timecourse of systemic insulinemic response after intake 300mg/day EGCG or placebo. C Time-course of systemic
lactate concentrations after intake of 300mg/day EGCG or placebo. D Time-course of systemic FFA
concentrations after intake of 300mg/day EGCG or placebo. E Time-course of systemic glycerol concentrations
after intake of 300mg/day EGCG or placebo. F Time-course of systemic TAG concentrations after intake of
300mg/day EGCG or placebo. Results represent mean values  SEM; n=24; *: P≤0.05
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Figure 2. A Time-course of CHO oxidation rate after intake of 300mg/day EGCG or placebo. B Time-course of fat
oxidation rate after intake 300mg/day EGCG or placebo. C Time-course of energy expenditure after intake of
300mg/day EGCG or placebo. Results represent mean values  SEM; n=24; *: P≤0.05
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Figure 3. A-B Time-course of interstitial glycerol concentrations in adipose tissue (AT) and skeletal muscle (M)
after intake of 300mg/day EGCG or placebo. C-D Time-course of interstitial lactate concentrations in adipose
tissue and skeletal muscle after intake of 300mg/day EGCG or placebo. E-F Time-course of ethanol in-out ratio in
adipose tissue and skeletal muscle after intake of 300mg/day EGCG or placebo. Results represent mean  SEM;
n=12. *: P≤0.05
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Adipose tissue and skeletal muscle lipolysis
Due to a problem with the microdialysis probes in the adipose tissue, the data of only 6 of
the 12 subjects could be analysed. Adipose tissue glycerol, glucose and lactate
concentrations, as well as ethanol in-out ratio, were comparable after EGCG
supplementation compared to placebo (Figure 3A,C,E, data for glucose not shown).
Skeletal muscle interstitial glycerol, glucose concentrations, as well as ethanol in-out ratio
were not different between EGCG supplementation and placebo (Figure 3B,F, glucose data
not shown). In skeletal muscle, interstitial lactate was reduced with EGCG both for
baseline levels (P<0.001) as well during the postprandial period (P=0.003) (Figure 3D).
Adipose tissue gene and protein expression
The mRNA expression of CPT-1, ACC-1, ATGL and HSL were similar after consuming EGCG
or placebo capsules. EGCG increased leptin (P=0.05) and FAT/CD36 (P=0.08) mRNA
expression compared to placebo (Table 3).
Table 2. Overview of primers and probes for RT-PCR of adipose tissue biopsies.
forward

reverse

Probes

18S

CGGCTACCACATCCAAGGAA

GCTGGAATTACCGCGGCT

5'-VICTGCTGGCACCAGACTTGCCCTCTAMRA-3

HSL

CTGCATAAGGGATGCTTCTATG
G

CCTGTCTCGTTGCGTTTGTAGT

5'-FAMCTGCCTGGGCTTCCAGTTCACGCTAMRA-3

ATGL

TAGAGTGGCAGGTTGTCTGAAA
TG

CCCGTGTACTGTGGGCTCAT

5'-FAMCACCATCCACGTAGCGCACCCC TAMRA-3

CPT
-1

CCATGTTGTACAGCTTCCAGACA

CACCGACTGTAGATACCTGTTCA
CA

5'-FAM- CTGCCTCGCCTGCCGGTCCTAMRA-3

ACC-1 CAGCAGGCTGAACTTCACACA

CTGGAAGGCAGTATCCATTCATT

5'-FAMCACGGATCCAGAGCACGGCACTCTAMRA-3

Lepti
n

GAATGAAGTCCAAACCGGTGA

5'-FAMCACGCAGTCAGTCTCCTCCAAACAGA
AA-TAMRA-3
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Table 3. Normalized mRNA expression determined by real-time quantitative TaqMan RT-PCR in adipose tissue
after EGCG or placebo.

CPT-1 mRNA

EGCG
1,06·10-5 ± 1,0·10-6

Placebo
9,3·10-6 ± 7,4·10-7

P-value
0.31

ATGL mRNA

3,51·10-4± 3,7·10-5

3,7·10-4 ± 3,0·10-5

0.12

HSL mRNA

5,38·10-4 ± 4,7·10-5

5,19·10-4 ± 4,1·10-5

0.73

FAT/CD36 mRNA

1,73·10-3± 1,2·10-4

1,52·10-3 ± 9,1·10-5

0.08

ACC-1 mRNA

2,16·10-4 ± 2,1·10-5

2,18·10-4 ± 2,6·10-5

0.81

Leptin mRNA

5,2·10-4± 5,9·10-5

4,3·10-4 ± 5,9·10-5

0.05

*

Mean value was significantly different from that for placebo: * P ≤0.05

Discussion
This study was designed to study the acute effects of EGCG supplementation (300mg/day),
the main catechin of green tea, on postprandial lipolysis and fat oxidation in overweight
subjects. Supplementation of 300 mg/day EGCG for 3 days did not alter postprandial
lipolysis, fat oxidation and/or energy expenditure compared to placebo. Skeletal muscle
lactate concentrations, as measured by microdialysis were significantly reduced by EGCG
compared to placebo, whilst skeletal muscle glucose concentrations were comparable.
These data suggest EGCG may reduce skeletal muscle glycolytic flux, and/or induce a shift
towards a more oxidative muscle phenotype.
Studies in rodents indicate that EGCG may acutely stimulate fat oxidation by augmenting
sympathic nervous stimulation (38). However, human studies have shown mixed results.
Our data of no effect on postprandial fat oxidation and energy expenditure, are consistent
with findings of Lonac et al. (39) after EGCG supplementation (945 mg in 48h) in healthy
adults and Gregersen et al. (40) (494-684 mg/day catechins and 150 mg caffeine). In
contrast, Thielecke et. al did show an increased fat oxidation in the first 2h of the
postprandial period after 3 day supplementation of EGCG (12), which is in contrast to our
findings. This may possibly be related to the fact that in that study an extra dosis of 150
mg EGCG was ingested 1h before the meal. In addition, Dulloo et al. showed an increase in
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fat oxidation and energy expenditure following a single dose of catechins (375 mg
catechins, 270 mg EGCG) + 150 mg caffeine in healthy young men (9). Thus, the synergistic
effect of EGCG and caffeine in the study of Dulloo et al. could possibly explain the
discrepancy with our present findings. In fact, caffeine has been shown to independently
stimulate energy expenditure in a dose-dependent manner, with doses as low as 100 mg
showing effects (41). Nevertheless, a synergistic effect of caffeine and catechin could not
be confirmed by the study of Gregersen et al. where no acute effect on fat oxidation and
energy expenditure was shown with 494-684 mg/day catechins and 150 mg caffeine. This
may possibly be explained by the fact that in the latter study the capsules were
supplemented in 5 small doses over 11h, and that the separate doses were too low to
elicit an acute response on energy expenditure and fat oxidation (40).
Although there were no significant effects on postprandial fat oxidation in the present
study, skeletal muscle lactate concentrations were reduced after EGCG supplementation
both in the fasted state as well as during the postprandial period. These data indicate a
shift towards a less glycolytic and/or more oxidative muscle phenotype after EGCG. This is
in line with previous reports on stimulatory effects on oxidative capacity after green tea
ingestion (either 6 portions of 1 gram green tea solids for 2 days or 1 cup of green tea
containing 12 gram green tea solid), as indicated by an increased urinary excretion of
several citric acid cycle intermediates in healthy humans (42, 43). Our data on reduced
lactate concentrations are consistent with the study of Murase et al. who reported
decreased plasma lactate concentrations during endurance activity (swimming) in mice
(24). Since we found no differences in adipose tissue and muscle lipolysis and systemic FFA
concentrations, the shift towards a more oxidative phenotype in skeletal muscle was not
related to differences in the supply of fatty acids. The shift in muscle phenotype towards
more oxidation may possibly be due to a direct effect on mitochondrial function which has
been reported for other polyphenols (44). Thus, even though the acute effects of EGCG on
fat oxidation were not significantly different from placebo treatment, this does not rule
out the possibility that green tea can have beneficial effects on fat oxidation and insulin
sensitivity over longer time periods (45). Long-term studies have shown that 12 wk
consumption of green tea extracts (375-690 mg catechins) can decrease body weight,
waist circumference, and body fat in healthy humans (10, 46). Period of supplementation,
duration of supplementation, addition of caffeine or other polyphenols and combination
with exercise are factors that have to be taken into account for future studies.
Interestingly, systemic glycerol concentrations were decreased in the postprandial period
with EGCG. This may be explained by a slightly increased insulin sensitivity of lipolysis after
EGCG treatment in other adipose tissue depots, such as the visceral adipose tissue depot,
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but further mechanistic studies are necessary to examine this. Additionally, EGCG
supplementation resulted in an upregulation of leptin mRNA expression in adipose tissue,
whilst mRNA expression of the fatty acid transporter FAT/CD36 tended to be higher after
EGCG supplementation compared to placebo. Josic et al. suggested that green tea may
increase satiety although the data should be confirmed in a large clinical trial with
overweight and obese subjects (47). Altogether, these data indicate slight effects on
adipose tissue metabolism and function, but more pronounced effects may require a
longer period of supplementation and/or higher dosage of EGCG.
In conclusion, the 3-day ingestion of 300 mg/day of EGCG had no stimulatory effects on
postprandial fat oxidation and energy expenditure in overweight subjects. EGCG reduced
lactate concentrations in skeletal muscle, suggesting a reduced glycolytic flux and/or a
shift in substrate utilization towards a more oxidative phenotype in skeletal muscle. It can
be speculated that the shift towards a more oxidative phenotype may be beneficial in the
prevention of obesity and related complications through a reduction of fat accumulation
within skeletal muscle, which is a risk marker of insulin resistance and type 2 diabetes (48).
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Abstract
Introduction: Mechanisms for liraglutide-induced weight loss are poorly understood.
Aim: We investigated liraglutide’s effects on gastric emptying, glycemic parameters,
appetite, and energy metabolism in obese non-diabetic individuals.
2

Design: Participants (N=49, 18–75 years, BMI: 30–40 kg/m ) were randomized to 2/3
treatments: liraglutide 1.8 mg, 3.0 mg, or placebo in a double-blind, incomplete crossover
trial. After 5 weeks, 24-hour energy expenditure was measured. Gastric emptying,
glycemic parameters, and appetite were measured during a 5-hour meal test. Ad libitum
energy intake during a subsequent lunch was assessed.
Results: Equivalence in gastric emptying (AUC0-300min) was observed for liraglutide 1.8
versus 3.0 mg (primary endpoint), and liraglutide versus placebo (90% CIs contained
within [0.80–1.25]). However, 1-hour gastric emptying decreased by 23% with liraglutide
3.0 mg (P=0.007) and 13% with 1.8 mg (P=0.14) versus placebo. Both liraglutide doses
similarly reduced fasting glucose (0.5–0.6 mmol/L versus placebo, P<0.0001) and
postprandial glucose Cmax; only liraglutide 3.0 mg reduced iAUC0-300min. Glucagon iAUC0300min decreased by ~30%, and iAUC0-60 min for insulin and C-peptide was ~20% lower with
liraglutide than placebo. Liraglutide doses similarly increased mean postprandial satiety
ratings, reduced hunger, and decreased ad libitum energy intake by ~16% versus placebo.
Liraglutide-associated reductions in energy expenditure versus placebo were largely
explained by weight and physical activity decreases.
www.clinicaltrials.gov ID:NCT00978393. Funding: Novo Nordisk.
Conclusion: Gastric emptying AUC0-300min was equivalent for liraglutide 1.8 and 3.0 mg.
Liraglutide-induced weight loss appears to be mediated by reduced appetite and energy
intake, not increased energy expenditure. Liraglutide improved fasting and postprandial
glycemia.
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Introduction

