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CHAPTER 1
Introduction

OBESITY AND ITS COMORBIDITIES - A GROWING
PROBLEM
The World Health Organization (WHO) is defining overweight and obesity as
“abnormal or excessive fat accumulation that presents a risk to health”. Further
they describe obesity as a result of an imbalance between calories consumed and
calories expended resulting in an energy imbalance. Energy imbalance is caused
by overnutrition [1] and physical inactivity. Obesity was recognized as a medical
risk factor [2] already by the ancient Greeks with Hippocrates writing; “Corpulence
is not a disease itself, but the harbinger of others” [3]. Today we know that obesity is
associated with several chronic conditions, such as type 2 diabetes, cardiovascular
disease and cancer. The prevalence of obesity has nearly doubled between 1980
and 2015, and the prevalence of obesity-related conditions is likely to increase as
obesity continues to rise in the next few decades. At present, a least 2.8 million
people die each year as a result of being overweight or obese (WHO report March
2013).

ECTOPIC FAT ACCUMULATION
Obesity is the major risk factor for insulin resistance, and 80% of all type 2 diabetic
patients are overweight or obese. While obesity is characterized by an excessive
accumulation of fat in the body, it is specifically the accumulation of fat within
peripheral tissues, such as skeletal muscle, liver, and heart (called steatosis or
ectopic fat accumulation), which is associated with the development of insulin
resistance [4-11]. An excessive accumulation of these lipids in the cytoplasm of the
cells of these organs may lead to cellular dysfunction or cell death, a phenomenon
known as lipotoxicity [12-14]. It has been suggested that ectopic fat accumulation is
the mechanistic link between obesity and chronic diseases such as type 2 diabetes
and cardiovascular disease [15-17]. To better understand this relationship, it is
important to study lipid accumulation in non-adipose tissue. The traditional way of
measuring lipid content (especially in skeletal muscle) is to assess the amount of
triglycerides in a biopsy. Non-invasive in vivo techniques, such as Proton Magnetic
Resonance Spectroscopy (1H-MRS), have recently become available to enable
measurements of lipid accumulation in humans not only in skeletal muscle, but
also in heart, liver and pancreas. Indeed, studies have shown that increased
10

intramuscular triglyceride accumulation is associated with skeletal muscle insulin
resistance [18, 19]. Similarly, fat accumulation in the liver is an independent marker
of metabolic dysfunction, such as insulin resistance and dyslipidaemia, and an
independent predictor of type 2 diabetes; whereas obese persons with normal
liver fat content appear to be resistant to developing obesity-related metabolic
complications [20-22]. Finally, excess fat accumulation in the heart is a hallmark of
obesity and type 2 diabetes and is associated with left ventricular dysfunction and
premature death [23, 24]. However, despite the well-known detrimental effects of
ectopic fat accumulation, it is not completely understood why fat accumulates in
non-adipose tissues and how this is regulated.

LIPOTOXICITY AND ECTOPIC FAT ACCUMULATION
The metabolic function of adipose tissue is to store fat, acting as a buffer by taking
up dietary fat that enters the circulation [1, 25]. Those free fatty acids (FFA) are
stored as triglycerides in adipocytes and serve as a source of energy during fasting
conditions. However, the “adipose tissue expandability” or “lipid overflow” hypothesis
[26, 27], states that there is a failure in the capacity for appropriate adipose tissue
expansion in obesity. This failure leads to an increased fatty acid flux (meal derived
or endogenous fatty acids) away from rather than into adipose tissue resulting in
an inappropriate storage of fat in non-adipose tissue. In the insulin sensitive state,
insulin is a potent inhibitor of lipolysis [28] and restrains the release of FFA from the
adipocyte by inhibiting the lipases involved. However, in type 2 diabetics, the ability
of insulin to inhibit lipolysis and maintain plasma FFA concentration low is markedly
impaired [28]. This leads to a sustained elevated plasma FFA level. Chronically
elevated plasma FFA levels, in turn, have been suggested to cause insulin resistance
in muscle and liver [29-31], and these FFA-induced disturbances are referred to as
lipotoxicity [31]. Therefore, ectopic fat accumulation has been considered the key
feature distinguishing between metabolically healthy and metabolically abnormal
subjects. With increased FFA influx, these non-adipose tissues will be challenged to
promote fat oxidation. Recent evidence, however, suggests that oxidative capacity
in these tissues is hampered in insulin resistance and diabetes [32, 33]. Indeed,
impaired fat oxidative capacity in type 2 diabetic patients has been suggested as
an underlying factor for ectopic fat accumulation [34, 35]. Therefore, compromised
mitochondrial function may play an important role in the accumulation of fatty
11
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acids at ectopic sites, subsequently leading to steatosis, cardiomyopathy and
hepatic and skeletal muscle insulin resistance. Although it has been recognized
that the ectopic triglyceride accumulation per se is not always detrimental and can
be adaptive, what happens to the fatty acids within non-adipose tissues is what
determines the risk for developing insulin resistance. Within the cell, fatty acids
can either be oxidized or directed towards storage. It is suggested that it is the
accumulation of lipid intermediates of intramyocellular lipid (IMCL) content, such as
diacylglycerol (DAG), ceramides and fatty acyl-CoAs, rather than triglyceride per
se that impedes cellular insulin signalling [36, 37]. Interestingly, partitioning more
fatty acids toward triglyceride synthesis within muscle reduced the accumulation
of fatty acid metabolites and therefore supports the hypothesis above that it is
the accumulation of these lipid intermediates and not IMCL per se that is causing
insulin resistance. This concept has its roots in the “athletes’ paradox” [38] because
endurance-trained athletes are exquisitely insulin sensitive yet their intramuscular
triglyceride content matches or even exceeds that of diabetic subjects [39]. The
“athletes’ paradox” was the first indication that ectopic fat accumulation per se is
not a bad thing.

OUTLINE OF THESIS
The studies in this thesis mainly focus on the role of FFA in ectopic lipid accumulation
and how this is linked to lipotoxicity. Environmental factors such as consumption
of high-fat and/or energy-dense diets combined with a low physical activity level
are the main causes of obesity. It is also well established that obesity predisposes
individuals to accumulation of excessive fat in non-adipose tissues such as the
heart, the liver and the skeletal muscle, eventually leading to the development of
type 2 diabetes. However, why lipids accumulate in these tissues, and the role of
FFA, is presently unknown.
Performing prolonged acute exercise in the fasted state is a model to physiologically
elevate plasma FFAs. We therefore investigated the effect of exercise-induced
elevation of plasma FFAs on ectopic fat accumulation in various tissues. In chapter
2 the effect of exercise-induced elevation of plasma FFAs on cardiac lipid content,
cardiac function and cardiac energy status was investigated. In chapter 3 we
investigated the effect of acute exercise on hepatic lipid accumulation and hepatic
energy metabolism. Chapter 4 describes our investigation of the effect of acute
12

exercise on skeletal muscle lipid content. In chapter 5 we aimed to reverse the
effects of elevated plasma FFA levels by inhibition of peripheral lipolysis with a
nicotinic acid analogue (Acipimox). We hypothesized that this would lead to
reduction in ectopic fat accumulation and thereby improve organ function and
subsequently improve the metabolic profile in type 2 diabetic patients.
Although plasma FFA levels, as pointed out above, play an important role in ectopic
lipid accumulation and in the development of insulin resistance, mitochondrial
dysfunction is also suggested to be an important determinant of ectopic lipid
accumulation. Therefore, in chapter 6, we tried to unravel the relationship between
mitochondrial function, ectopic lipid accumulation and insulin resistance. To this end
we applied a model in which muscle mitochondrial function was changed in only
one leg, leaving the other leg unaffected, thereby allowing the direct comparison –
within one individual – of the local effect of altered mitochondrial function on muscle
lipid accumulation and insulin sensitivity. We applied the model of unilateral lower
limb suspension (ULLS), mimicking inactivity in one leg of a subject, while using the
other leg of the same individual as an active control.
Alpha-hydroxybutyrate has been recognized as a novel biomarker for progressive
insulin resistance. In chapter 7 we used samples obtained from a variety of studies
in well phenotyped subjects to examine if alpha-hydroxybutyrate could also be a
useful marker to detect early changes in insulin sensitivity in future studies.
Finally, in chapter 8 the results of the present thesis are discussed in broader
perspective.
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CHAPTER 2
Exercise-induced modulation of
cardiac lipid content in healthy
lean young men