Obesity is associated with multiple metabolic abnormalities, including hyperinsulinemia,
impaired glucose metabolism, atherosclerosis and hypertension, which contribute to the
development of type 2 diabetes mellitus (T2DM) and cardiovascular disease (1,2). Diet and
life-style modification represent the first-line treatment in obesity management, but as
these often fail to provide major and sustainable weight loss, pharmaceutical intervention
may be necessary for the achievement of long-term, clinically-relevant weight loss (3).
Glucagon-like peptide-1 (GLP-1) is a neuroendocrine hormone released predominantly
from the small intestine in response to food intake. In addition to reducing fasting and
postprandial glycemia and enhancing glucose-dependent insulin secretion (4), GLP-1 has
been shown to inhibit glucagon secretion and slow gastric emptying (5,6). Furthermore,
non-clinical and clinical studies have demonstrated increased satiety, reduced food intake,
and subsequent reductions in body weight following administration of GLP-1 (7;8), leading
to its investigation for the treatment of obesity.
Liraglutide is a GLP-1 analog with 97% amino acid sequence homology to native GLP-1.
Administered by once-daily subcutaneous injection at doses up to 1.8 mg, liraglutide is
approved for the treatment of T2DM. Liraglutide 3.0 mg is currently under development
for weight management. Results from a phase 2 randomized, placebo-controlled trial of
liraglutide (1.2–3.0 mg) in 564 obese non-diabetic adults demonstrated that liraglutide 3.0
mg was more effective than orlistat, or diet and exercise alone, at reducing weight over 20
and 52 weeks, and weight-loss was dose-dependent (9,10). In the 52-week open-label
extension, completers on liraglutide 2.4 or 3.0 mg for 2 years sustained an estimated
mean weight loss of 7.8 kg from screening (10).
Slowing of gastric emptying, primarily within the first hour post-meal, has been
demonstrated with short-term treatment with liraglutide 1.8 mg in T2DM (11,12), but
gastric emptying has not previously been investigated with liraglutide 3.0 mg. The primary
aim of the present trial was to investigate the effect of liraglutide on gastric emptying in
obese subjects without diabetes, with focus on demonstrating equivalence between
liraglutide 1.8 mg and liraglutide 3.0 mg, since gastric emptying delay may influence
absorption of concomitant oral medications. Secondary aims were to investigate the
effects of liraglutide on glucose metabolism, appetite, energy intake, energy expenditure
(EE), and substrate oxidation rates, and to explore the potential mechanisms for
liraglutide-induced weight loss.
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Subjects and Methods
Subjects
2

Men and women aged 18–75 years with body-mass index (BMI) 30–40 kg/m , stable body
weight (<5 kg weight change during past 3 months), and fasting blood glucose <7.0
mmol/L were recruited between September 2009 and April 2011. Key exclusion criteria
included: diagnosis of type 1 or type 2 diabetes, use of approved weight-lowering
pharmacotherapy within the previous 3 months, previous anti-obesity surgery,
cardiovascular diseases, and thyroid stimulating hormone outside reference range. The
trial protocol was reviewed and approved by the Medical Ethical Committee of the
Maastricht University Medical Centre, and all participants gave written informed consent.
The trial was performed in accordance with the Declaration of Helsinki (13) and ICH Good
Clinical Practice (14).
Trial design
This was a single-center, randomized, placebo-controlled, double-blind, 2-period
incomplete crossover trial. The trial design is shown in Fig. 1. Prior to randomization,
fasting blood glucose concentration was measured (EML 105 analyzer, Radiometer
Medical A/S, Copenhagen, Denmark) and eligible individuals were randomized to receive 2
of 3 possible treatments (liraglutide 1.8 mg, 3.0 mg, or placebo). At randomization, a dualemission X-ray absorptiometry (DEXA) scan (Lunar Prodigy Model DEXA, General Electric,
Wisconsin, USA) was performed to determine body composition. There were 2 treatment
periods, each consisting of 5 weeks at home plus a subsequent 2-day in-house stay. A
wash-out period of 6–8 weeks between treatment periods was included.
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Figure 1. Trial design
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Treatment
Liraglutide 1.8 mg, 3.0 mg, and placebo were administered once daily by evening
®
subcutaneous injections, using a pre-filled injection pen, FlexPen , with 3 mL cartridges
®
and NovoFine needles 8 mm × 30G (Novo Nordisk A/S, Bagsværd, Denmark). Dosing
started at 0.6 mg/day and increased by weekly 0.6 mg increments to mitigate
gastrointestinal side effects. Steady-state liraglutide concentrations are known to be
reached after 3–5 days of treatment (15). To maintain blinding, placebo treatment was
subdivided into 2 groups with different injection volumes, corresponding to the 2
liraglutide doses. Liraglutide (6.0 mg/mL) and vehicle were provided in identical pens.
Participants and investigators were thus blinded with respect to treatment (liraglutide or
placebo), but not dose volume.
Meal test
After each 5-week period, a 5-hour standardized breakfast meal test was performed to
measure gastric emptying, postprandial glycemic parameters, and subjective appetite
ratings. Approximately 5 hours after the breakfast, an ad libitum lunch meal was provided
for assessment of energy intake.
After baseline blood sampling, a standardized breakfast was served, consisting of 2
wholegrain Wasa® crackers (Wasa AB, Stockholm, Sweden) with 10 g margarine and 40 g
of full-fat Gouda cheese (totaling 250 kcal). A Resource® 2.0 energy drink (43 E%
carbohydrate, 40 E% fat, 17 E% protein, Nestle S.A., Vevey, Switzerland) and 200 ml water
were also provided. The drink volume was adjusted individually so that the meal’s total
energy content corresponded to 40% of the participant’s sleeping energy expenditure
(SEE), calculated during the first chamber visit. The participants started the meal with the
drink, in which 1.5 g acetaminophen (Paracetamol 500 PCH, Pharmachemie BV, Haarlem,
The Netherlands) was dissolved to measure gastric emptying (16,17). Thereafter, the 2
crackers and water were consumed, all within 15 minutes. Blood samples were taken for
assessment of plasma glucose, C-peptide, glucagon, acetaminophen, and serum insulin
concentrations. In addition, ratings for appetite (satiety, fullness, hunger, and prospective
food consumption), thirst, well-being, and nausea were recorded by visual analog scales
(VAS) (18). Overall appetite score (OAS) was calculated as the average of the four
individual scores (satiety + fullness + [100-prospective food consumption] + [100hunger])/4. The subsequent ad libitum lunch consisted of lasagna (549 kJ/100g; 41 E%
carbohydrate, 41 E% fat and 18 E% protein) served with 200 mL water, completed within
30 minutes. Participants were instructed to eat until pleasantly satiated.
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Respiratory chamber

Total EE (TEE) and 24-hour substrate oxidation rates were assessed during a 24-hour stay
in an open-circuit respiratory chamber (19) during the 2-day in-house stay after each
treatment period. Participants arrived in the evening and stayed overnight to get
accustomed to the chamber and to enable measurement of SEE (used to calculate energy
requirements for the 24-hour stay).
Gas exchange was calculated from oxygen consumption and carbon dioxide production in
the respiratory chamber. The room was ventilated with fresh air at a rate of 70–80 L/min
and was measured with a dry gas meter (Schlumberger, type G6, Delft, The Netherlands).
Oxygen and carbon dioxide concentrations were measured using paramagnetic oxygen
analyzers (Magnos G6 and Uras 3G, Hartmann & Braun, Frankfurt, Germany). During each
15-min period, six samples of outgoing air for each chamber, and one sample each of fresh
air, zero gas and calibration gas were selected and recorded by computer. TEE, 24-hour
carbohydrate, fat and protein oxidation rates and 24-hour respiratory quotient (RQ) were
calculated from oxygen consumption and carbon dioxide production (20,21). Energy
balance was calculated as 24-hour energy intake minus TEE. During both chamber stays,
24-hour urinary nitrogen, adrenalin, and noradrenalin concentrations were measured. The
nitrogen excreted in the urine was used in the protein oxidation calculation.
During daytime, participants had 3 exercise periods of bench stepping for 3 x 5 min.
Physical activity was monitored with a radar system using the Doppler principle. For
calculation of activity-induced EE (AIEE), EE was plotted against radar output and averaged
over 30-min periods. The intercept of the regression line at lowest radar output
represented resting energy expenditure (REE). AIEE was calculated by subtracting resting
metabolic rate (RMR) from TEE (22). Physical activity level (PAL) was calculated by dividing
TEE by SEE with the lowest radar output.
Safety assessments

Safety assessments included adverse events (AEs), medical history, vital signs, ECG,
physical examination, standard safety laboratory assessments, and lipase, amylase and
calcitonin measurements. 24-hour heart rate (HR) was measured in the respiratory
chamber using a HR monitoring system (Polar Electro, Oy, Finland) with 1-min intervals.
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Statistical analysis

The primary endpoint of the trial was gastric emptying, measured as AUC0-300min of
acetaminophen postprandial concentration profiles during the standardized meal test. The
liraglutide 3.0 mg and 1.8 mg groups were to be declared equivalent with respect to
gastric emptying if the 2-sided 90% confidence interval (CI) for the estimated ratio of
acetaminophen AUC0-300min between the 2 groups was fully contained within the interval
0.80–1.25.
Sample size estimation was based on a previous clinical trial (11), in which the withinsubject variance of log (AUC0-300min) for acetaminophen was estimated to be approximately
0.03 and the between-subject variance, 0.04. Based on this, 10,000 simulations were run
based on different true ratios (1.00 to 1.15) and on 48 and 42 subjects in total. Assuming
the true ratio to be no more than 1.10, 48 individuals were planned to be randomized and
at least 7 participants had to complete each sequence.
The full analysis set of all randomized individuals and the safety analysis set (all individuals
receiving at least one dose of trial product) were the same and therefore used for all
efficacy and safety evaluations. AUC0-300 min and incremental AUC0-300 min (iAUC0-300 min) were
calculated using the trapezoidal method. For log-transformed meal test endpoints (all
except iAUC), the estimated treatment differences and the corresponding CI were backtransformed to the original scale and presented as the ratio between liraglutide and
placebo, with corresponding 95% CI. Mean differences or ratios between treatment
groups were estimated using a parametric linear mixed-effect model that included period
and treatment group as fixed effects, and subject as a random effect. Statistical analysis of
all secondary endpoints was two-sided and on a 5% significance level.
For TEE and substrate oxidation rates, exploratory post-hoc analyses were performed to
investigate which factors might have contributed to the results.
Results
Trial population

Of 62 screened individuals, 49 (29 males and 20 females) were randomized and exposed
to trial drug. Of these, 44 completed the trial and 5 withdrew; 2 because of AEs (toe
thrombosis and tooth infection) and 3 due to other reasons (spouse health problems [2]
and discomfort in respiratory chamber). All 49 individuals exposed to trial product were
included in the analysis set. It should be noted that 2 participants missed a single dose 3
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and 4 days, respectively, prior to the assessment visit (but were included in the analyses).
Participants were of mean (± SD) age 48.3±13.2 years, height 1.72±0.09 m, weight
2
102.0±13.9 kg, BMI 34.2±2.7 kg/m , and fat mass 33.1±7.1%; mean fasting plasma glucose
(FPG) was 5.4±0.55 mmol/L. Estimated mean 5-week weight losses of 2.1 kg (95% CI -3.2; 1.1) and 2.5 kg (-3.5; -1.4) were observed from randomization with liraglutide 1.8 mg and
3.0 mg, respectively, compared with placebo (P<0.001) (Table 2, Supplemental Appendix).
Gastric emptying

Equivalence in gastric emptying (AUC0-300min) at the end of the 5-week treatment periods
was observed for liraglutide 1.8 mg versus 3.0 mg, and liraglutide versus placebo, as 90%
CIs for the estimated ratios were fully contained within the interval [0.80–1.25] (Fig. 2A,
Table 1). However, mean AUC0-60min was reduced by 23% (P=0.007) with liraglutide 3.0 mg
compared to placebo (Fig. 2B). The maximum concentration (Cmax) was lower with
liraglutide 1.8 mg versus placebo (P=0.04) (Table 1).

Figure 2. Gastric emptying over 5 hours (primary endpoint, A) and in the first hour (B) after standard breakfast
meal, as assessed by the acetaminophen absorption technique. Data are estimated means. Treatment ratios are
calculated using the parametric linear mixed effect model using log transformed values, together with 90% CIs
(primary endpoint AUC0-300min) or 95% CIs (AUC0-60min). The model included effects of subject, period, and
treatment group and the subject effect was included as a random effect. AUC, area under the curve; ER,
estimated rate.
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Glycemic parameters
Mean FPG concentrations decreased by 0.5–0.6 mmol/L with liraglutide 1.8 mg and 3.0 mg
compared to placebo (P<0.0001) (Table 1). There were no significant differences in mean
fasting glucagon, insulin or C-peptide concentrations between treatments. Postprandial 5hour profiles are shown in Fig. 3. The mean incremental postprandial glucose response
(iAUC0-300min) was attenuated by ~26% with liraglutide 3.0 mg compared to both placebo
and liraglutide 1.8 mg (P=0.02). No significant differences were observed in the initial 1hour response (iAUC0-60min) between treatments. Maximum glucose concentration was
reached after approximately 30 minutes and was significantly reduced with both
liraglutide doses versus placebo (Table 1). For glucagon, mean iAUC0-300min was reduced by
~30% with both liraglutide doses compared with placebo (Fig. 3, Table 1). For insulin and
C-peptide, no significant differences were observed in mean iAUC0-300min between
liraglutide doses and placebo. However the initial response (iAUC0-60 min) was reduced with
liraglutide (both doses) compared with placebo for both insulin (22–26% reduction) and Cpeptide (18–21%).

Figure 3. Effect of liraglutide and placebo on postprandial glucose (A), glucagon (B), insulin (C) and C-peptide
concentration. Data are presented as mean ± SEM.
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Subjective VAS ratings of appetite, thirst, well-being, and nausea

Appetite ratings during the 5-hour meal test are shown in Fig. 4. Mean fasting ratings for
OAS and individual appetite components were comparable in all treatment groups (Table
1, Supplemental Appendix). Mean ratings (AUC15-300min/285min), maximum ratings and 15min postprandial ratings were significantly and similarly increased with liraglutide 1.8 mg
and 3.0 mg compared to placebo for OAS (indicating reduced appetite), satiety, fullness
and ‘100-prospective food consumption’ (indicating reduced prospective consumption).
For ‘100-hunger’, only the mean rating was significantly increased with liraglutide 1.8 mg
and 3.0 mg versus placebo (indicating reduced hunger). For nausea, only the fasting rating
was significantly greater with liraglutide 3.0 mg compared to both placebo and liraglutide
1.8 mg. The mean thirst rating was similarly decreased with liraglutide 1.8 mg and 3.0 mg
compared to placebo; no significant treatment differences were observed for other thirst
ratings or well-being ratings (data not shown).
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Figure 4. Appetite ratings (assessed by VAS) following the breakfast meal, and energy intake during ad libitum
lunch meal, served 5 hours after breakfast. Data for energy intake are estimated means, appetite ratings are
presented as mean ± SE, and treatment differences are calculated using the parametric linear mixed effect model
on the original outcome values. The model included effects of subject, period, and treatment group and the
subject effect was included as a random effect. ETD, estimated treatment difference; OAS, overall appetite score.
OAS = (satiety + fullness + [100-hunger] + [100-prospective food consumption])/4.
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Energy intake

Mean estimated energy intake during the ad libitum lunch was significantly reduced by
588 kJ and 568 kJ (~16%) with liraglutide 1.8 mg and 3.0 mg, respectively, compared to
placebo (Fig. 5).

Figure 5. Energy intake during ad libitum lunch meal, served 5 hours after breakfast. Data for energy intake are
estimated means, presented as mean ± SEM, and treatment differences are calculated using the parametric
linear mixed effect model on the original outcome values. The model included effects of subject, period, and
treatment group and the subject effect was included as a random effect.

Energy expenditure and substrate oxidation rates

In the respiratory chamber, all treatment groups had a slightly negative 24-hour energy
balance (mean -4.6 to -2.8%), which was significantly greater with liraglutide 1.8 mg versus
placebo (Table 2, Supplemental Appendix), though energy balance for all participants was
within an acceptable 10% limit (range -10.0 to 6.2%) (23). Mean TEE was significantly
lower with both liraglutide doses compared to placebo, 350 kJ/24 hours and 581 kJ/24
hours for liraglutide 1.8 mg and 3.0 mg, respectively. Similarly, 3-hour EE during the period
with lowest spontaneous physical activity (a surrogate marker of REE) was significantly
lower in both liraglutide treatment groups versus placebo. The activity-related endpoints
PAL and AIEE decreased with liraglutide 3.0 mg compared to placebo, but only the
difference in mean AIEE was significant (P=0.03). By adding baseline fat-free mass and
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weight and PAL after 5 weeks as covariates to the TEE model post hoc, the observed
treatment differences were no longer statistically significant (Fig. 6, Table 2, Supplemental
Appendix).

Figure 6. Total 24-hour energy expenditure (TEE). Data are estimated means for the original analysis (top panel)
and post-hoc adjusted analysis (bottom panel). Treatment differences for TEE were calculated using the
parametric linear mixed-effect model including effects of period and treatment group. Subject was included as a
random effect. For the adjusted analysis, gender and fat-free mass (assessed at baseline); body weight and
energy balance (assessed prior to chamber entry after each 5-week period); and urinary noradrenalin excretion
and PAL (assessed in the chamber) were added as covariates to the original model. Noradrenalin, energy
balance, and gender were found to be non-significant and thus excluded from the final model. ETD, estimated
treatment difference.

RQ was significantly reduced with liraglutide 1.8 mg compared to placebo and a similar
(non-significant) trend was observed for liraglutide 3.0 mg (Table 2, Supplemental
Appendix). The lower RQ with liraglutide translated into significantly increased fat
oxidation with liraglutide 1.8 mg at the expense of significantly lower mean carbohydrate
and protein oxidation with both liraglutide doses versus placebo. Post-hoc substrate
oxidation analyses, which adjusted for gender and energy balance, confirmed the relative
shift in 24-hour substrate oxidation towards fat oxidation with liraglutide treatment. The
treatment-related decreases in protein oxidation were, however, no longer statistically
significant.
Urinary 24-hour noradrenalin excretion was reduced with both liraglutide 1.8 mg
(estimated ratio 0.9 [95% CI 0.8; 1.0], P=0.02) and 3.0 mg (ratio 0.9 [0.8; 1.0], P=0.03)
compared with placebo; no differences were observed for adrenalin (data not shown).
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Safety

Overall, liraglutide was well tolerated and no safety concerns were identified. The
proportion of individuals reporting AEs, which were all of mild or moderate severity, was
similar for liraglutide 1.8 mg (90%) and 3.0 mg (94%), and lower (75%) for placebo.
Decreased appetite and gastrointestinal disorders (most commonly nausea) were
reported more frequently with liraglutide (Table 3, Supplemental Appendix). One serious
AE (toe thrombosis) was reported in the liraglutide 3.0 mg group, and led to withdrawal.
There appeared to be a treatment-related asymptomatic increase in median serum lipase
activity with liraglutide compared to placebo, otherwise no clinically-relevant treatmentrelated changes in safety laboratory measures were apparent. Mean systolic blood
pressure decreased by approximately 69 mmHg from baseline to end of treatment in all
groups. No noticeable changes were observed for mean diastolic blood pressure.
Liraglutide treatment was associated with increased mean pulse at end-of-treatment
compared to baseline (23 beats/min), and estimated mean 24-hour HR during the
chamber stay was significantly greater with both liraglutide doses compared to placebo
(67 beats/min; P<0.0001).
Table1. Comparison of estimated means and treatment differences for gastric emptying, glucose, glucagon,
insulin, and C-peptide after 5 weeks of treatment.
Treatment ratio (R) or difference
(D) for
Liraglutide Liraglutide
1
Parameter
Placebo
lira 1.8 mg vs. placebo
P value
1.8 mg
3.0 mg
2
lira 3.0 mg vs. placebo
3
lira 3.0 mg vs. lira 1.8 mg
Gastric emptying
n=30
n=30
n=30
AUC0-300min
2193
2252
2424
(min*µg/mL)
1
(Primary endpoint)
R: 0.90 (0.81; 1.01)
0.15
2
R: 0.93 (0.83; 1.04)
0.28
3
R: 1.03 (0.92; 1.15)
0.69
AUC0-60min (min*µg/mL)
299.4
265.2
343.1
1
R: 0.87 (0.73; 1.05)
0.14
2
R: 0.77 (0.64; 0.93)
0.007
3
R: 0.89 (0.74; 1.06)
0.18
Cmax (µglm/L)
10.54
11.37
11.76
1
R: 0.90 (0.81; 0.99)
0.04
2
R: 0.97 (0.87;1.07)
0.52
3
R: 1.08 (0.97; 1.20)
0.14
Glucose
n=30
n=30
n=30
Fasting plasma
4.85
4.89
5.43
(mmol/L)
1
glucose
R: 0.89 (0.86; 0.93)
<0.0001
2
R: 0.90 (0.87; 0.94)
<0.0001
3
R: 1.01 (0.97; 1.05)
0.70
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Postprandial values
iAUC0-300min
(min*mmol/L)

191.8

143.0

192.2
1

D: -0.37 (-40.8; 40.09)
D: -49.1 (-89.6; -8.68)
3
D: -48.8 (-88.7; -8.85)

0.99
0.02
0.02

1

0.96
0.22
0.23

2

iAUC0-60min
(min*mmol/L)

76.25

66.97

76.65
D: -0.40 (-16.0; 15.2)
D: -9.68 (-25.2; 5.88)
3
D: -9.27 (-24.6; 6.07)
2

Cmax (mmol/L)

6.97

6.75

7.45
1

R: 0.94 (0.88; 1.00)
R: 0.91 (0.85; 0.96)
3
R: 0.97 (0.91; 1.03)
2

Glucagon
Fasting plasma
(pg/mL)
glucagon

Postprandial values
iAUC0-300min
(min*pg/mL)

n=30
106.5

n=30
109.5

n=30
108.5
1

R: 0.98 (0.90; 1.07)
R: 1.01 (0.93; 1.10)
3
R: 1.03 (0.95; 1.12)
2

4781

4866

1

D: -2176 (-4277; -74.6)
D: -2091 (-4191; 10.08)
3
D: 85.31(-2000; 2171)
1294

1460

1

145.5

147.0

D: -394 (-891; 102.6)
D: -227 (-724; 269.3)
3
D: 166.8 (-328; 661.5)

0.12
0.36
0.50

156.9
1

R: 0.93 (0.87; 0.99)
R: 0.94 (0.88; 1.00)
3
R: 1.01 (0.95; 1.08)

0.03
0.06
0.75

1

R: 1.05 (0.87; 1.28)
R: 1.18 (0.97; 1.43)
3
R: 1.12 (0.92; 1.35)