ABSTRACT
Cardiac lipid accumulation is associated with decreased cardiac function and
energy status (PCr/ATP). It has been suggested that elevated plasma fatty acid
(FA) concentrations are responsible for cardiac lipid accumulation. Therefore, the
aim of the present study was to investiagte if elevating plasma FA concentrations by
exercise results in an increased cardiac lipid content, and if this influences cardiac
function and energy status. Eleven male subjects (age: 25.4 ± 1.1 y, BMI: 23.6 ± 0.8
kg/m2) performed a 2h cycling protocol, once while staying fasted, and once while

ingesing glucose, to create a state of high verus low plasma FA concentrations,
respectively. Cardiac lipid content was measured by Proton Magnetic Resonance
Spectroscopy (1H-MRS) at baseline, directly after exercise and again 4h post
exercise, together with systolic function (by multi-slice cine-MRI) and cardiac
energy status (by 31P-MRS). Plasma FA concentrations were increased three-fold
during exercise and nine-fold during recovery in the fasted state compared with
the glucose-fed state (p<0.01). Cardiac lipid content was elevated at the end of
the fasted test day (from 0.26 ± 0.04% to 0.44 ± 0.04%, p=0.003), while it did
not change with glucose supplementation (from 0.32 ± 0.03% to 0.26 ± 0.05%,
p=0.272). Furthermore, PCr/ATP was decreased by 32% in the high plasma FA
state compared with the low FA state (n=6, P=0.014). However, in the high FA state,
the ejection fraction 4h post exercise was higher compared with the low FA state
(63 ± 2% vs 59 ± 2%, p=0.018). Elevated plasma FA concentrations, induced
by exercise in the fasted state, lead to increased cardiac lipid content but do not
acutely hamper systolic function. Although the lower cardiac energy status is in
line with a lipotoxic action of cardiac lipid content, a causal relationship cannot be
proven.
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INTRODUCTION
Hospitalization for congestive heart failure is increasing world wide [20]. This
increase is associated with the increasing prevalence of obesity [10,6], which is
an independent risk factor for the development of heart failure [11]. Obesity is
associated with excessive storage of lipids (triglycerides) not only in adipose tissue
but also in skeletal muscle, the liver and the heart. It has been suggested that
lipid accumulation in cardiac tissue may have lipotoxic effects, thereby hampering
cardiac function and predisposing to cardiomyopathy and heart failure. Cardiac
lipotoxicity is well documented in both obese [31,36] and lean animal models with
exaggerated storage of fat in cardiac muscle induced by targeted over expression
of genes involved in lipid delivery and synthesis in the myocardium [35,2,3,1,17],
but direct evidence for cardiac lipotoxicity in humans is scarce. However, proton
magnetic resonance spectroscopy (1H-MRS) has recently been proven reliable for

non-invasive in vivo investigation of cardiac tissue and enables human interventional
studies [29,32]. Such studies have indicated that cardiac lipid accumulation
is elevated in conditions of increased circulating fatty acid (FA) concentrations,
such as obesity [5], a very low calorie diet [33] and fasting [18], and circulating FA
concentrations were found to correlate with cardiac lipid content [5]. These data
suggest that the cardiac uptake of FA is not tightly matched to oxidational needs but
rather follows circulating FA concentrations. In addition, it has been shown that high
plasma FA concentrations correlate negatively with the energy status of the heart
[21], and the latter has a strong prognostic value in heart failure patients and might
be an early marker of disturbed cardiac metabolism [16].
In that respect, it is interesting to examine the effect of acute exercise on cardiac
lipid content and function. Acute exercise – when performed in the fasting state – is
associated with a 3-fold elevation of plasma FA concentrations [22]. However, when
acute exercise is performed while providing carbohydrate beverages, the increase
in FA can be completely blunted. It could be hypothesized that cardiac lipid content
will increase during exercise performed in the fasting state, due to elevated plasma
FA concentrations. On the other hand, lipid content in skeletal muscle can be lowered
by prolonged acute exercise [24] even despite high circulatory FA concentrations,
due to increased fat oxidation to fuel physical activity. We have recently shown
that prolonged endurance training decreased cardiac lipid content in parallel with
improvements in cardiac function [23]. Thus, it can also be hypothesized that
cardiac lipid content will decrease during exercise due to an increased oxidation of
21
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FA needed to meet the increased cardiac work. Therefore, comparing the effect of
acute exercise with high versus low circulating FA concentrations will allow us to test
the hypothesis that physiologically-induced elevation of plasma FA concentrations
lead to an unrestricted uptake of FA in cardiac tissue, subsequent accumulation
of intracardiac fat, and an ultimate reduction in cardiac function and cardiac
energy status. To this end, we employed 1H-MRS to determine cardiac lipid content
before and after exercise as well as four hours post exercise. MRI and 31P-MRS
was employed four hours post exercise to determine cardiac function and cardiac
energy status, respectively.

MATERIALS AND METHODS
SUBJECTS
Eleven healthy lean, untrained young men participated in this study. Subjects’
characteristics are shown in table 1. None of the subjects participated in competitive
sports and subjects with unstable weight (> 3 kg change in preceding six months)
were excluded from the study. The institutional medical ethical committee approved
the study and written informed consent was obtained from all participants.
Table 1 Subjects’ characteristics
Subjects' characteristics

Mean ± SE

Age, yr

25.4 ± 1.1

Height, m

1.79 ± 0.02

Weight, kg

75.8 ± 3.5

2

23.6 ± 0.8

BMI, kg/m
Fat %

18.3 ± 2.2
-1

-1

VO2max/kg, ml × min × kg

38.5 ± 15.6

Data are means ± SD. BMI Body mass index.

STUDY PROTOCOL
Before the start of the study, body composition and maximal aerobic capacity
was determined in all subjects. The experimental trial comprised two separate
test days. Subjects refrained from physical activity two days prior to the test
days. Furthermore, subjects were instructed to consume a standardized meal the
22

evening prior to the test days and stay fasted from 10 pm onwards. On the test
days, subjects came to the laboratory at 7:00 am after an overnight fast. Cardiac
lipid content was investigated by 1H-MRS. After this, a teflon canula was inserted
into an antecubital vein for sampling of blood. Immediately after taking the first
blood sample, subjects ingested 1.4g/kg body weight of glucose (dissolved in
water to a 20% solution and flavoured with 1 ml lemon juice) or the same amount
of water on the test day in fasted state. Next, subjects were guided to another lab
where they started exercising at 50% of their maximal power output (t=0 minute).
The exercise period lasted for two hours and during exercise blood samples were
taken and substrate oxidation was measured by indirect calorimetry for 15 minutes
(Omnical, Maastricht, The Netherlands) every 30 minutes (at t=30, 60, 90 and 120
minutes). Immediately after cessation of the two hours of exercise, a second 1H-MRS
measurement was performed. Subsequently, subjects bed-rested for three hours
and a third 1H-MRS scan together with additional measurements of ejection fraction
(by CINE-MRI) and cardiac energy status (by 31P MRS) were started four hours after
exercise. During this post exercise period, blood samples were taken and substrate
oxidation measured for 15 minutes every hour (at t=180, 240, 300 and 360 minutes).
The experimental design is depicted in figure 1.

Figure 1 Experimental design of the study. All subjects performed the protocol two times, one time in
the fasted state consuming water and one time with glucose supplementation. MRS cardiac magnetic
resonance spectroscopy

The entire protocol was performed twice: once with the ingestion of glucose (0.35g/
kg body weight at t= -15, 30, 60, 90, 180, 240, 300 and 360) after the initial bolus of
1.4g/kg of body weight and once in the fasted state with ingestion of equal amounts
of water. Both test days were separated by at least one week and were performed
in random order. On a separate day a reference measurement of cardiac function
without prior exercise was performed in the morning after an overnight fast.
23
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MAXIMAL OXYGEN UPTAKE (WHOLE BODY OXIDATIVE CAPACITY)
A routine incremental cycling test was used to determine maximal aerobic capacity
as described previously [8]. Briefly, after a warming-up period of 5 min, the intensity
was increased every 2.5 min until exhaustion. Oxygen consumption was measured
continuously throughout the test using indirect calorimetry (Omnical, Maastricht,
The Netherlands) to determine VO2max.
HYDROSTATIC WEIGHING
Hydrostatic weighing with simultaneous measurement of lung volume was used to
determine body composition in the morning in the fasted state. The equation of Siri
[28] was used to calculate fat percentage, fat mass and fat-free mass.
BLOOD SAMPLE ANALYSES
Blood samples were collected in EDTA-containing tubes and immediately
centrifuged at high speed and frozen in liquid nitrogen and thereafter stored at
-80°C until assayed. Plasma fatty acids, triglycerides and glucose were measured
with enzymatic assays automated on a Cobas Fara/Mira (FA: Wako Nefa C test kit;
Wako Chemicals, Neuss, Germany) (glucose: hexokinase method; Roche, Basel,
Switzerland) (triglycerides: ABX Pentra CP reagens, Horiba ABX Diagnostics,
Montpellier, France) (glycerol: EnzytecTM glycerol kit, R-Biopharm, Germany).
MRI
Cardiac CINE-MRI examinations were performed on a whole body MRI-scanner
(Intera, 1.5 T, Philips Healthcare, Best, The Netherlands) as reported previously
[32]. At the end of the test day, slices covering the whole left ventricle were acquired
in 24 heart phases, to determine parameters of systolic function. During the other
measurements, only four slices were acquired, which was sufficient to guide
spectroscopy.
IMAGE PROCESSING
All images were analyzed quantitatively and ten images were examined for
24

inter-observer reliability using dedicated software (CAAS, Pie Medical Imaging,
Maastricht, The Netherlands) to determine end diastolic and end systolic volumes,
left ventricular stroke volume, ejection fraction, cardiac output and cardiac index.
1

H MRS

Cardiac lipid content was determined in vivo by 1H-MRS as reported previous [23].
Respiratory gating and tracking was performed with a pencil beam navigator placed
on the diaphragm [32]. Chemical shift selective (CHESS) water suppression was
performed to acquire spectra of the lipid metabolites using a series of 32 spectra
(n=2 each), resulting in a total of 64 acquisitions. To acquire a reference spectrum
of the unsuppressed water peak in the same volume of interest, the acquisition was
repeated, with the CHESS pulse off resonance, using a series of 12 spectra (n=2
each), resulting in a total of 24 acquisitions. From eleven subjects two had to be
excluded from the cardiac lipid content analysis due to poor quality of spectra.
1

H-MRS SPECTRAL POST PROCESSING

Post processing of the spectra was performed with the jMRUI software [7]. All 1H
MR spectroscopic data were fitted in the time domain. Manual phase correction
was performed and subsequently all spectra with water suppression and without
were averaged, resulting in one water-suppressed lipid spectrum originating from
128 averages and a non-suppressed spectrum from 24 averages for quantification
of the water resonance. Myocardial lipid peaks were fitted by using the Advanced
Magnetic Resonance (AMARES) fitting algorithm [34] within the jMRUI software [15]
as reported earlier [32]. Cardiac lipid content is given as the percentage of the CH2
peak compared to the water resonance, uncorrected for T1 and T2 relaxation.
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P-MRS