0.58
0.10
0.25

1

0.39
0.09
0.38

2

Insulin
Fasting serum (mU/L)
insulin

Postprandial values
iAUC0-300min
(min*mU/L)

n=30
11.36

n=30
12.68

n=30
10.77

2

12075

11009

13131
D: -1056 (-3517; 1405)
D: -2122 (-4583; 338.7)
3
D: -1066 (-3490; 1358)
2

iAUC0-60min (min*mU/L)

3735

3532

4778
1

D: -1043 (-1847; -238)
D: -1246 (-2050; -441)
3
D: -203 (-996; 589.1)
2

Cmax (mU/L)

111.6

121.6

119.4
1
2
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0.051
0.94

1688
2

Cmax (pg/mL)

0.66
0.83
0.51

6957
2

iAUC0-60min
(min*pg/mL)

0.04
0.003
0.30

R: 0.93 (0.77; 1.14)
R: 1.02 (0.83; 1.24)

0.01
0.003
0.61
0.50
0.86
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3

C-peptide
Fasting plasma
(ng/mL)
C-peptide

Postprandial values
iAUC0-300min
(min*ng/mL)

n=30
2.58

n=30
2.67

R: 1.09 (0.89; 1.33)

0.39

R: 1.07 (0.96; 1.19)
R: 1.11 (1.00; 1.24)
3
R: 1.04 (0.93; 1.15)

0.20
0.06
0.52

1

0.71
0.31
0.51

n=30
2.41
1
2

1088

1030

1122
D: -33.5 (-215; -148.0)
D: -92.2 (-274; 89.27)
3
D: -58.7 (-238; 120.1)
2

iAUC0-60min
(min*ng/mL)

216.6

207.7

263.2
1

D: -46.7 (-84.0; 9.31)
D: -55.5 (-92.8; -18.1)
3
D: -8.83 (-45.7; 28.00)
2

Cmax (ng/mL)

9.39

10.20

9.55

0.02
0.004
0.63

1

R: 0.98 (0.88; 1.10)
0.76
R: 1.07 (0.95; 1.19)
0.24
3
R: 1.09 (0.97; 1.21)
0.14
Data are estimated means. Treatment ratios/differences are estimated means (95% CIs), except for primary
endpoint AUC0-300min , where they are estimated means (90% CIs). Comparisons between treatment groups were
performed using the parametric linear mixed effect model using log transformed values (iAUC was analyzed on
the original scale). The model included effects of subject, period and treatment group (subject was included as a
random effect).
2

Discussion
The results of this study confirmed the hypothesis of gastric emptying equivalence
between liraglutide 1.8 mg and 3.0 mg during the 5-hour meal test after 5 weeks of
treatment. Some evidence of delayed gastric emptying during the first hour of the meal
test was apparent with liraglutide 3.0 mg (a non-significant trend with 1.8 mg was
observed), consistent with results from previous trials with liraglutide 1.8 mg in T2DM
(11,12). The clinical relevance of this initial delay in gastric emptying is unknown, but is
considered unlikely to be important in the context of co-administered oral medications.
FPG was reduced to a similar extent with both liraglutide doses versus placebo.
Interestingly, however, only liraglutide 3.0 mg significantly reduced both 5-hour
postprandial endpoints, iAUC0-300min and Cmax. Both liraglutide doses were associated with
decreases in overall appetite during the 5-hour meal test, and lower energy intake at the
subsequent ad libitum lunch, with no statistically significant differences between doses.
Post-hoc analyses suggested that the small reductions in EE with liraglutide compared to
placebo were predominantly explained by concomitant treatment-related decreases in
body weight and PAL.
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Both fasting and postprandial glycemic control was improved with liraglutide treatment in
this population of obese individuals without T2DM. These findings are consistent with
previous trials with liraglutide at doses up to 2.0 mg in T2DM (24-26), and in a phase 2
dose-finding trial in obese individuals without T2DM (9), about 30% of whom had
prediabetes at baseline. In that study, liraglutide reduced the prevalence of prediabetes
over 2 years by half (10). As no significant differences in mean fasting glucagon or insulin
concentrations between liraglutide and placebo were observed in this trial, reductions in
FPG may be ascribed to improved insulin sensitivity due to weight loss (27). Interestingly,
5-hour postprandial glycemia was further improved with liraglutide 3.0 mg, compared to
1.8 mg, in the face of similar improvements in 5-hour postprandial glucagon and 1-hour
postprandial insulin concentrations. Taken together, these results support the efficacy of
liraglutide, particularly at the 3.0 mg dose, for improved fasting and postprandial glycemic
control in obese individuals without T2DM. Ongoing phase 3 trials will establish the clinical
relevance of these findings in delaying the onset of T2DM in individuals with prediabetes,
as well as further improving glycemic control in individuals with established T2DM.
Both liraglutide doses similarly suppressed appetite and increased satiety in this trial, as
reflected in subjective VAS ratings during the 5-hour meal test. Importantly, subsequent
ad libitum energy intake with liraglutide treatment was significantly reduced by more than
500 kJ compared to placebo, a reduction of ~16%. Energy intake has not previously been
assessed with liraglutide 3.0 mg, but in a previous trial with liraglutide 1.8 mg in T2DM, a
non-significant reduction in energy intake of ~9% versus placebo was observed after 4
weeks, associated with a significant weight reduction of 1.3 kg (12). Moreover, a metaanalysis demonstrated reductions in energy intake during a test meal of a mean 12% (727
kJ) during native GLP-1 infusion in participants with and without T2DM (28). Clinical
Practice Guidelines suggest that a daily reduction in energy intake of 2.6 MJ will predict a
weight loss of about 0.5 kg weekly (assuming no change in energy expenditure) (29).
This study is the first to investigate the effects of liraglutide on EE in obese non-diabetic
individuals. TEE was slightly but statistically significantly reduced with liraglutide
treatment (both 1.8 mg and 3.0 mg), largely explained by a treatment-related reduction in
body weight over the 5-week period and reduced PAL, assessed during the chamber stay.
A previous study showed no acute effects of liraglutide 0.6 mg on 24-hour EE, as assessed
by indirect calorimetry, after 3 days of treatment in T2DM (30). Likewise, subsequent
studies have revealed no treatment-related changes in REE or TEE in obese individuals
without T2DM after at least 14 weeks of treatment with the GLP-1 analog exenatide
(31,32), or in REE in T2DM after 4 weeks of liraglutide treatment (2 weeks on 1.8 mg) (12).
In the current study, EE during the period with the lowest spontaneous physical activity
(representative of REE) was significantly lower with liraglutide versus placebo. However,
differences between the studies, mainly in methodology and treatment duration, make
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comparisons difficult. While significant weight loss is usually associated with a decrease in
REE favoring weight regain (33), it is interesting that liraglutide treatment at doses of 1.8
mg and above promotes satiety and reduces hunger, despite reductions in EE and a
relative shift in substrate oxidation, both of which indicate a negative energy balance. The
durability of this response and its relevance for long-term weight maintenance remain to
be determined. However, sustained 2-year weight loss with liraglutide treatment together
with diet and exercise has previously been demonstrated in obese individuals without
T2DM (10).
Liraglutide was generally well tolerated. As seen previously with liraglutide, the most
frequently reported side-effects were gastrointestinal, but dose-escalation helps to
mitigate these (34). Consistent with previous trials with liraglutide and other GLP-1
receptor agonists, slight increases in pulse and lipase activity were observed (35-37), the
clinical relevance of which remains to be determined. The decrease in urinary 24-hour
noradrenaline excretion was likely due to weight loss (38).
Limitations of the study include the fact that it was powered for the primary endpoint
only, hence caution must be exercised when interpreting the results, as no correction for
multiplicity was done. Moreover, the crossover design of the trial was incomplete; hence
participants were not exposed to all treatments. Assessments were made with liraglutide
concentrations at steady-state. However, as the maintenance dose is achieved by dose
escalation to mitigate gastrointestinal side-effects, some weight loss was observed with
liraglutide during the 5-week period. An impact of this weight loss on some of the study
endpoints cannot be ruled out.
This study confirmed equivalence between liraglutide 1.8 and 3.0 mg with respect to
gastric emptying. Results suggest that liraglutide-induced weight loss is mediated via
effects on appetite sensations and subsequent reduced energy intake, rather than
increased EE. Moreover, postprandial glucose concentrations were improved with
liraglutide, particularly at the higher dose. Ongoing clinical trials will determine the clinical
implications of this finding in delaying onset of diabetes in obese individuals with
prediabetes and improving glycemic control in T2DM.
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Supplemental Data
Table 1. Comparison of estimated means and treatment differences for appetite and nausea ratings (assessed by
visual analog scales following the breakfast meal) after 5 weeks of treatment.
Treatment difference (D) for
Liraglutide

Liraglutide

Parameter

lira 1.8 mg vs. placebo

2

lira 3.0 mg vs. placebo

3

lira 3.0 mg vs. lira 1.8 mg

1

D: 4 (3; 11)

0.23

2

D: 2 (5; 8)

0.64

3

D: -3 (-9; 4)

0.44

1

D: 12 (6; 18)

0.0004

2

D: 12 (6; 18)

0.0003

3

D: 0.2 (-6; 6)

0.94

1

D: 10 (4; 16)

0.001

2

D: 11 (5; 16)

0.0005

3

D: 1 (-5; 7)

0.80

1

D: 11 (6; 17)

0.0002

2

D: 11 (6; 17)

0.0002

Placebo
1.8 mg

Appetite

1

3.0 mg

n=30

n=30

n=30

47

44

43

P value

Overall appetite (mm)
Fasting rating

Mean rating AUC15-300min/285min

Maximum rating

15-min postprandial rating

68

91

88

68

92

88

56

81

77
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Satiety (mm)

n=30

n=30

n=30

Fasting rating

40

38

38

Mean rating AUC15-300min/285min

Maximum rating

15-min postprandial rating

66

90

88

66

91

87

n=30

Fasting rating

35

35

30

126

1

D: 2 (7; 12)

0.61

2

D: -0 (10; 9)

0.92

3

D: -3 (-12; 6)

0.54

1

D: 11 (4; 18)

0.002

2

D: 11 (4; 18)

0.002

3

D: -0.3 (-7; 6)

0.94

1

D: 10 (4; 16)

0.0021

2

D: 11 (5; 17)

0.0009

3

D: 1 (-5; 7)

0.78

1

D: 15 (8; 22)

<0.0001

2

D: 14 (7; 21)

0.0001

3

D: -1 (-8; 6)

0.84

1

D: 5 (-5; 15)

0.31

2

D: 5 (-5; 15

0.33

3

D: -0 (-10; 10)

0.97

1

D: 12 (5; 19)

0.001

73

n=30

66

0.98

81

n=30

64

D: 0 (-6; 6)

55

Fullness (mm)

Mean rating AUC15-300min/285min

3

52
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Maximum rating

15-min postprandial rating

(100-hunger) (mm)
Fasting rating

Mean rating AUC15-300min/285min

Maximum rating

15-min postprandial rating

90

87

92

87

n=30

62

58

59

96

91

96

94

0.0001

3

D: 3 (-4; 10)

0.42

1

D: 12 (5; 19)

0.0009

2

D: 13 (6; 20)

0.0003

3

D: 1 (-6; 8)

0.73

1

D: 16 (7; 25)

0.0006

2

D: 16 (7; 25)

0.0005

3

D: 0 (-9; 9)

0.97

1

D: 3 (-9; 15)

0.57

2

D: -1 (-13; 11)

0.92

3

D: -4 (-16; 8)

0.50

1

D: 11 (4; 18)

0.002

2

D: 9 (2; 16)

0.01

3

D: -2 (-9; 4)

0.51

1

D: 2 (-2; 6)

0.40

2

D: 2 (-2; 6)

0.29

3

D: 0 (-4; 4)