Single voxel cardiac 31P-MRS spectra were obtained from the left ventricle with
subjects in the supine position as reported previously [9]. A 10 cm coil was fixed
on the chest, at the level of the myocardium. Manual tuning and matching of the
31
P-surface coil was performed to adjust for different coil loadings. ECG-triggered
ISIS was used for localization to the left ventricle (TR=3.6 s, n=192). Spectroscopy
and shimming volumes were planned on the transverse and sagittal scout images
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to include the entire left ventricle, while avoiding chest wall muscle and diaphragm
muscle. A rest slab was placed over the chest muscle to minimize contamination
from skeletal muscle.
31

P-MRS SPECTRAL POST PROCESSING

P-MRS was quantified with the dedicated software jMRUI. Signals were quantified
in the time domain. Six Gaussian peaks were fitted using prior knowledge defining
chemical shift. The ATP level in the 31P-MRS was corrected for the ATP contribution
from blood and T1 corrected [4].
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STATISTICS
Data are presented as mean ± SE. A two-way ANOVA for repeated measures was
performed to analyse data over time for cardiac lipid content, substrate oxidation
and plasma values of FA, glucose, triglycerides and glycerol. Statistical differences
in ejection fraction and PCr/ATP between the two conditions were determined by
a paired student t-test. All statistics were performed using SPSS 16.0 for Mac and
P<0.05 was considered statistically significant.

RESULTS
ENERGY EXPENDITURE AND SUBSTRATE OXIDATION
No significant differences in energy expenditure between the glucose-fed and the
fasted state were found neither during exercise nor post exercise (see table 2).
During exercise, there was a significant time (P<0.01) and treatment (p<0.01) effect
for respiratory quotient (RQ), without a time*treatment interaction (p=0.39) effect.
RQ was significantly lower at all time points in the fasted state compared with the
glucose-fed state (p<0.01) (see figure 2a), reflecting lower carbohydrate oxidation
in the fasted state, and RQ decreased between t=30 and t=90 min (p<0.05) in both
conditions. In the post exercise period, a significant treatment effect (p<0.01) was
revealed, but no time (p=0.88) or time*treatment (p=0.10) effects were present.
Also under resting conditions post exercise, RQ was significantly lower in the fasted
state compared with the glucose-fed state at all time points (<0.01).
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During exercise, there was a significant time (p<0.01) and treatment (p<0.01) effect
for both carbohydrate and fat oxidation, without a time*treatment interaction (p=0.38
and 0.27, respectively) effect. As depicted in table 2, carbohydrate oxidation was
significantly lower at all time points in the fasted state compared with the glucose-fed
state (p<0.01), whereas fat oxidation was significantly higher at all time points in the
fasted state compared with the glucose-fed state (p<0.05). Both carbohydrate and
fat oxidation increased between t=30 and t=90 (p<0.01). In the post exercise period
the carbohydrate oxidation was significantly lower in the fasted state compared
with the glucose-fed state at all time points (p<0.01), whereas the fat oxidation
was significantly higher in the fasted state compared with the glucose-fed state at
all time points (p<0.01). There was no time or time*treatment interaction effect for
neither carbohydrate nor fat oxidation in the post exercise period (P>0.05).
Table 2 Energy expenditure and fat and carbohydrate oxidation during and after exercise in
glucose-fed and fasted state
Glucose-fed

Exercise

Time,
min

EE,
kJ/min

Fat
oxidation,
mg/min

30

41.9 ± 1.5

313 ± 31

1871 ± 80

EE,
kJ/min

Fat
oxidation,
mg/min

CHO
oxidation,
mg/min

41.7 ± 1.6

476 ± 83*

1451 ± 151*

#

1336 ± 88#
1092 ± 85#

60

41.9 ± 1.2

398 ± 27

1659 ± 73

42.0 ± 1.3

530 ± 31

90

42.3 ± 1.4

469 ± 27

1503 ± 67

42.3 ± 1.5

635 ± 16#
#

120 43.8 ± 1.9
Postexercise

Fasted
CHO
oxidation,
mg/min

467 ± 3

1606 ±137

42.5 ± 1.8

665 ± 22

1026 ± 124#

240

5.3 ± 0.2

45 ± 8

226 ± 19

5.5 ± 0.2

95 ± 7#

109 ± 11#

300

5.4 ± 0.2

30 ± 5

267 ± 17

5.5 ± 0.2

103 ± 5#

93 ± 11#

360

5.4 ± 0.2

30 ± 6

269 ± 18

5.6 ± 0.2

104 ± 6#

92 ± 11#

Data are mean ± SE. EE energy expenditure, CHO carbohydrate. * p < 0.05 and p < 0.01 compared
with glucose-fed state.
#

BLOOD PLASMA CONCENTRATIONS
During exercise, there was a significant time (P<0.01), treatment (p<0.01) and
time*treatment interaction (p<0.01) effect for plasma FA concentrations. Except
for baseline (t=0) plasma FA concentrations were higher at all time points during
exercise in the fasted state (p<0.01) compared with the glucose-fed state (Fig. 2b).
Plasma FA concentrations increased with time during exercise (p<0.01), with this
increase being more pronounced in the fasted state compared to the glucose-fed
state. In the post exercise period, plasma FA concentrations were higher at all time
points in the fasted state compared with the glucose-fed state (p<0.001), but there
27

2

was no time or time*treatment interaction effect.
During exercise, there was a significant time (p<0.05), treatment (p<0.01) and
time*treatment interaction effect (p<0.01) for plasma glucose concentrations. In the
fasted state, plasma glucose concentrations decreased during exercise (Fig. 2c),
whereas an increase was observed in the glucose-fed state. As a result, plasma
glucose levels were lower in the fasted state compared with the glucose-fed state
from time point t=60 min onwards (p<0.05). In the post exercise period, plasma
glucose concentrations were lower at all time points in the fasted state compared
with the glucose-fed state (p<0.01), and there was a time*treatment interaction
(p=0.046) effect, but there was no time (p=0.085) effect.
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Figure 2 (a) Respiratory quotient during and after 2 h of cycling at 50% of maximal power output
(Wmax) and plasma concentrations of (b) (free) fatty acids (FA), (c) glucose and (d) triglyceride (TG),
with (dotted line) and without (solid line) glucose supplementation. For figure 2a, b, c and d: * P < 0.01
compared with glucose-supplemented condition. For figure 2b, c and d: # P < 0.05 changes over time
compared with baseline (t=-60). Data are means ± SE.

During exercise, there was no significant time (p=0.16), treatment (p=0.22) or
time*treatment interaction (p=0.87) effect for plasma triglyceride concentrations,
whereas there was a tendency to lower plasma triglyceride concentrations post
exercise in the fasted state compared with the glucose-fed state (p=0.069, fig. 2d).
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There were no time (p=0.95) or time*treatment interaction (p=0.99) effect for plasma
triglyceride concentrations post exercise. Considering all time points of the test day,
there is an overall time effect with triglyceride concentrations decreasing over time,
being significantly different from baseline levels in the fasted condition from t=120
minutes onwards (p>0.05).
There was a significant time (p<0.01), treatment (p<0.01) and time*treatment
interaction (p<0.01) effect for glycerol during exercise. Glycerol concentrations were
higher in the fasted state, and increased during exercise, with a more pronounced
increased in the fasted state (from 99 ± 14 µmol/l to 620 ± 31 µmol/l in the fasted
state vs 91 ± 9 µmol/l to 219 ± 27 µmol/l in the glucose-fed state). Post exercise
glycerol was significantly higher in the fasted state compared with the glucose-fed
state (135 ± 9 µmol/l vs 46 ± 3 µmol/l at t=360) (p<0.01), but there was no time
(0.11) or time*treatment interaction (p=0.22) effect.
CARDIAC LIPID CONTENT

Cardiac lipid content
(percentage of water resonance)

There was a significant treatment (p=0.029) and time*treatment interaction
(p=0.009) effect for cardiac lipid content, but no time (p=0.242) effect. As depicted
in figure 3, overall cardiac lipid content was higher at the end of the test day in
the fasted state compared with the glucose-fed state, and cardiac lipid content
increased after recovery from exercise in the fasted state (p=0.003), whereas it did
not change when glucose supplementation was given (p=0.272). At baseline, there
were no differences in cardiac lipid content between the two conditions (p=0.239).
Cardiac lipid content was also not different between the two conditions directly
after exercise (p=0.119). However, 4 hours post exercise cardiac lipid content was
elevated by 41 % in the fasted state compared with the glucose-fed state (p=0.008).
Fasted
0.60%

*

Glucose-fed

*

0.40%
0.20%
0.00%

Baseline

Figure 3 Cardiac lipid content at
baseline, directly post exercise
and 4h post exercise. Cardiac
lipid content is expressed as the
relative intensity of the CH2 peak,
compared to the unsuppressed
water resonance. n= 9, * P <
0.01. Data are means ± SE.