0.83

1

D: 0 (-5; 6)

0.89

71

n=30

72

D: 15 (8; 22)

79

n=30

75

2

63

94

91
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(100-prospective food
consumption) (mm)
Fasting rating

Mean rating AUC15-300min/285min

Maximum rating

15-min postprandial rating

n=30

n=30

n=30

51

45

45

66

92

87

67

90

84

D: 3 (-2; 9)

0.24

3

D: 3 (-3; 8)

0.30

1

D: 5 (-3; 14)

0.19

2

D: 0 (-8; 8)

0.97

3

D: -5 (-13; 3)

0.19

1

D: 13 (6; 19)

0.0002

2

D: 13 (7; 20)

0.0001

3

D: 0.7 (-6; 7)

0.82

1

D: 12 (6; 18)

0.0004

2

D: 10 (4; 17)

0.002

3

D: -2 (-8; 5)

0.59

1

D: 15 (5; 24)

0.003

2

D: 12 (3; 22)

0.01

3

D: -2 (-12; 7)

0.64

1

D: 1 (-6; 7)

0.81

2

D: 7 (1; 14)

0.02

3

D: 7 (0; 13)

0.04

54

80

72

Nausea (mm)

n=30

n=30

n=30

Fasting rating

5

11

4
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Mean rating AUC15-300min/285min

Maximum rating

15-min postprandial rating

13

28

18

16

34

22

12
1

D: 2 (-6; 9)

0.66

2

D: 5 (-2; 12)

0.18

3

D: 3 (-4; 10)

0.35

1

D: 2 (-12; 16)

0.72

2

D: 8 (-5; 22)

0.23

3

D: 6 (-8; 20)

0.39

1

D: 4 (-7; 16)

0.46

2

D: 9 (-3; 21)

0.14

3

D: 4 (-7; 16)

0.46

26

13

Data are estimated means. Treatment differences are estimated means (95% CIs). Overall appetite score was the
average of the 4 scores (satiety + fullness + [100-prospective food consumption] + [100-hunger])/4. Comparisons
between treatment groups were performed using the parametric linear mixed effect model on the original
outcome values. The model included effects of subject, period and treatment group (subject was included as a
random effect).
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Table 2. Comparison of estimated means and treatment differences for energy expenditure, substrate oxidation
rates and weight measures after 5 weeks of treatment.
Treatment difference (D)
for
Liraglutide

Liraglutide

Parameter

1

Placebo
1.8 mg

3.0 mg

Energy expenditure

n=26

n=30

n=29

Energy balance (%)

-4.63

-3.74

-2.76

TEE (kJ/h) – original analysis

TEE (kJ/h) – post hoc analysis

3-hour EE during lowest SPA

478.3

480.0

323.6

468.8

476.2

324.3

130

1.48

1.45

P value

2

lira 3.0 mg vs. placebo

3

lira 3.0 mg vs. lira 1.8 mg

1

D: -1.87 (-3.58; -0.17)

0.03

2

D: -0.98 (-2.59; 0.64)

0.23

3

D: 0.90 (-0.75; 2.54)

0.28

1

D: -14.6 (-26.7; -2.45)

0.02

2

D: -24.2 (-35.4; -12.9)

0.0001

3

D: -9.59 (-20.8; 1.66)

0.09

1

D: -6.71 (-18.4; 4.96)

0.25

2

D: -10.6 (-22.2; 1.02)

0.07

3

D: -3.89 (-15.0; 7.25)

0.48

1

D: -10.3 (-20.2; -0.34)

0.04

2

D: -9.6 (-19.0; -0.12)

0.05

3

D: 0.71 (-8.6; 10.0)

0.88

1

D: -0.00 (-0.04; 0.03)

0.79

492.9

486.8

333.9

(kJ/h)

PAL

lira 1.8 mg vs. placebo

1.48
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AIEE

166.9

155.1

2

D: -0.03 (-0.07; 0.00)

0.06

3

D: -0.03 (-0.06; 0.01)

0.12

1

D: -1.74 (-14.7; 11.24)

0.79

2

D: -13.5 (-25.7; -1.4)

0.03

3

D: -11.8 (-24.0; 0.42)

0.06

1

D: -0.02 (-0.03; -0.01)

<0.0001

2

D: -0.01 (-0.02; 0.00)

0.09

3

D: 0.01 (0.00; 0.02)

0.006

1

D: 28.36 (12.50; 44.21)

0.0008

2

D: 7.92 (-6.95; 22.79)

0.29

3

D: -20.4 (-35.5; -5.42)

0.009

1

D: -43.2 (-63.3; -23.2)

<0.0001

2

D: -30.7 (-49.5; -11.9)

0.002

3

D: 12.52 (-6.45; 31.48)

0.19

168.6

Substrate oxidation rates
24-hour RQ

n=26

n=30

n=29

0.86

0.88

0.88

24-hour fat oxidation (kJ/h)

n=26

n=30

n=29

– original analysis

172.1

151.6

143.7

24-hour CHO oxidation (kJ/h)

n=26

n=30

n=29

– original analysis

269.9

282.4

313.1

24-hour protein oxidation

n=28

n=30

n=30
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(kJ/h)
– original analysis

47.67

45.86

51.44

24-hour fat oxidation (%)

n=26

n=30

n=29

– post hoc analysis

35.46

32.28

29.43

24-hour CHO oxidation (%)

n=26

n=30

n=29

– post hoc analysis

56.90

60.32

63.59

24-hour protein oxidation (%)

n=26

n=30

n=29

– post hoc analysis

9.94

9.72

10.14

Weight measures

n=30

n=32

n=33

Body weight (kg)

100.3

100.0

102.5

132

1

D: -3.77 (-7.39; -0.15)

0.04

2

D: -5.58 (-9.14; -2.03)

0.003

3

D: -1.81 (-5.37; 1.75)

0.31

1

D: 6.03 (2.86; 9.19)

0.0003

2

D: 2.85 (-0.09; 5.78)

0.06

3

D -3.18 (-6.16; -0.20)

0.04

1

D: -6.69 (-10.3; -3.04)

0.0005

2

D: -3.27 (-6.65; 0.10)

0.06

3

D: 3.42 (-0.00; 6.84)

0.05

1

D: -0.20 (-1.01; 0.61)

0.63

2

D: -0.42 (-1.16; 0.32)

0.26

3

D: -0.22 (-0.97; 0.53)

0.55

1

D: -2.14 (-3.21; -1.07)

0.0002

2

D: -2.46 (-3.53; -1.38)

<0.0001

3

D: -0.32 (-1.38; 0.74)

0.55
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2

BMI (kg/m )

33.54

33.41

34.27
1

D: -0.72 (-1.09; -0.36)

0.0003

2

D: -0.86 (-1.22; -0.49)

<0.0001

3

D: -0.14 (-0.49; 0.22)

0.45

TEE, 24-hour total energy expenditure; SPA, spontaneous physical activity; PAL, physical activity level; AIEE,
activity induced energy expenditure; RQ, respiratory quotient; CHO, carbohydrate; BMI, body mass index
Data are estimated means. Treatment differences are estimated means (95% CIs). Comparisons between
treatment groups were performed using the parametric linear mixed effect model. The model included effects of
subject, period and treatment group (subject was included as a random effect).
In the post hoc analysis for TEE, the covariates gender and fat-free mass (assessed at baseline); weight and
energy balance (assessed prior to chamber entry after each 5-week period); and urinary noradrenalin and PAL
(assessed in the chamber) were added to the original linear mixed-effect model. Effects of noradrenalin, energy
balance and gender were found to be not significant and excluded from the model.
In the post hoc analyses for substrate oxidation rates, energy balance and gender were added as fixed effects to
the original model. Substrate oxidation rates were expressed as either kJ/h or % of TEE.
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Table 3. Adverse events with an incidence of >5% in any treatment group
Liraglutide 1.8 mg
Liraglutide 3.0 mg
N

(%)

E

R

N

(%)

E

R

Placebo
N

(%)

E

R

Safety analysis set

30

32

32

Exposure (years)

3.2

3.4

3.5

All adverse events

27

(90.0)

117

36.1

30

(93.8)

86

25.1

24

(75.0)

54

15.6

Nausea

11

(36.7)

18

5.6

9

(28.1)

13

3.8

3

(9.4)

4

1.2

Diarrhea

6

(20.0)

6

1.9

9

(28.1)

13

3.8

3

(9.4)

3

0.9

Feces hard

5

(16.7)

6

1.9

1

(3.1)

1

0.3

Gastroesophageal reflux
disease

4

(13.3)

12

3.7

5

(15.6)

6

1.8

4

(12.5)

4

1.2

Abdominal pain upper

2

(6.7)

4

1.2

1

(3.1)

1

0.3

1

(3.1)

1

0.3

Constipation

2

(6.7)

2

0.6

3

(9.4)

3

0.9

1

(3.1)

1

0.3

Eructation

2

(6.7)

2

0.6

1

(3.1)

1

0.3

Infrequent bowel
movements

2

(6.7)

2

0.6

Vomiting

2

(6.7)

2

0.6

4

(12.5)

4

1.2

Headache

15

(50.0)

19

5.9

9

(28.1)

11

3.2

10

(31.3)

11

3.2

Dizziness

3

(10.0)

4

1.2

2

(6.3)

3

0.9

3

(9.4)

3

0.9

9

(30.0)

10

3.1

8

(25.0)

8

2.3

1

(3.1)

1

0.3

Influenza

5

(16.7)

5

1.5

5

(15.6)

5

1.5

5

(15.6)

5

1.4

Nasopharyngitis

2

(6.7)

2

0.6

1

(3.1)

1

0.3

Gastrointestinal disorders

Nervous system disorders

Metabolism and nutrition
Decreased appetite
Infections and
infestations
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General disorders and
administration site
conditions
Influenza-like illness

2

(6.7)

2

0.6

2

(6.7)

2

0.6

2

(6.3)

2

0.6

1

(3.1)

1

0.3

Musculoskeletal and
connective tissues
disorders
Bursitis

N, number of subjects with adverse event; %, proportion in analysis set having adverse events; E, Number of
adverse events; R, event rate, exposure years.
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Supplement to chapter 5:
Transcriptional regulation of
adipose tissue metabolism after 5
week treatment with liraglutide
in obese subjects

Judith GP van Can, Johan Jocken, Wim HM Saris and Ellen E Blaak.
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Abstract
Introduction: Effect of GLP -1 analog liraglutide on adipose tissue metabolism is poorly
understood.
Aim: We aimed to investigate the effects of liraglutide on mRNA expression in adipose
tissue in obese individuals.
2

Design: Participants (N=49, 18–75 years, BMI 30–40 kg/m ) were randomized to 2 of 3
treatments: once-daily liraglutide 1.8 mg, 3.0 mg, or placebo in a double-blind, incomplete
cross-over trial. After 5 weeks, a fat biopsy was collected in the fasted state to determine
mRNA expression by RT-PCR.
Results and conclusion: mRNA expression in adipose tissue of genes involved in insulin
signalling (IRS-1 and GLUT-4) adipocyte differentiation (PPARγ), adipokine secretion
(adiponectin, leptin and DPP-4) and lipolysis (ATGL and HSL) did not change after
treatment with 1.8 and 3.0 mg liraglutide compared with placebo. Based on the present
data liraglutide does not seem to exert major effects on adipose tissue metabolism.
Nevertheless, several of these pathways may be regulated at posttranscriptional and/or
posttranslational level, which implicates that we cannot exclude a role of adipose tissue
based on transcriptional data only.
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Introduction
Obesity is characterized by an excessive accumulation of adipose tissue and is associated
with the development of type 2 diabetes mellitus and hyperlipidemia (1). The growth of
adipose tissue involved cellular hypertrophy and hyperplasia (2). Adipocytes play an
important role in energy homeostasis by storing energy in lipid droplets (3, 4).
Furthermore, adipose tissue functions as an endocrine organ, secreting adipokines that
regulate energy metabolism in fat and other tissues (5, 6). Hypertrophy is the result of
excess lipid accumulation in adipocytes due to high energy intake. Obesity is characterized
by adipocyte hyperthrophy, an upregulation of pro-inflammatory adipokines and
cytokines, linked to an increase in pro-inflammatory cytokines and a downregulation of
adiponectin secretion, thereby leading to insulin resistance (7, 8). Glucagon-like peptide-1
(GLP-1) is a neuroendocrine hormone released predominantly from the small intestine in
response to food intake (9). Furthermore, preclinical and clinical studies have
demonstrated increased satiety, reduced food intake, and subsequent reductions in body
weight following administration of GLP-1, leading to its investigation for the treatment of
obesity (10, 11). Given the rapid inactivation of endogenous GLP-1 by the enzyme
dipeptidyl-peptidase-4 (DPP-4), alternative therapeutic approaches have been developed,
such as GLP-1 receptor agonists (GLP-1R) which are resistant to DPP4 mediated
degradation (12). One of the approved GLP-1R agonists is liraglutide, which is used to treat
type 2 diabetes mellitus (13). The increase in GLP-1 activity has emerged as a useful
therapeutic tool for the treatment of type 2 diabetes mellitus and obesity. GLP-1R is
expressed in many tissues, including pancreas, lung, heart, kidney, intestine, stomach,
muscle, as well as the central and peripheral nervous systems (9, 14). The actions of GLP-1
on β-cells and the nervous and digestive system are well known. The effect of GLP-1 on
adipose tissue metabolism is still poorly defined. Studies in isolated rat and human
adipocytes have demonstrated that GLP-1 has the ability to induce both lipogenic as
lipolytic mechanisms (15-17). Although the function of GLP-1R has been more extensively
studies in 3T3-L1 adipocytes, the exact function in human adipose tissue remains unclear
(18). Boschmann showed that vildagliptin, a DPP4 inhibitor, resulted in an increase in
postprandial adipose tissue lipolysis and augmented postprandial systemic fat oxidation
rate in overweight/obese subjects (19). In the study reported in chapter 5 we showed that
liragultide has pronounced effects on weight loss, glycemic control, insulin sensitivity and
results in an increased fat oxidation. The hypothesis of the present study is that these
effects may be related to an improved adipose tissue function and an increased lipolysis.
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The aim of this study is to investigate the effects of a 5 week treatment with 1.8 mg and
3.0 mg liraglutide on expression of genes involved in lipolysis and adipose tissue function
in obese subjects.
Methods
The complete design of the study is described in chapter 5 of this thesis. Briefly, we
studied the effects of a 5 week treatment with 1.8 mg and 3.0 mg liraglutide on gastric
emptying, substrate oxidation, glucose metabolism and food intake in obese subjects.
A small amount (about 1 g) of abdominal subcutaneous adipose tissue was collected after
5 weeks of treatment with liraglutide or placebo, when subjects were fasted, under local
anesthesia using a needle biopsy technique and snap frozen in liquid nitrogen. The
adipose tissue was homogenized in 1 ml trizol for RNA stabilization. RNA was isolated and
quantified and checked for purity on the NanoDrop 1000 (NanoDrop Technologies,
Wilmington, DE,USA). RNA integrity was evaluated using the BioAnalyser (Agilent, Palo
Alto, CA, USA). To minimize methodological errors due to variation in cDNA-synthesis,
cDNA-synthesis was performed simultaneously for all subjects included in the analysis
(iScript cDNA synthesis kit, Bio-rad Laboratories Inc., Hercules CA, USA). The Quantitative
real-time PCR was performed in a volume of 25µl containing 12.5 ng cDNA, 1x IQ SYBR
Green Supermix and 400nM of gene-specific forward and reverse primers. cDNA was
amplified using a two-step program (40 cycles of 10 sec at 95°C and 45 sec at 60°C) with
MyIQ™ system (Bio-rad Laboratories Inc., Veenendaal, The Netherlandss). Gene
expression levels were expressed relative to geometric mean of two internal references,
i.e ribosomal protein L 13a (RPL13a) and β-2-microglobulin (β2M). RPL13a and β2M were
used as reference genes as they were identified as most stable as established by Genorm
(20).
Statistics
Gene expression was expressed as normalized values relative to RPL13a and β2M. Mean
differences between treatment groups were determined by a linear model that included
treatment group as fixed effects and subject as a random effect. All data are expressed as
mean with ± SEM. The level of statistical significance was set at P ≤ 0.05.
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Results
Treatment with 1.8 mg or 3.0 mg liraglutide did not result in differences in changes in
gene expression in pathways of adipokine production (adipencetin, leptin and DPP-4,
figure 1 and 2), adipogenesis (PPARγ, figure 2), lipolysis (ATGL and HSL, figure 2) and
insulin signaling (IRS-1 and GLUT-4, figure 1) .

Figure 1. Normalized gene expression in adipose tissue of IRS-1, GLUT-4, Adiponectin and Leptin in 26-29
subjects after 5 week treatment of 1.8 mg, 3.0 mg liraglutide and placebo.
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Figure 2. Normalized gene expression in adipose tissue of ATGL, HSL, PPARγ and DDP4 in 26-29 subjects after 5
week treatment of 1.8 mg, 3.0 mg liraglutide and placebo.