Directly post-ex 4h post-ex
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CARDIAC ENERGY STATUS AND FUNCTION
In a subgroup of six subjects PCr/ATP was determined four hours post exercise.
PCr/ATP was 32% lower in the fasted state compared with the glucose-fed state
(p=0.014, fig. 4). Ejection fraction (p=0.038, fig. 5), stroke volume (115 ± 6 ml vs
107 ± 4 ml, p=0.044), cardiac output (7.2 ± 0.5 l/min vs 6.0 ± 0.2 l/min, p=0.016)
and cardiac index (3.9 ± 0.3 l/min/m2 vs 3.3 ± 0.2 l/min/m2, p=0.016) were all
significantly higher at 4h of recovery in the fasted state compared with the glucosefed state. At 4h of recovery, end diastolic (182 ± 8 ml in the fasted state vs 180 ±
8 ml in the glucose-fed state, p=0.626) and end systolic (68 ± 4 ml in the fasted
state vs 73 ± 5 ml in the glucose-fed state, p=0.179) volumes were not significantly
different between the fasted and glucose-fed state. A tendency to a higher heart
rate during these measurements in the fasted state was found, compared with the
glucose-fed state, however it did not reach statistical significance (63 ± 3 bpm vs
58 ± 3 bpm, p=0.097). Inter-observer variability of ejection fraction analysis was
good with a coefficient of variation of 3.6 ± 0.9%.

*

PCr/ATP

4

*

*

60

3
2

50

1
0

70
Ejection fraction (%)

5

Fasted

Glucose-fed

Figure 4 PCr/ATP ratio four
hours post exercise, n= 6, * P=
0.014. Data are depicted both as
individual and means ± SE.

40

Fasted

Glucose-fed

Reference

Figure 5 Left ventricular ejection fraction four hours
post exercise, with (white bar) and without (black
bar) glucose ingestion, compared with a reference
(grey bar) measurement. * P < 0.05. Data are
means ± SE.

To compare the values for cardiac function at 4h of recovery to baseline reference
values without prior exercise, we measured in the same subjects cardiac function
after an overnight fast, on a separate day. 4h-recovery values for ejection fraction
(p=0.026, fig. 5), cardiac output (7.2 ± 0.5ml vs 5.8 ± 0.3 ml, n=9, p=0.015) and
cardiac index (3.7 ± 0.3 l/min/m2 vs 3.0 ± 0.2 l/min/m2, n=9, p=0.007) were all

significantly higher in the fasted state compared with the reference measurement,
whereas the glucose-fed state did not differ from the reference measurement (p >
0.05). There was no difference in stroke volume between the reference measurement
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and the fasted (p=0.933) or the glucose-fed (p=0.241) states. Heart rate was
significantly lower during the reference measurement compared with both the
measurement in the fasted (52 ± 4 bpm vs 62 ± 4 bpm, n=9, p=0.001) and glucosefed state (52 ± 4 bpm 58 ± 3 bpm, n=9, p=0.013) at 4 hours of recovery.

DISCUSSION
The primary finding of the present study is that cardiac lipid content increases
upon exercise-induced –i.e. physiological - elevation of plasma FA concentrations
in healthy lean young men. Furthermore, we revealed that this increase in cardiac
lipid content is paralleled by a lower cardiac energy status (lower PCr/ATP), but not
by a lowered cardiac function. These results indicate that cardiac muscle is rather
unrestricted in its uptake of circulating FA and that the validity of PCr/ATP ratio as
a relevant marker of cardiac function can be debated under some circumstances.
There is an increasing prevalence of obesity worldwide and obesity is well known
to be an independent risk factor for the development of heart failure. Obesity is
associated with excessive storage of lipids (triglycerides) not only in adipose tissue,
but also in non-adipose tissues, such as the heart. We show here for the first time
that cardiac lipid content is increased upon exercise-induced elevation of plasma
FA concentrations in healthy lean young men, and that blunting of the exerciseinduced increase in plasma FA concentrations completely prevents the increase
in cardiac lipid content. This suggests that in healthy lean young men plasma FA
concentration is an important determinant of cardiac lipid content, which in turn
suggests that in this population uptake of FA in the heart largely depends on FA
availability. This is in agreement with previous studies pointing at the importance
of high FA concentrations as determinants of cardiac lipid content [5]. Increased
cardiac lipid content is shown to be associated with obesity and diabetes
[32,5,26,30], conditions in which it is well known that plasma FA concentrations
are high. Furthermore, fasting for more than 48 hours [18] or a very low calorie diet
for more than three days [33], which both are characterised by elevated plasma
FA concentrations, also resulted in increased cardiac lipid content. Although our
results may suggest that elevated plasma FA concentrations may also underlie
cardiac lipid accumulation and cardiac dysfunction in obesity and diabetes, it is
important to note that major differences exist between obesity,insulin resistance
and fasting. Thus, although both conditions are characterized by elevated plasma
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FA concentrations, plasma leptin and insulin levels are elevated in obesity, but
markedly reduced upon fasting. It has recently been shown that under conditions
of systemic insulin resistance the heart remains insulin sensitive [25], therefore
chronic stimulation of multiple signaling processes in the myocardium by leptin and
insulin may result in cardiac pathology.
Interestingly, our finding that elevated plasma FA lead to cardiac lipid accumulation
are to some extent in accordance with observations in skeletal muscle. Thus, we
have previously shown that during exercise, when peripheral lipolysis is stimulated
to increase plasma FA availability for subsequent oxidation, a net accumulation
of intramyocellular lipids occurred in non-exercising muscles of the upper arm,
indicating that high circulatory FA concentrations also lead to unrestricted uptake
of FA in skeletal muscle [24]. However, intramyocellular lipid content was reduced in
the exercising muscles of the leg, suggesting that in this active muscle FA delivery
was customized to FA oxidation. In that respect, it is surprising that in cardiac
muscle, which heavily relies on FA for oxidation during exercise, the elevation of
plasma FA lead to an increase rather than a decrease in cardiac lipid content. This
suggests that the uptake of FA in cardiac muscle is less well tuned to the oxidative
needs compared to skeletal muscle and that even under conditions of increased
cardiac work, FA entering the heart are shuttled towards storage rather than to
oxidation.
In parallel to the increased cardiac lipid content we also observed a lower cardiac
energy status (lower PCr/ATP). Cardiac energy status has a strong prognostic value
in heart failure patients and it has been suggested to be an early marker of disturbed
cardiac metabolism [16]. In line with this, Scheuermann-Freestone et al. [21]
found that the PCr/ATP ratios correlate negatively with plasma FA concentrations.
Furthermore, a decreased PCr/ATP ratio has been found to be associated with
diastolic dysfunction and diabetes [19]. As an explanation for this finding, it
has been suggested that plasma FA increase the expression of mitochondrial
uncoupling proteins in the heart, and these proteins can reduce the efficiency with
which mitochondria can produce ATP, thereby resulting in altered PCr/ATP ratios
[12]. Some care should be taken when interpreting PCr/ATP ratios as energy status,
as the assumption that a decreased PCr/ATP ratio is reflecting a decreased PCr/
Cr ratio can theoretically be biased by a decrease in total creatine concentration.
In that context, other studies have shown that indeed creatine concentration in
the failing heart is decreased [27,13,14]. In the current study, we cannot exclude
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that creatine depletion contributes to the lower PCr/ATP ratio found in the fasted
condition. However, even though an increased cardiac lipid content was associated
with a lower cardiac energy status in the present study, the systolic cardiac function
was not negatively affected. The systolic cardiac function was determined by multi
slice CINE-MRI, which is the gold standard for measuring systolic cardiac function.
Together with myocardial spectroscopy this permits examinations of associations
between myocardial triglyceride concentrations and cardiac function. Surprisingly,
cardiac function was higher in the condition with high plasma FA concentrations
and elevated cardiac lipid content compared with the glucose-fed state. Moreover,
cardiac function in the fasted state was in fact elevated when compared with the
reference condition. Increased concentrations of adrenaline and noradrenaline
may be underlying the stronger contraction in that case. Alternatively, changes in
peripheral resistance may occur with the current protocol, which may affect ejection
fraction. Although the exact mechanism explaining the increased cardiac function
in the high plasma FFA condition remains speculative, we can conclude that, if
anything, the elevated plasma FA concentrations and concomitant cardiac lipid
content did not negatively impact cardiac function. This shows that at least in this
population PCr/ATP ratio is not a good marker of cardiac function under acute
conditions of elevated FA.
In summary, in this study we revealed that elevated plasma FA concentrations,
induced by prolonged exercise in the fasted state, increased storage of triglycerides
in cardiac tissue but did not acutely hamper systolic function. Although the lower
cardiac energy status is in line with a lipotoxic action of cardiac lipids, a causal
relationship cannot be proven, and it cannot be excluded that acute prolonged
exercise influences cardiac energy status and lipid content independently.
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CHAPTER 3
Acute exercise does not
decrease liver fat in men with
overweight or NAFLD