Discussion
In the present study, no differences in adipose tissue gene expression of pathways related
to isulin signalling (IRS-1, GLUT-4), adipokine production (adiponectin, leptin, DPP-4),
lipolysis (HSL, ATGL) adiposgenesis (PPARγ), was observed after 5 weeks of treatment with
liraglutide.
Liraglutide improved glycemic control, by reducing fasting and postprandial glucose
concentrations and increased insulin sensitivity, weight loss and fat oxidation as described
in chapter 5. However, the mechanisms by which the GLP-1R in adipose tissue may
contribute in the improvement remain to be defined. Expression of GLUT-4 and IRS-1 in
adipose tissue did not differ between treatment groups and placebo in obese subjects.
This is not consistent with studies in 3T3-L1 cells showed an upregulation of glucose
transporters and insulin signalling molecules (21, 22). As most of the glucose is taken up
by skeletal muscle, more pronounced effects on glucose transport and insulin signalling
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may be found in skeletal muscle. In addition, adiponectin and leptin secretion were
unaltered after treatment with liraglutide compared with placebo. Recently, a novel
adipokine, DPP-4, released from differentiated human adipocytes was identified. Lamers
et. al demonstrate that DPP4 impaired insulin signalling in 3 different primary cell types,
namely, adipocytes, skeletal muscle and smooth muscle cells (26). In the present study,
DPP4 mRNA expression in adipose tissue did not alter after treatment of liraglutide
compared with placebo. DPP4 release can be reversed to normal levels by surgery-induced
weight loss (26). The weight loss induced by liraglutide in the present study may be not
enough to induce changes in mRNA expression of DPP-4. Future work will be needed to
address the mechanism and the functional role of DPP-4 in the pathogenesis of insulin
resistance and obesity-associated complications.
Liragutide resulted in an increase of fat oxidation at the expense of CHO oxidation. This
may be due to an increase in lipolysis, which was observed by Bosschman after a 7 day
treatment with vildagliptin (19). In addition, Vendrell et al. showed that GLP-1 stimulates
lipolysis, by glycerol release, in adipocytes in a receptor-dependent manner (23). These
effects on lipolysis could not be confirmed in the present study, where no changes were
observed in mRNA expression of the lipolytic genes HSL and ATGL after treatment with
liraglutide. This may indicate no pronounced effects on lipolysis, but we cannot exclude
effects on adipose tissue lipolysis since we know that lipolysis is importantly regulated at
post-trancriptional and post-translational level.
Suppressed adipogenesis, accompanied by an increase in adipocyte size, is linked to
increased insulin resistance (24). It has been suggested that GLP-1 increases the
differentiation of adipocyte precursors into mature adipocytes, which may further
contribute to enhanced insulin sensitivity by preventing ectopic lipid accumulation (1, 25).
PPARγ mRNA expression, a marker of adipocyte differentiation, was unaffected by
liraglutide treatment. The effect of liraglutide on adipogenesis may involve other genes
which are not measured in this study. The underlying signalling pathway may involve
activation of protein kinase C (PKC), extracellular signal-regulated kinases (ERK) and AKT,
which leads to altered proliferation, apoptosis and differentiation (25).
In conclusion, treatment of 1.8 and 3.0 mg liraglutide did not result in differences in
expression of genes in adipose tissue involved on pathways of adipokine production,
adipogenesis, lipolysis and insulin signaling. This does not rule out the possibility that
liraglutide has an effect of adipose tissue function but perhaps more pronounced effects
are observed at post-trancriptional and post-translational level. Furthermore, the
treatment period of 5 weeks may be not long enough to induce structural changes in
adipose tissue function. Future studies are needed to investigate the long-term effects of
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liraglutide on adipose tissue function. In addition, it would be of interest to determine
circulating GLP-1 and adipokine and lipid concentrations in future studies.
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General discussion
The prevalence of type 2 diabetes mellitus is increasing rapidly. In susceptible people,
mostly overweight or obese, blood glucose levels may rise and induce a pre-diabetic state,
resulting in impaired fasting glucose (IFG) and/or impaired glucose tolerance (IGT) (1).
These states of impaired glucose metabolism increase the risk for developing type 2
diabetes mellitus and cardiovascular disease (2). Besides genetic factors, lifestyle factors
such as, an increased intake of energy-dense high fat foods and reduced levels of physical
activity play an important role in the increased prevalence of type 2 diabetes mellitus.
Lifestyle intervention programs directed towards a healthy diet, increased physical activity
and moderate weight reduction have been shown to be effective in the prevention of type
2 diabetes mellitus (3, 4). However, 30% of the high-risk subjects do not respond to
lifestyle interventions indicating the need for additional preventive strategies. Metabolic
inflexibility ie. an impaired capacity to regulate fat oxidation, may be one of the
contributing mechanisms to body weight gain and insulin sensitivity. Reversal of metabolic
inflexibility by means of dietary or pharmacological strategies may, therefore, be a
plausible option to increase the success of lifestyle intervention. In this thesis, nutritional
intervention, by means of structurally manipulated carbohydrates and by polyphenols and
by pharmacological intervention by a GLP-1 analog have been studied in their capacity to
modulate fat oxidation and their related positive effects on metabolic profile. Results will
be discussed in the following paragraphs, followed by recommendations for future
research.
Slowly digestible carbohydrates
Carbohydrates provide the major nutrient source of the Western diet (55-60%) and
preferably come from whole grain foods rich in fiber and low in added sugar. Debate is still
ongoing for several years about glycaemic index and its relevance to type 2 diabetes
mellitus and weight management (5-8). However, it is difficult to review and interpret the
published results because of the large variety in design between studies (differences in
energy and fibre content) and subject characteristics (lean, obese, type 2 diabetes
mellitus). Postprandial glycemia and insulinemia have been implicated in the etiology of
metabolic chronic diseases like obesity and type 2 diabetes mellitus. The underlying
mechanisms relating reduced postprandial glucose to the prevention of these diseases are
less clear (9). One of the putative mechanisms is that reduction of postprandial glucose
and insulin responses may affect body weight control and insulin sensitivity by promoting
fat oxidation at the expense of carbohydrate oxidation (8, 10). In Chapter 2A-B we
hypothesized that the ingestion of two structurally manipulated CHO, trehalose (TRE) and
isomaltulose (IMU) may reduce postprandial glycaemic and insulinemic responses,
thereby increasing lipolysis and fat oxidation. Trehalose is a disaccharide of glucose with
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an a-1,1 glycoside linkage and isomaltulose is disaccharide produced by an enzymic
conversion of sucrose, whereby the 1,2-glycosidic linkage between glucose and fructose is
rearranged to a 1,6-glycosidic linkage. Indeed, ingestion of trehalose as well isomaltulose
resulted in a dampened glycemic and insulinemic response compared with glucose and
sucrose, respectively, in overweight subjects. In addition, a different pattern of fat
oxidation was observed, resulting in an attenuated inhibition of postprandial fat oxidation
after ingestion of IMU in combination with a mixed meal. The attenuated inhibition of
postprandial fat oxidation could be attributed to greater supply of FFA to the fat-oxidizing
tissue, secondary to a reduced insulin mediated suppression of lipolysis (11). Indeed,
circulating FFA concentrations were also less inhibited with IMU as compared to SUC
when combined with mixed meal ingestion. Our data are consistent with animal studies
that show that a reduced GI can shift postprandial substrate use in favour of fat oxidation,
independent of diet-induced changes in body composition or energy intake (12, 13).
Similar findings were observed in humans during exercise conditions and in healthy men,
where ingestion of IMU resulted in a higher fat oxidation (14, 15). Taken together, the
IMU induced dampened insulinemic response may reduce the insulin-mediated reduction
in lipolysis, thereby increasing fatty acid availability and reducing the inhibition of
postprandial fat oxidation. Additionally, the IMU-induced reduced glycemic response may
directly affect skeletal muscle fat oxidation, since increased glucose concentrations may
inhibit fatty acid oxidation via increased malonyl-CoA concentrations and subsequent
inhibition of CPT-1 (16). This illustrates that the regulation of glucose and fatty acid
oxidation is a coordinated process and the exact mechanisms for the IMU mediated
increase in postprandial fat oxidation have to be studied in more detail in future studies.
The ingestion of IMU together with a mixed meal may favour fat oxidation above storage
in adipose and non-adipose tissues and may thereby have a favourable effect on body
weight control and insulin sensitivity. A lower rate of adaptation to a high fat diet has
been shown to lead to weight gain over time, in particular with modern lifestyle
conditions with a low level of physical activity (17). Flatt proposed that subjects who have
a reduced postprandial fat oxidation, continue to oxidize carbohydrate in the
postabsorptive state thereby depleting their endogenous glycogen stores; which
stimulates food intake (18). This leads to increased food intake to replace these
diminished carbohydrate stores which will simultaneously increase fat storage. There are
also indications that the more energy efficient handling of fat as compared to other
macronutrients and a reduced capacity to adjust fat oxidation to an increased dietary fat
intake as well may contribute to a positive energy balance and body weight gain and in
particular to the development of insulin resistance and type 2 diabetes mellitus (19, 20).
The dynamic process of adjusting fat oxidation to fatty acid uptake and IMTG turnover
may prevent the muscle from excess lipid storage, whereas an impaired flexibility may
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lead to lipid accumulation and thereby impairing insulin sensitivity. Additionally, it has
been hypothesized an altered pattern of glycemia like a chronic high early glycemic
response followed by late below baseline glycemia and late increased FFA concentrations
are associated with development of insulin resistance. Increasaed FFA concentrations may
induce insulin resistance, whilst the chronically increased glucose concentrations may
exhaust ß-cell function in the long term (21). In this respect, it can be speculated that the
altered pattern of glycemia and circulating FFA concentrations with IMU as compared to
SUC may have positive long term effects with respect to insulin sensitivity and insulin
secretion.
Finally, it has been suggested that a reduced glycemic and/or insulinemic response may
have direct effects on satiety and appetite, but evidence is not consistent(22, 23). Chapter
2B showed a decreased peak in ghrelin concentration when IMU was ingested as a drink,
possibly indicating less inhibition of hunger. However, no significant effects on ghrelin
were observed when IMU was ingested with a mixed meal, indicating that these putative
appetite-reducing effects of IMU disappear under more physiological conditions. Our data
are consistent with Peters et al. who tested 3 carbohydrates differing in digestibility of
rapidly, slowly to non-digestible. Despite differing effects on plasma glucose
concentrations, appetite responses to these carbohydrates were not different (24).
Furthermore, we observed no effect on circulating GLP1 during ingestion of IMU as a drink
as well as combined with a mixed meal. Taken together, our data do not support a
hormonal response in favour of increasing satiety.
There are indications that individuals with IGT and insulin resistant obese individuals have
abnormalities in postprandial FFA metabolism and consequently adapt more slowly to a
higher dietary fat intake as compared to lean subjects (19,25). Subjects with impairments
in fat oxidation are less responsive to FFA availability and to adjust their fat oxidation,
thereby potentially less responsive to interventions to modulate fat oxidation.
Abnormalities in postprandial FFA metabolism have already been documented in
individuals with IGT and insulin resistant obese individuals and it is uncertain whether the
beneficial effects of IMU and TRE also extend to this group (25, 26). Therefore, we
examined the metabolic effects of trehalose and isomaltulose in a similar design as
described in chapter 2A-B in IGT subjects to investigate whether the IMU-induced positive
effects on fat oxidation also extended to this group of prediabetic subjects. The results
were consistent with the findings in overweight subjects, showing beneficial effects on fat
oxidation when IMU was ingested with a mixed meal, indicating that also in this group
IMU might be an useful addition to the diet.
In summary, the studies described in chapter 2A-B and 3 show improved glycaemic
control and reduced insulinemia, which induced a shift in substrate use towards fat
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oxidation when IMU was consumed with a mixed meal. Long-term studies are required to
investigate the effects on body weight regulation and insulin sensitivity to obtain more
information on whether exchanging rapidly available carbohydrates with IMU is an
effective strategy in preventing obesity and concomitant metabolic disturbances.
Additionally, the beneficial effects have been observed when IMU was ingested as a drink
and it is uncertain of the effects will last when IMU is used in a different matrix.
Green tea and polyphenols
In recent years there has been an increased interest in the health benefits of polyphenols
in the prevention of obesity and type 2 diabetes mellitus. Green tea extracts (GTE),
particularly the catechin EGCG, have been suggested to affect body weight control and
insulin sensitivity, possibly mediated through effects on fat oxidation (27, 28). The number
of human studies on the effects of EGCG on fat oxidation is sparse and data are not
consistent. In chapter 4, we hypothesized that a 3 day supplementation of 300 mg/day
EGCG would increase postprandial fat oxidation through a stimulation of lipolysis in
overweight subjects. Short-term EGCG supplementation did not result in changes in
circulating FFA and had no effect on postprandial fat oxidation. These data are in line with
the results of the study of Lonac et al. who showed no effect of 3 day EGCG
supplementation on fat oxidation in lean subjects, whilst others did observe an effect on
fat oxidation after short-term EGCG supplementation (29, 30). The discrepancies between
these findings are discussed below in more detail. In a subgroup we investigated the
effects of EGCG on local adipose tissue and skeletal muscle metabolism, by measuring
glycerol, glucose and lactate using microdialysis. Consistent with the lack of effect on fat
oxidation, we observed no effects on local adipose tissue and skeletal muscle blood flow
and interstitial glycerol concentrations, indicating no effects on local lipolysis.
Nevertheless, lactate concentrations were strongly reduced (25%) with EGCG as compared
to placebo both during fasting as well as postprandial conditions, whilst local blood flow
and glucose concentration were comparable. This may indicate a shift towards a more
oxidative phenotype after EGCG supplementation. This is in line with previous reports on
stimulatory effects of green tea ingestion on oxidative capacity in healthy humans, (either
6 portions of 1 gram green tea solids for 2 days or 1 cup of green tea containing 12 gram
green tea solid), as indicated by an increased urinary excretion of several citric acid cycle
intermediates (31, 32). Also, an increase in oxidative capacity is supported by findings of
an increased VO2 max during exercise while on short-term EGCG supplementation (405
mg/day) in healthy men (33). In that study, the capsules (7 in total) were ingested 48
hours prior to data collection, consuming one capsule with each meal. The final capsule
was consumed 2-hours before exercise testing. Finally, our data on reduced lactate
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concentrations are consistent with the study of Murase et al. who reported decreased
plasma lactate concentrations during endurance activity (swimming) in mice (34).
One of the putative mechanisms for the effect of EGCG on fat oxidation is through
inhibiting catechol-o-methyltransferase (COMT), inhibiting norepinephrine reuptake (at
neuronal ends or in circulation). As a consequence there is a prolonged stimulation of the
adrenergic receptors, thereby increasing lipolysis and fat oxidation. It has been suggested
that the COMT mechanism is not powerful enough to cause the full effect of EGCG (35). As
indicated above, we have found no increase in local or systemic lipolysis, indicating no
effects on COMT. This also indicates that the pronounced shift in skeletal muscle
glycolytic capacity, as evidenced by the reduced interstitial lactate concentrations, may be
rather due to a direct effect on skeletal muscle handling than due to differences in fuel
supply. The shift in muscle phenotype towards more oxidation can be speculated to be
due to direct effects on the transcriptional coactivator Peroxisome proliferator-activated
receptor-γ coactivator 1 alpha (PGC-1α), the activation of sirtuins (in particular sirtuin1),
and subsequent effects on mitochondrial function which has been reported for other
polyphenols (36-40). Taken together, a 3 day supplementation of 300 mg/day EGCG does
not seem sufficient to induce changes in postprandial fat oxidation. Despite this, the
reduced muscle lactate concentration indicate a switch to a more oxidative phenotype in
skeletal muscle. More pronounced effects on fat oxidation with EGCG may be obtained
with a longer duration of supplementation or a higher dose, combining EGCG with other
components that may increase fat oxidation to obtain synergistic effects or combining
EGCG with other lifestyle intervention like exercise. These options are discussed below.
1 Longer supplementation period or higher dose
A longer period of supplementation than the 3 day period of the present study could be
necessary to elicit an effect on whole-body fat oxidation. The bioavailability of EGCG is
rather low, making it questionable if circulating EGCG concentrations are high enough
levels to exert direct effects on adipose tissue and metabolism, as suggested from in vitro
studies (41-43). Thielecke et. al did show an increased fat oxidation in the first 2h of the
postprandial period after 3 day supplementation of EGCG, which is in contrast to our
findings (30). This may possibly be related to the fact that in that study an extra dose of
150 mg EGCG was ingested 1h before the meal. In addition, it has been suggested that the
effects of EGCG on fat oxidation are cumulative over time, a hypothesis that is supported
by evidence from animal studies (44, 45).
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2 Combination with other components like caffeine and other polyophenols
The reported favourable effects of EGCG on fat oxidation are often reported when
caffeine is simultaneously given. Caffeine is known to independently increase energy
expenditure (46). It is plausible that when EGCG and caffeine are consumed together, they
act synergistically. Dulloo et al. showed an acute effect of GTE (375 mg, 270 mg EGCG) and
caffeine (150 mg) on fat oxidation and energy expenditure in lean subjects (47). The shortterm effects on energy expenditure have been further supported by the use of GTE at
higher doses (540 mg/d and 300 mg caffeine) (48). A long-term study (12 weeks) suggests
that the effect of the combination of EGCG and caffeine on energy expenditure persists
over time (49). Other dietary polyphenols may also have the potential to improve fat
oxidation and mitochondrial function. Resveratrol, an activator of SIRT-1 and PGC-1α,
showed an improved mitochondrial function, protection from diet-induced obesity and
insulin resistance in animals (39, 50). Human studies with resveratrol are scarce, Timmers
et al. found some opposite effects as compared with animal studies. Supplementation
with 150 mg resveratrol for 30 days resulted in a reduction in energy expenditure and fat
oxidation in obese subjects. Nevertheless skeletal muscle mitochondrial respiration was
increased, liver fat accumulation was decreased, HOMA-index decreased and postprandial
adipose tissue lipolysis tended to be reduced, indicating positive effects on overall
metabolic profile (51). It still remains to be elucidated if resveratrol is as effective as
supplement to stimulate fat oxidation in humans, in particular when used in combination
with EGCG. Furthermore, soy isoflavones, in particular genistein, may have anti-obesity
activities via effects on lipid metabolism, skeletal muscle TAG and PPARα expression (5255). Animal studies showed that genistein prevented fat accumulation possibly by
increasing PGC-1 mRNA and UCP-2 mRNA (56). These polyphenols may have differential
and possibly partly overlapping mechanisms of actions and combined together they could
have additive or synergistic effects on postprandial fat oxidation as EGCG alone has no
effects on postprandial fat oxidation. At this moment, no human data are available on the
combined effects of these polyphenols on fat oxidation.

3 Exercise
Rains et al. hypothesized that the effects of EGCG may be the greatest under conditions of
elevated norepinephrine release, such as exercise (57). Animal studies showed that EGCG
increased endurance capacity based upon a greater reliance on fat oxidation (34, 58). This
observation is consistent with a study in young men where short-term (890 mg
polyphenols + 366 mg EGCG) supplementation increased fat oxidation during moderate
intensity exercise (59). Ota et al. showed similar results in Japanese men consuming a
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green tea beverage (570 mg + 40 mg caffeine) as part of an exercise program for 8 weeks.
Fat oxidation was increased in the latter study under both exercising and sedentary
conditions in the green tea group as compared to placebo (60). Furthermore, the
combined effects of EGCG, caffeine and a 10 week exercise program resulted in changes in
body composition in overweight and obese women (61). However, Dean et al. reported no
additional effects of EGCG on fat oxidation in male cyclists (62). Based on the studies
described above, it can be speculated that EGCG may have more pronounced effects in
sedentary subjects instead of well trained athletes.
Overall, the utilisation of green tea and/or EGCG would be a useful addition to a diet.
However, the hardest part is to find consensus how and under what conditions EGCG
might have beneficial effects on fat oxidation and body weight regulation, as discussed
above. There are several ways to supplement EGCG, in a pill form or a beverage. It is
estimated that the content EGCG is a cup of green tea is approximately 90 mg, implying
that to reach the same dosage one would have to drink about 7 cups of tea per day, which
makes it difficult to incorporate it in a healthy diet in form of normal daily products.
Further research is necessary to determine the effectiveness of EGCG in relation to dose
and period of supplementation, the combination with other bioactive components and
lifestyle components.
Pharmacological agents
Pharmacotherapy can enhance the weight-reducing effect of lifestyle changes and can
facilitate long-term weight maintenance (63). As a result of adverse effects,
contraindications, drug interactions and costs, many subjects who may benefit from
pharmacotherapy for obesity do not receive this treatment. A relatively new class of
agents, the GLP-1 receptor agonist family, has gained intense interest as a potential
therapeutic agent for obesity management. Liraglutide has been shown to reduce body
weight in subjects with type 2 diabetes mellitus. In a randomized trial lasting up to 52
weeks, treatment with 1.2 mg and 1.8 mg of liraglutide reduced body weight up to 3.2 kg
(64, 65). The underlying mechanisms relating to weight loss are unknown yet. As the GLP1 receptor is localized on different tissues, its hypothesized that the underlying
mechanism is a combination from signals from the CNS and effects on peripheral tissues
like skeletal muscle and adipose tissue. Chapter 5 describes the effects of 5 weeks of
treatment with 1.8 mg and 3.0 mg liraglutide on substrate oxidation, glucose metabolism,
appetite and food intake in obese subjects. Liraglutide showed a reduction of body weight
(-2.14 and -2.46 kg) and BMI (-0.72 and -0.86 kg/m2) in both liraglutide groups as
compared with placebo in obese subjects after 5 weeks of treatment. Weight loss
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occurred with liraglutide while no counselling regarding diet, physical activity and weight
management was given. These results are in line with a phase 3 study in obese subjects
where 20 weeks of treatment with liraglutide resulted in mean weight loss of 5.5 and 7.2
kg in obese subjects as compared with placebo (66). In some trials, weight loss appeared
to have reached a plateau by 12-20 weeks of treatment, whereas in another study weight
loss was progressive for up to 26 weeks (67, 68).
Effects on energy expenditure and fat oxidation
The role of GLP-1 in the control of energy expenditure and substrate oxidation rates is not
clearly understood. Animal and human studies have provided contradictory evidence as
whether GLP-1 has a stimulatory or an inhibitory effect on thermogenesis. Both central
and peripheral GLP-1 administration increased oxygen consumption in rats (69, 70).
Conversely, GLP-1 infusion reduced diet-induced thermogenesis and postprandial CHO
oxidation in lean and obese humans (71, 72). These human studies used
supraphysiological doses that may have amplified the effect on energy expenditure by
slowing down gastric emptying. Chapter 5 showed that the use of liraglutide reduces 24h
energy expenditure and increases fat oxidation in favour of CHO oxidation after 5 weeks
of treatment compared with placebo. The reduction in EE was largely explained by weight
loss and reduced physical activity. The underlying mechanism of the switch in substrate
utilization is unknown yet. The increased fat oxidation is independent of weight loss,
energy balance and physical activity, this may indicate that liraglutide has a direct effect
on fat oxidation. One of the putative mechanisms for the increased fat oxidation is that
liraglutide stimulates lipolysis and thereby fat oxidation. Support for this hypothesis comes
from an in vitro study in adipocytes of obese subjects, which showed an increased lipolytic
effect and a reduction in lipogenic action by GLP-1 (73). In addition, Boschmann et al.
showed that the use of vildagliptin, a DPP-4 inhibitor, increased adipose tissue lipolysis
and postprandial fat oxidation as indicated by raised dialysate glycerol concentrations
(74). As reported in chapter 5, we studied adipose insulin signalling, adipogenesis and
lipolysis in more detail at the transcriptional level. We did not observe a difference in the
expression of the lipolytic genes, HSL and ATGL. This may indicate no pronounced effects
on lipolysis, but we cannot exclude effects on adipose tissue lipolysis since we know that
lipolysis is importantly regulated at postprancriptional and posttranslational level.
Unfortunately, we have from this study no available data on circulating FFA and glycerol
concentrations. The shift in substrate oxidation in favour of fat oxidation may have longterm implications for body weight regulation and fat storage in non-adipose tissue,
thereby improving insulin sensitivity (9). Interestingly, Inoue et al showed that liraglutide
reduced visceral fat in subjects with type 2 diabetes mellitus (75). Both fasting as well as
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postprandial glucose concentrations were attenuated after treatment with liraglutide
compared with placebo. These results are in line with studies in subjects with type 2
diabetes. Clinical trials have shown that liraglutide significantly reduced fasting plasma
glucose with concomitant weight loss in type 2 diabetes subjects (65, 76). Flint et al.
showed that postprandial glucose concentrations were attenuated after liraglutide
treatment in type 2 diabetics (77). Despite a reduction in glucose concentrations, fasting
and postprandial insulin concentrations were not different between liraglutide and
placebo. Insulin and C-peptide concentrations were markedly reduced in the first 60
minutes after the test meal. The reduced glucose concentrations in combination with the
unchanged insulin concentrations suggests an improved insulin sensitivity with liraglutide
It is tempting to speculate that the insulin sensitizing effects of liraglutide may be related
to the improved capacity to oxidize fat by reducing the amount of lipid accumulation in
non-adipose tissue like skeletal muscle. Finally, the reduction of glucagon secretion
lessens hepatic glucose output and contributes to the improved glycaemic control (78).
Interestingly, DPP4, involved in the breakdown of incretins was recently identified as a
new adipokine released from differentiated human adipocytes. Lamers et al.
demonstrated that DDP-4 impairs insulin signalling in primary cells of adipocytes, skeletal
muscle and smooth muscle cells. Obese subjects are characterized by increased circulating
DDP-4 concentrations and it may be speculated that DPP-4 may interfere with insulin
sensitivity not only in adipose tissue but also in other insulin sensitive tissues (79). These
findings stress the putative importance of GLP analogues in the prevention of obesity –
related complications. Future studies are needed to define the pathways that link adipose
GLP-1 to insulin sensitivity and type 2 diabetes mellitus.
Concluding remarks and future research
The major findings of the present thesis are summarized below:
1 Ingestion of IMU combined with a mixed meal induced a shift in substrate use in favour
of fat oxidation in overweight and IGT subjects. The exact mechanisms for the IMU
mediated increase in postprandial fat oxidation have to be studied in more detail in future
studies. Furthermore, it has to be determined whether IMU will translate into long term
metabolic effects when rapidly available carbohydrates are replaced with IMU in food
products.
2 Short-term supplementation of 300 mg/day EGCG has no effect on postprandial fat
oxidation in overweight subjects. Nevertheless a pronounced shift towards a more
oxidative phenotype was observed in a subgroup. Future research should focus under
what conditions EGCG will have the optimal effect, such as dosage of EGCG, the duration
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of supplementation and the combination with other supplements or lifestyle components
like exercise. To define the most optimal strategy more studies are needed to further
elucidate the underlying mechanisms of the effects of EGCG on fat oxidation and the role
of specific tissues like adipose tissue and skeletal muscle.
3 The use of the GLP-1 analog liraglutide for 5 weeks resulted in body weight loss and an
improved glycemic control in obese subjects. Future studies should explore the long-term
effects on weight maintenance and improved insulin sensitivity which would make
liraglutide a suitable agent in the treatment of obesity.
4 Our study was one of the first to demonstrate significant effect of a GLP1 analog on
energy expenditure and fat oxidation. Liraglutide induced a shift in substrate use towards
a higher fat oxidation, although the underlying mechanism remains to be elucidated.
Future experiments are needed to address the effects of liraglutide on fatty acid handling
in adipose tissue as well as skeletal muscle. This is of particular interest since recent
studies show that DPP-4, responsible for the degradation of GLP1, was identified as a
novel adipokine and that obese subjects are characterized by increased concentrations of
DPP4 (84). Lamers et al.(84) demonstrated that DDP-4 impairs insulin signalling in primary
cells of adipocytes, skeletal muscle and smooth muscle cells. DPP-4 may interfere with
insulin sensitivity not only in adipose tissue but also in other insulin sensitive tissues (79).
Future studies are needed to define the pathways that link GLP-1 to insulin sensitivity and
type 2 diabetes mellitus.
Taken together, in this thesis we demonstrated the effectiveness of two dietary strategies
and a GLP-1 analog to modulate fat oxidation. Although lifestyle intervention should be
the first step in body weight management and diabetes prevention, not all subjects
effectively respond to intervention. To improve the metabolic flexibility to respond to
lifestyle intervention dietary supplements or pharmacological intervention may be a
useful tool to increase the lifestyle intervention success. But before that, the duration,
dose and synergy with other bioactive compounds and lifestyle components like diet and
exercise remains to be defined in more detail.
In particular, the glucagon-like peptide-1 receptor agonists, such as liraglutide and
exenatide may be promising new drugs for the treatment of obesity as it not only induces
weight loss but also improves fat oxidation and the metabolic profile. However, the
durability of the weight loss and the improved metabolic profile induced by GLP-1
receptor agonists needs to be established. Finally, it has to be emphasized that body
weight maintenance and type 2 diabetes mellitus prevention can only be successful when
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a behavioural change is made and individuals are committed to lose weight and maintain
a healthy lifestyle.
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