ABSTRACT
Elevated hepatic lipid content (IntraHepatic Lipid, IHL) increases the risk of metabolic
complications. Although prolonged exercise training lowers IHL, it is unknown if
acute exercise has the same effect. Furthermore, hepatic ATP content may be
related to insulin resistance and IHL. We aimed to investigate if acute exercise
leads to changes in IHL and whether this is accompanied by changes in hepatic
ATP. Twenty-one men (age 54.8 ± 7.2 years, BMI 29.7 ± 2.2 kg/m²) performed a 2h
cycling protocol, once while staying fasted and once while ingesting glucose. IHL
was determined at baseline, 30 min post-exercise and 4h post-exercise. Additionally
ATP/Total P ratio was measured at baseline and 4h post-exercise. Compared with
baseline values we did not observe any statistically significant changes in IHL
within 30 min post-exercise in neither the fasted nor the glucose-supplemented
condition. However, IHL was elevated 4h post-exercise compared with baseline in
the fasted condition (from 8.3 ± 1.8% to 8.7 ± 1.8%, p=0.010), an effect that was
blunted by glucose supplementation (from 8.3 ± 1.9 to 8.3 ± 1.9%, p=0.789). Acute
exercise does not decrease liver fat in overweight middle-aged men. Moreover, IHL
increased 4h post-exercise in the fasted condition, an increase that was absent
in the glucose-supplemented condition. These data suggest that a single bout of
exercise may not be able to lower IHL.
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INTRODUCTION
Regular exercise has beneficial effects on metabolic risk factors associated with
type 2 diabetes [1, 2]. Recent studies have suggested that prolonged exercise
training reduces liver fat content and may thereby contribute to the beneficial effects
of exercise on metabolic risk [3-6]. Results from exercise training studies in animals
revealed that the effect of exercise on hepatic lipid content (IntraHepatic Lipid,
IHL) strongly depends on the diet and that exercise is more effective in reducing
IHL under conditions that favor liver fat accretion, such as when animals are fed
a high-fat diet [7]. Interestingly, human data also revealed that exercise training
appears to be more potent in reducing IHL in subjects with increased baseline IHL.
Thus, the exercise-mediated reduction in IHL is more pronounced in subjects with
Non-alcoholic fatty liver disease (NAFLD), type 2 diabetes, or in elderly [8] than in
healthy normal weight and young subjects. Furthermore, like with exercise training,
acute bouts of exercise also improve insulin sensitivity [9-11]. The acute effects of
exercise on IHL, however, have not yet been intensively studied. As yet, only three
studies have examined the effect of acute exercise on IHL. However, all three of
these studies were performed in lean young healthy volunteers in which liver fat is
usually rather low [12-14], which would complicate detecting exercise-mediated
reductions in IHL. To circumvent this, one study [12] let the male subjects consume
a high-fat diet or a mixed diet for 67 h before exercise. Subsequently IHL was
measured (with 1H-MRS) before and after 90 minutes of moderate intensity cycling.
No statistically significant decrease was found directly after exercise, irrespective
of the dietary condition. Hence it was concluded that acute exercise does not lower
liver fat in young healthy men. In the other two studies, one study including male
subjects with an average age of 28.9 years old [13] and one study including male
and female subjects with a slightly older age of 37.6 years old [14], subjects also
consumed a high-fat diet 3 days prior to the exercise trial. Here IHL (measured with
1
H-MRS) was increased rather than decreases after a 2 hours exercise bout (5060% of VO2 max), and it was speculated that the increase in IHL upon exercise was
due to increased free fatty acid (FFA) availability during exercise. A clinically more
relevant question, however, would be if acute exercise lowers liver fat in a middleaged overweight subject population who are prone to the development of fatty
liver or may already have elevated IHL (NAFLD), but such information is presently
lacking.
As mentioned above, a potentially biasing complication when measuring IHL postexercise is the increase in plasma FFA that goes along with exercise in the fasted
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state (originating from exercise-mediated increase in adipose tissue lipolysis) [1516]. Plasma FFA is an important source for hepatic triglyceride [17], and therefore
high levels of plasma FFA during exercise might mask a potential exercise-lowering
effect. To circumvent this bias, we here investigated the effect of acute exercise
on IHL in middle-aged overweight sedentary subjects with a wide range of liver fat
content under conditions with high and low plasma FFA concentrations.
Next to IHL, hepatic ATP concentrations, a measure for liver energy status, have also
been suggested to be related to insulin resistance and hepatic lipid accumulation
[18]. Therefore, we also studied if changes in IHL are accompanied by changes
in hepatic ATP concentration. To this end, we employed 1H-MRS to determine IHL

before and after exercise performed with and without glucose ingestion to suppress
plasma FFA levels, as well as 4 h post exercise. 31P-MRS was employed before
exercise and 4 h post exercise to determine hepatic ATP concentrations.

METHODS
SUBJECTS
Twenty-one middle-aged overweight men with a wide range of liver fat content
participated in this study. None of the subjects participated in competitive sports
and subjects with unstable body weight (> 3 kg change in preceding six months)
were excluded from the study. The study protocol conforms to the ethical guidelines
of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution’s
human research committee and written informed consent was obtained from all
participants.
STUDY PROTOCOL
Before the start of the study, body composition and maximal aerobic capacity were
determined in all subjects. The experimental trial comprised two separate test days
separated by at least one week and performed in random order. Subjects refrained
from physical activity two days prior to the test days. Furthermore, subjects were
instructed to consume a standardized meal the evening prior to the test days and
stayed fasted from 10 pm onwards. On the test days, subjects reported to the
laboratory (Maastricht University Medical Center+) at 7:00 am after an overnight
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fast. IHL was investigated by proton magnetic resonance spectroscopy (1H-MRS).

After this, a Teflon cannula was inserted into an antecubital forearm vein for sampling
of blood and subjects rested for 30 minutes. Immediately after drawing the first
blood sample, subjects ingested either 1.4g/kg body weight of glucose (dissolved
in water to a 20% solution and flavoured with 1 ml lemon juice) or the same amount
of water. After this, subjects started exercising (t=0 minute) on a stationary bike at
50% of their pre-determined maximal power output (Wmax) for two hours. During
exercise, blood samples were drawn and substrate oxidation was measured by
indirect calorimetry (Omnical, Maastricht University, Maastricht, The Netherlands)
every 30 minutes (at t=30, 60, 90 and 120 minutes) while heart rate was constantly
measured. Immediately after cessation of exercise (t=120 minute), subjects were
transferred to the MR facility for a second 1H-MRS measurement. Importantly, due
to the transfer time and the preparation steps of the 1H-MRS measurement itself, IHL
could only be measured within 30 min after cessation of exercise. Subsequently,
subjects bed-rested for three hours, followed by a third 1H-MRS scan four hours
post exercise. Additionally, in a subgroup of eight subjects, ATP/Total P ratio was
measured by phosphorous magnetic resonance spectroscopy (31P-MRS) at baseline
as well as four hours post exercise. During the 4-hour post exercise period, blood
samples were drawn and substrate oxidation was measured for 15 minutes every
hour (at t=180, 240, 300 and 360 minutes) in all subjects. The experimental design
is depicted in figure 1.

3

Figure 1 Experimental design of the study. All subjects performed the protocol two times, one time in
the fasted state consuming water and one time with glucose supplementation. MRS hepatic magnetic
resonance spectroscopy.

43

3

MEASUREMENTS PRIOR TO TEST DAYS
A routine incremental cycling test on a stationary bike was used to determine
maximal exercise capacity as described previously [25] and a hydrostatic
weighing with simultaneous measurement of lung volume was used to determine
body composition. The equation of Siri [26] was used to calculate fat percentage,
fat mass and fat-free mass.
BLOOD SAMPLE ANALYSES
Blood samples were collected in EDTA-containing tubes and immediately spun at
high speed and frozen in liquid nitrogen and subsequently stored at -80°C until
assayed. Plasma free fatty acids, triglycerides, and glucose were measured with
enzymatic assays automated on a Cobas Fara/Mira (FA: Wako Nefa C test kit;
Wako Chemicals, Neuss, Germany) (glucose: hexokinase method; Roche, Basel,
Switzerland) (triglycerides: ABX Pentra CP reagents, Horiba ABX Diagnostics,
Montpellier, France) (glycerol: EnzytecTM glycerol kit, R-Biopharm, Germany). The
liver enzymes Gamma-GT, ASAT and ALAT were routinely measured during the
screening visit and analysed in the clinical chemistry department in the hospital.

1

H-MRS

IHL was determined in vivo by 1H-MRS. Measurements were performed on a whole
body scanner (1.5T, Intera, Philips Healthcare, Best, The Netherlands) as reported
previously [27]. An 18 cm3 Volume of Interest (VOI) was placed within the lower right
hepatic lobe (point resolved spectroscopy (PRESS), repetition time (TR) = 4 s, Echo
time (TE) = 23 ms, bandwidth (BW) = 1000 Hz, n = 1024 points, number of signal
averages (NSA) = 64). To minimize motion artifacts, subjects were asked to breathe
in the rhythm of the measurement and to be at end-expiration during acquisition
of spectra. Water signal was suppressed using frequency-selective prepulses.
Spectra without water suppression were acquired with identical settings (NSA=16)
and all spectra were fitted with AMARES [28] in the jMRUI software [29]. The T2corrected ratios of the CH2 peak, relative to the unsuppressed T2-corrected water
resonance was calculated and converted to a tissue fat percentage (weight/weight)
by assuming a water content of 71.1%, a CH2-proton density of triglycerides of 60.2
mol-1, a proton density of water of 2 mol-1, a molecular weight of triglycerides and
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water of 860 g/mol and 18 g/mol, respectively. Three subjects had to be excluded
from the IHL analysis due to poor quality of spectra.

31

P-MRS

In a subgroup of eight subjects ATP content was determined at baseline and four
hours post exercise in both the fasted and the glucose-supplemented condition.
Subjects were positioned in supine position with a 10-cm diameter transmit/receive
surface coil positioned at the level of the liver. MRI scout images were acquired during
a breath hold and one-dimensional spectroscopic imaging (SI) was performed with
8 phase-encoding steps and SI slice thickness of 30 mm (TR= 4 s, n = 512 points,
BW = 4000 Hz, NSA = 16). At least one slice was planned to be exclusively in liver
tissue. To minimize motion artifacts, subjects were asked to breathe in the rhythm
of the measurement and to be at end-expiration during acquisition of spectra. All
spectra were fitted with the AMARES algorithm [28] in the jMRUI software package
[29]. The γ-ATP resonance was quantified and expressed as ratio of the γ-ATP to
total phosphorus signal in the -25 to 25 ppm frequency region, expressed as ATP/
Total P ratio in the current paper.
STATISTICS
Data are presented as means ± SE. Hepatic lipid content was not normally
distributed and therefore a non-parametric Friedman test was performed to test if
there was an overall effect on IHL. Thereafter a pairwise comparison was performed
with a Bonferroni correction for multiple comparisons. A two-way repeated measures
ANOVA was performed to compare the mean differences between conditions for
ATP, substrate oxidation and plasma values of FA, triglycerides, and glucose. All
statistics were performed using SPSS 16.0 (IBM Corporation, Armonk, NY, USA) for
Mac and P<0.05 was considered statistically significant.

RESULTS
BASIC CHARACTERISTICS
Twenty-one middle-aged overweight men participated in this study. The subject
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characteristics of the entire group are shown in Table 1. The subjects had a wide
variety of liver fat content (see figure 2 for basal liver fat content per subject). Of
these subjects, eleven subjects met the clinical criteria for NAFLD (> 5.6% liver fat)
[19], while in ten subjects hepatic fat content was within the normal physiological
range (< 5.6% liver fat). There were no significant differences in body weight, BMI,
whole body fat percentage and fasting plasma glucose levels between subjects
that would qualify as NAFLD and subjects with a normal liver fat content, but the
NAFLD subjects were somewhat younger than the subjects with normal liver fat
content (51.7 ± 5.4 years vs 58.2 ± 7.7 years, p=0.036) and had a higher diastolic
blood pressure (p=0.011). As expected, clinical parameters that associate with
fatty liver, such as plasma levels of TG and the liver enzymes gamma-GT, ASAT and
ALAT were all significantly higher in subjects with a high (> 5.6%) liver fat content
compared to the subjects with normal liver fat content (p<0.05). However, despite
these clinical differences, liver fat content responded similarly in subjects with low
and high liver fat content and hence all subjects are treated as one group in the
data presented below.
Table 1 Subjects’ characteristics
Mean ± SE

Liver fat < 5.6%

Liver fat > 5.6%

All subjects (pooled)

Age, yr

58.2 ± 7.7

51.7 ± 5.4*

54.8 ± 7.2

Height, m

1.79 ± 0.05

1.79 ± 0.03

1.79 ± 0.04

Weight, kg

92.6 ± 9.1

97.5 ± 8.6

95.2 ± 9.0

2

28.7 ± 1.8

30.4 ± 2.3

29.6 ± 2.2

BMI, kg/m
Fat, %

27.5 ± 6.2

28.5 ± 3.1

27.9 ± 4.9

VO2max/kg, ml × min-1× kg-1

30.3 ± 5.7

29.1 ± 6.1

29.7 ± 5.8

SBP, mmHg

135.7 ± 16.5

144.7 ± 12.6

140.4 ± 15.0

DBP, mmHg

83.3 ± 12.0

95.1 ± 6.7*

89.5 ± 11.1

5.3 ± 0.8

5.6 ± 0.4

5.4 ± 0.6

Glucose, mmol/L
Gamma-GT, U/L

27.6 ± 9.4

55.5 ± 26.2*

42.2 ± 24.2

ASAT, U/L

18.0 ± 4.5

25.9 ± 6.6*

22.1 ± 6.9

ALAT, U/L

25.4 ± 8.8

44.6 ± 11.0*

35.5 ± 13.9

Triglycerides, mmol/L

1.1 ± 0.3

2.0 ± 0.5*

1.5 ± 0.6

Liver fat, %

2.7 ± 1.5

13.1 ± 6.7*

8.1 ± 7.2

Data are means ± SD. BMI Body Mass Index, SBP Systolic Blood Pressure, DBP Diastolic Blood Pressure.
* P < 0.05 compared with subjects having less than 5.6% liver fat.
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Basal IHL
(given as percentage (w/w)
of fat relative to wet tissue)

30%
25%
20%
15%
10%
5%
0%

3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Subject (n=18)

Figure 2 Hepatic lipid content at baseline for each individual subject given as percentage (w/w) of fat
relative to wet tissue, n=18.

ENERGY EXPENDITURE AND SUBSTRATE OXIDATION
No significant differences in energy expenditure between the glucose-supplemented
and the fasted state were found at baseline, during exercise or post exercise (see
table 2). During exercise, there was a significant time (p<0.001) and treatment
(p<0.001) effect, without a time*treatment interaction (p<0.132) effect for respiratory
quotient (RQ). RQ was significantly lower at every time point, except for baseline, in
the fasted state compared with the glucose-supplemented state (p<0.01) (see figure
3a), reflecting a lower carbohydrate oxidation in the fasted state compared with
the glucose-supplemented state (p<0.01) and a higher fat oxidation in the fasted
state compared with the glucose-supplemented state (see table 2 for whole body
glucose- and fat oxidation). RQ dropped between t=30 and t=120 min (p<0.001) in
both conditions. In the post-exercise period, a significant treatment effect (p<0.001)
was observed, with RQ remaining significantly lower in the fasted state compared
with the glucose-supplemented state at every time point (p<0.001). Data presented
above is acquired from 17 subjects, data from four subjects had to be excluded
from the analysis due to missing or poor quality of data.
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Table 2 Energy expenditure and fat and carbohydrate oxidation during and after exercise in
glucose-supplemented and fasted state.
Glucose-supplemented

Exercise

Postexercise

CHO
oxidation,
mg/min

Fasted

Time,
min

EE,
kJ/min

Fat
oxidation,
mg/min

EE,
kJ/min

Fat
oxidation,
mg/min

CHO
oxidation,
mg/min

30

36 ± 4

342 ± 108

1442 ± 273

36 ± 5

457 ± 139#

1125 ± 337#

60

37 ± 4

512 ± 133

1077 ± 362

37 ± 5

592 ± 162#

854 ± 396#

90

36 ± 5

534 ± 114

942 ± 326

36 ± 5

646 ± 174#

666 ± 424#

120

35 ± 4

548 ± 135

891 ± 329

36 ± 6

672 ± 164#

600 ± 438#

240

5±1

54 ± 43

231 ± 107

6±1

107 ± 21#

79 ± 45#

#

300

5±1

45 ± 20

238 ± 54

5±1

108 ± 22

72 ± 45#

360

5±1

45 ± 18

240 ± 45

6±1

114 ± 21#

70 ± 45#

Data are means ± SE, n=17. EE energy expenditure, CHO carbohydrate. # P < 0.01 compared with
glucose-supplemented condition.

PLASMA CONCENTRATIONS
There was a significant time (p<0.0001), treatment (p<0.0001) and time*treatment
interaction (p<0.0001) effect for plasma FFA concentrations. Plasma FFA
concentrations increased with time during exercise and recovery from exercise in
the fasted state, with a significant higher plasma FFA concentration at the end of
exercise (t=120) and 4 hours post-exercise (t=360) compared with before exercise
(t=-60) (p<0.0001), whereas plasma FFA concentrations decreased over time in
the glucose-fed state (p=0.002). Furthermore, plasma FFA concentrations were
substantially higher at the end of 2 hours of exercise and 4 hours post-exercise in
the fasted state (p<0.0001) compared with the glucose-fed state (Fig 3b).
Plasma glucose concentrations showed a significant time (p<0.0001), treatment
(p<0.0001) and time*treatment interaction (p<0.0001) effect. Thus, plasma glucose
concentrations increased with time during exercise and recovery from exercise
in the glucose-supplemented state, with a significant higher plasma glucose
concentration at the end of exercise (t=120) and 4 hours post-exercise (t=360)
compared with before exercise (t=-60) (p=0.0001), whereas plasma glucose
concentrations decreased over time in the fasted state (p=0.0001). Moreover,
plasma glucose concentrations were lower at the end of 2 hours of exercise
and 4 hours post-exercise in the state (p<0.0001) compared with the glucosesupplemented state (Fig 3c).
Plasma triglyceride concentrations showed a significant time (p<0.0001) and
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time*treatment interaction (p<0.0001) effect in the fasted condition (Fig 3d).
Plasma triglyceride concentrations decreased with time from baseline (t=-60) to
post-recovery (t=360) in the fasted state, whereas it did not change when glucose
supplementation was given.
a
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b
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Figure 3 (a) Respiratory quotient during and after 2 h of cycling at 50% of maximal power output
(Wmax) (n=17) and plasma concentrations of (b) plasma free fatty acids (FFA), (c) glucose, (d) and
triglycerides (TG), with (dotted line) and without (solid line) glucose supplementation. * P < 0.05
compared with glucose-supplemented condition. # P < 0.05 compared with baseline (t = -60). Data are
means ± SE.

HEPATIC LIPID CONTENT
Hepatic lipid content was investigated, by the means of 1H-MRS, before, within 30
min after cessation of exercise and 4h post-exercise. IHL did not change significantly
with acute exercise neither in the fasted nor in the glucose-supplemented condition,
with IHL after cessation of exercise (t=120) being 8.3 ± 1.9% of the water resonance
in the fasted condition (p=0.154) and 8.4 ± 1.8% in the glucose-supplemented
condition (p=0.181). However, IHL was increased 4h post-exercise in the fasted
condition compared with before exercise (8.3 ± 1.8% of the water resonance before
exercise to 8.7 ± 1.8% of the water resonance 4h post-exercise, (p=0.010)); this
increase in IHL post-exercise was absent in the glucose-supplemented condition
(from 8.3 ± 1.9% to 8.3 ± 1.9% of the water resonance, (p=0.789) (Fig 4a).
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When dividing subjects with low (<5.6%) and high (>5.6%) liver fat content, similar
effects are found, with no significant changes in IHL within 30 min after cessation
of exercise in both conditions and slightly increased 4h post-exercise in the fasted
condition. Furthermore, the increase in IHL 4h post-exercise was similar for both
groups (p=0.630) (see delta increase in figure 4b).

Fasted
1.2

*

Glucose-supplemented

1.0
0.8
0.6
Baseline

30 min post-ex

4h post-ex

delta IHL
(baseline/4h post-ex fasted)

b

IHL (percentage of water resonance
normalized to baseline)

a

0.010
0.008
0.006
0.004
0.002
0.000

Liver fat <5.6%

Liver fat >5.6%

Figure 4 (a) hepatic lipid content within 30 min after cessation of exercise (30 min post-exercise) and
4h post-exercise, (because the subjects had a wide variety of liver fat content data was normalized
to baseline values), n=18, and (b) delta (Δ) IHL between baseline and 4h post-exercise in the fasted
condition in subjects with low (<5.6%) and high (>5.6%) liver fat content * P < 0.05. Data are means ±
SE.

HEPATIC ATP/TOTAL P RATIO
ATP/Total P ratio was not statistically significant different from baseline 4h postexercise in neither the fasted (p=0.086) nor the glucose-supplemented (p=0.582)
condition (Fig 5a). However, although not statistically significant, we observed
a tendency to a decrease in ATP/Total P ratio in the fasted condition. In six out
of eight subjects ATP/Total P ratio decreased with 16.9 ± 3.3% four hours postexercise, whereas we did not observe a decrease in ATP/Total P ratio when glucose
supplementation was given (See individual data in figure 5b and c). No correlation
was found between IHL and hepatic ATP content in this subgroup of eight subjects.
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Figure 5 Hepatic ATP/Total
P ratio (the relative amount
of total phosphorous in the
liver) at baseline and 4h postexercise as (a) group average
and individual data with
(b) and without (c) glucose
supplementation. In the fasted
condition (without glucosesupplementation) it was a trend
to a lower hepatic ATP/Total P
ratio 4h post-exercise compared
with baseline. δP < 0.10.
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DISCUSSION
Recent evidence suggests that prolonged exercise training might have a lowering
effect on IHL [3-6]. Here, we examined the effect of an acute bout of exercise on
the IHL in middle-aged overweight men with a wide range of liver fat content and
we did not observe a decreased IHL in this population. Moreover, in the recovery
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phase after exercise, IHL was increased at 4h post-exercise in the fasted condition;
this increase in IHL was absent when subjects consumed glucose during and after
exercise. During and after exercise, circulatory FFA levels are profoundly increased,
which may deliver FFA to the liver with increased IHL as a consequence. Of note,
glucose supplementation blunts the exercise-induced increase in plasma FFA
levels. Therefore, the results of the present study indicate that in spite of strongly
stimulated whole body fat oxidation during exercise, an acute bout of exercise is not
enough to decrease IHL in this population.
There is an increasing prevalence of obesity worldwide, and obesity is associated
with excessive storage of lipids (triglycerides) not only in adipose tissue, but
also in non-adipose tissues, such as skeletal muscle and liver. Excessive lipid
accumulation in the liver is associated with insulin resistance and type 2 diabetes.
Lifestyle interventions like exercise training revealed that hepatic fat can be lowered
by prolonged exercise training, hence preventing complications associated with
hepatic fat accumulation [3-6], with patients with high liver fat content showing
the greatest reduction following physical activity training. Until now there are no
studies investigating the acute effects of exercise on hepatic fat accumulation in an
overweight middle-aged population at risk of developing fatty liver or with NAFLD
already being present. We show here that an acute bout of exercise did not lead
to a detectable decrease IHL, neither in a fasted nor in a glucose-supplemented
condition. To our knowledge this is the first study to show this in overweight middleaged men, which suggests that the long term effects of physical activity training
cannot simply be explained by an additive effect of acute exercise bouts.

Whereas IHL did not significantly change within 30 min after cessation of exercise,
it was slightly increased 4h post-exercise in the fasted condition. This finding is
consistent with recent reports in young, healthy subjects, in which one exercise
session also lead to an increase in IHL after exercise [13-14]. The authors suggested
that increased FFA availability during exercise [15-16] might be responsible for the
increase in IHL. We therefore also examined if exercise would have similar effects
on IHL when performed with glucose supplementation during and after exercise.
We have previously shown that glucose supplementation during/after exercise
markedly blunts the exercise-induced increase in FFA. Consistently, the increase in
IHL observed 4h post exercise was absent in the glucose-supplemented condition.
Next to reducing FFA levels, glucose supplementation also increases plasma
glucose levels and - although not measured - possibly also insulin levels [20], and
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both glucose and insulin are able to stimulate de novo lipogenesis [21], which is
an important factor in hepatic fat accumulation [22]. However, since enhanced de
novo lipogenesis would result in increased IHL, the absence of an exercise effect
on IHL in the glucose fed condition is most likely due to the reduction in plasma FFA
levels, suggesting that indeed FFA availability during and after exercise may be an
important factor in determining post-exercise IHL content. However, studies directly
measuring FFA fluxes into liver are needed to confirm this hypothesis.
Next to measuring the IHL content, ATP/Total P ratio was determined at baseline
and 4h post-exercise in a subgroup of eight subjects. Although, ATP/Total P ratio
did not significantly change 4h post-exercise in neither the fasted nor the glucosesupplemented condition, ATP/Total P ratio had a tendency to be decreased in six
out of eight subjects 4h post-exercise in the fasted condition. It has been suggested
that hepatic ATP levels are decreased in conditions such as insulin resistance and
type 2 diabetes mellitus [18-23], and that hepatocellular ATP levels are negatively
correlating with liver fat in human subjects, suggesting lipotoxicity. In agreement
with these data the current study reports a trend to decreased ATP levels along with
increased IHL, although no correlation between hepatic lipid content and hepatic
ATP levels was found. Interestingly, a recent study investigating the energy charge
in the liver of mice after one single bout of exercise found a clear increase of AMP
and a strong decrease of ATP in the liver [24], suggesting that the reduction in ATP
levels after exercise is a direct consequence of exercise. In the current study we did
observe a non-significant decrease in ATP/Total P ratio after exercise in the fasted
condition, whereas no decrease in ATP/Total P ratio was observed after exercise in
the glucose-supplemented condition. This suggests that the elevation of IHL upon
exercise instead of exercise per se – may be responsible for the reduced hepatic
energy status of the liver. However, investigation of larger subject groups will have
to determine to what extent the decrease in ATP/Total P ratio is related to increase
in IHL.
In summary, we did not observe a decrease in liver fat after acute exercise in
overweight middle-aged men. Moreover, IHL was increased post-exercise in the
fasted state, an effect that is most likely due to the exercise-induced increase in
plasma FFA levels. These data suggest that acute exercise is not responsible for
the exercise-lowering effects on liver fat, and that a single bout of exercise may not
be able to lower IHL, not even in a population with elevated IHL.
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CHAPTER 4
Differential effects of exercise
on IMCL content in the fasted
and fed state

ABSTRACT
Studies have been inconsistent in showing the effect of exercise on IMCL content.
We here hypothesize that skeletal muscle is taking up FFAs when the availability
is high, thereby facilitating increased storage of muscle fat after exercise. Further,
we hypothesize that when the exercise-induced increase in FFA is blunted (by
consuming glucose drinks), muscle fat content will decrease upon exercise. To
test this hypothesis, we manipulated plasma FFA levels, by means of a fasted vs.
glucose-supplemented exercise and recovery protocol, and monitored skeletal
muscle lipid content. Nine healthy lean young men (age 23.2 ± 2.2 years, BMI 22.7
± 1.8 kg/m²) performed a 2h cycling protocol, once while staying fasted and once
while ingesting glucose. IMCL was measured by Oil-red-O staining at baseline,
directly after exercise and again 4h post-exercise. Plasma FFA concentrations were
substantially higher at the end of 2 hours of exercise and 4 hours post-exercise in
the fasted condition (p<0.001) compared with the glucose-supplemented condition,
reflecting a higher fat oxidation rate (p<0.05) in the fasted condition compared
with the glucose-supplemented condition. In mixed muscle total IMCL content
was higher directly after exercise (p=0.026) and 4h post-exercise (p=0.007) in the
fasted condition compared with the glucose-supplemented condition. An acute
bout of exercise leads to different effects on IMCL depending on whether exercise is
performed in a fasted or in a glucose-supplemented condition. Performing exercise
in a fasted condition leads to an increase in IMCL, probably due to elevated plasma
FFA levels, whereas performing exercise in a glucose-supplemented condition
leads to a decrease in IMCL in exercising muscle. This suggests that the muscle
has capacity to take up and re-esterify FFA and that it takes up FFA when the
availability is high.
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INTRODUCTION
One of the earliest hallmarks of type 2 diabetes is resistance of the peripheral
tissues liver and muscle to the action of insulin, which is generally referred to
as insulin resistance. Development of insulin resistance is strongly promoted by
obesity. In fact obesity is the major risk factor for insulin resistance, and 80% of all
type 2 diabetic patients are overweight or obese. Whereas obesity is by definition
characterized by an excessive accumulation of fat in the body, it is specifically
the accumulation of fat within non-adipose tissue (called steatosis or ectopic fat
accumulation), which is associated with the development of insulin resistance.
Indeed, type 2 diabetic patients and their first-degree relatives are characterized
by excessive accumulation of fat in skeletal muscle [1]. Despite the well-known
detrimental effects of ectopic fat accumulation, it is not completely understood why
fat accumulates in the muscle.
Human studies using 1H-MRS have reported that intramyocellular lipid content
(IntraMyoCellular Lipid, IMCL) is associated with obesity, insulin resistance and
type 2 diabetes [2, 3]. It has been shown that a period of prolonged fasting (60
hours) increased IMCL dramatically [4]. Furthermore, results in skeletal muscle
show that elevation of FFA levels by lipid infusion result in increased lipid content
after 4 hours [5]. Similarly, we showed that skeletal muscle lipid content is increased
in the inactive arm muscle directly after prolonged cycling exercise in the fasted
state, where FFA typically increase to up to 1450 mmol [6]. These results suggest
that high circulatory FFA levels lead to unrestrained uptake of these FA in skeletal
muscle, independent of oxidative needs.
Next to this, intramyocellular lipids are also an important source of energy for the
mitochondria, and can be used during exercise, as we showed previously [7].
However, if exercise reduces IMCL is still under debate, with studies reporting
conflicting results [7-12]. A confounding factor here may be that exercise promotes
adipose tissue lipolysis and hence elevates plasma FFA levels, which could lead
to increased muscle fat accumulation. In that context, we have previously shown
that lipid content in other ectopic stores is increased 4 h post exercise in the fasted
condition, accompanied by increased FFA levels, both in the heart [6] and in
the liver [13]. However, when blunting the exercise-induced increase in lipolysis
by giving glucose supplementation before exercise, during exercise and during
recovery from exercise, liver and cardiac lipid content did not increase. Whether or
61
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not the same holds true for skeletal muscle is presently unknown.
We here hypothesize that skeletal muscle is passively taking up FFAs when the
availability is high, thereby promoting fat storage in muscle post-exercise. Further,
we hypothesize that when this increase in FFA levels is blunted, by consuming
glucose drinks, exercise will result in a decreased muscle lipid content. To test
this hypothesis, we manipulated FFA levels, by means of a fasted vs. glucosesupplemented exercise and recovery protocol, and monitored skeletal muscle lipid
content.

MATERIALS AND METHODS
SUBJECTS
Nine healthy lean young men participated in this study. None of the subjects
participated in competitive sports and subjects with unstable body weight (> 3 kg
change in preceding six months) were excluded from the study. The institutional
medical ethics committee approved the study, and all participants gave their
informed written consent.
Table 1 Subjects’ characteristics
Subjects' characteristics

Mean ± SE

Age, yr

23.2 ± 2.2

Height, m

1.85 ± 0.09

Weight, kg

77.9 ± 9.5

2

22.7 ± 1.8

BMI, kg/m
Fat %

14.4 ± 5.5
-1

-1

VO2max/kg, ml × min × kg

38.5 ± 15.6

Data are means ± SD. BMI Body mass index.

STUDY PROTOCOL
At the beginning of the study, body composition and maximal aerobic capacity were
determined in all subjects. The experimental trial comprised two separate test days
separated by at least one week and performed in random order. Subjects refrained
from physical activity two days prior to the test days. Furthermore, subjects were
62

instructed to consume a standardized meal the evening prior to the test days. On
the test days, subjects reported to the laboratory after an overnight fast no food
consumption after 10 pm the preceding day). A muscle biopsy from the vastus
lateralis muscle was taken and immediately frozen in tissue tek/melting isopentane
and stored at -80 degree for later analysis of intramyocellular lipid content. Thereafter,
a teflon canula was inserted into an antecubital forearm vein for sampling of blood
and subjects rested for 30 minutes. Immediately after drawing the first blood sample,
subjects ingested either 1.4g/kg body weight of glucose (dissolved in water to a
20% solution and flavoured with 1 ml lemon juice) or the same amount of water. After
this, subjects started exercising on a stationary bike at 50 % of their pre-determined
maximal power output (Wmax) (t=0 minute) for two hours. During exercise, blood
samples were drawn and substrate oxidation was measured by indirect calorimetry
(Omnical, Maastricht, The Netherlands) every 30 minutes (at t=30, 60, 90 and 120
minutes) while heart rate was constantly measured. Immediately after cessation of
exercise, a second muscle biopsy was taken. Subsequently, subjects bed-rested
for four hours, followed by a third muscle biopsy four hours post exercise. During
the 4-hour post exercise period, blood samples were drawn and substrate oxidation
was measured for 15 minutes every hour (at t=180, 240, 300 and 360 minutes) in all
subjects. The experimental design is depicted in Fig. 1.

4

Figure 1 The experimental design of
the study. All subjects performed the
protocol twice, one time in the fasted state
consuming water and one time with glucose
supplementation.
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MEASUREMENTS PRIOR TO TEST DAYS
A routine incremental cycling test on a stationary bike was used to determine
maximal exercise capacity as described previously [14] and a hydrostatic
weighing with simultaneous measurement of lung volume was used to determine
body composition. The equation of Siri [15] was used to calculate fat percentage,
fat mass and fat-free mass.
BLOOD SAMPLE ANALYSES
Blood samples were collected in EDTA-containing tubes and immediately spun at
high speed, frozen in liquid nitrogen and stored at -80°C. Plasma free fatty acids,
triglycerides, and glucose were measured with enzymatic assays automated on a
ABX Pentra 400 (Horiba diagnostics, Montpellier, France). Glycerol was measured
with a EnzytecTM glycerol kit, R-Biopharm, Germany.
MUSCLE BIOPSIES AND ANALYSES
Muscle biopsies were taken from the m. vastus lateralis, prior to the clamp under
local anaesthesia (2% lidocaine), according to the Bergstrom technique [16]. In the
muscle tissue obtained, lipid accumulation was assessed histochemically in crosssections using a modified Oil-red-O staining for fluorescence microscopy [17].
STATISTICS
Data are reported as mean ± SE. Statistical analyses were performed using SPSS
version 20.0.0 for Mac OS X (SPSS Inc., NC, USA). A two-way repeated measures
ANOVA was performed to compare the mean differences between conditions
for Intramyocellular lipid content, substrate oxidation and plasma values of FA,
triglycerides, and glucose. Thereafter a pairwise comparison was performed with
a Bonferroni correction for multiple comparisons. Statistical significance was set a
priori at p<0.05.
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RESULTS
ENERGY EXPENDITURE AND SUBSTRATE OXIDATION
Energy expenditure was significantly lower in the fasted state compared with
the glucose-supplemented state during exercise (p=0.014), whereas in the
post-exercise period the energy expenditure was similar between the two states
(p=0.386) (see table 2). During exercise, there was a significant time (p=0.005)
and treatment (p<0.026) effect, without a time*treatment interaction (p<0.099)
effect for respiratory quotient (RQ). RQ was significantly lower from t=60 onwards
in the fasted state compared with the glucose-supplemented state (p<0.05) (see
fig. 2a), reflecting a lower carbohydrate oxidation in the fasted state compared
with the glucose-supplemented state (p<0.05) and a higher fat oxidation in the
fasted state compared with the glucose-supplemented state (p<0.05) (see table 2
for whole body glucose- and fat oxidation). RQ dropped between t=30 and t=120
min (p<0.05) in both conditions. In the post-exercise period, a significant treatment
effect (p=0.002) was observed, with RQ remaining significantly lower in the fasted
state compared with the glucose-supplemented state at all time points (p<0.01). In
the post-exercise period two subjects had to be excluded from the analysis due to
missing data.
Table 2 Energy expenditure and fat and carbohydrate oxidation during and after exercise in
glucose-supplemented and fasted state.
Glucose-supplemented

Exercise

Postexercise

CHO
oxidation,
mg/min

Fasted

Time,
min

EE,
kJ/min

Fat
oxidation,
mg/min

EE,
kJ/min

Fat
oxidation,
mg/min

CHO
oxidation,
mg/min

30

51 ± 3

253 ± 85

2594 ± 292

45 ± 3*

458 ± 123

1703 ± 307*

60

52 ± 3

274 ± 87

2600 ± 291

46 ± 3*

552 ± 127*

1538 ± 299*

90

52 ± 3

325 ± 85

2431 ± 270

46 ± 3*

583 ± 127*

1430 ± 257*

120

51 ± 4

367 ± 83

2079 ± 351

44 ± 3*

655 ± 116*

1161 ± 233*

180

7 ± 0.4

56 ± 15

324 ± 46

7 ± 0.3

154 ± 17*

48 ± 30*

240

7 ± 0.3

53 ± 11

327 ± 35

7 ± 0.4

157 ± 17*

43 ± 35*

300

7 ± 0.4

4 8 ± 15

359 ± 40

7 ± 0.4

146 ± 14*

68 ± 26*

360

7 ± 0.4

44 ± 14

321 ± 49

7 ± 0.5

160 ± 17*

39 ± 23*

Data are means ± SE, n=9 during exercise, n=7 during recovery from exercise. EE energy expenditure;
CHO carbohydrate. * P < 0.05 compared with glucose-supplemented condition.
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a

Fasted

Glucose-supplemented

Respiratory quotient

1.10
1.00
0.90
0.80

δ

* * *

0.70
0.60

0

30

60

90

* * * *

120 180 240 300 360

Exercise

Figure 2 (a) Respiratory quotient
(RQ), (b) Plasma Free Fatty Acids
(FFA) and (c) plasma glucose
before, during and post-exercise
with (dotted line) and without (solid
line) glucose supplementation. *
P < 0.05 compared with glucosesupplemented condition. # P < 0.05
compared with baseline (t = -60).
Data are means ± SE.

Post-exercise

Time (min)
b

#

FFA (µmol/l)

2000

*

#

1500

*

1000
500
0

#
Baseline

Directly post-ex

4h post-ex

c

Glucose (mmol/l)

6.5

#

6.0
5.5
5.0
4.5

*

#

Directly post-ex

4h post-ex

4.0
3.5

Baseline

*

PLASMA CONCENTRATIONS
There was a significant time (p<0.0001), treatment (p<0.0001) and time*treatment
interaction (p<0.0001) effect for plasma FFA concentrations. Plasma FFA
concentrations were substantially higher at the end of 2 hours of exercise and
4 hours post-exercise in the fasted state (p<0.001) compared with the glucose66

supplemented state (Fig. 2b). Moreover, plasma FFA concentrations were increased
at the end of exercise (t=120) and 4h post-exercise (t=360) in the fasted state
compared with baseline (t=-60) (p<0.05), whereas plasma FFA concentrations were
decreased 4h post-exercise (t=360) in the glucose-supplemented state compared
with baseline (p=0.047).
Plasma glucose concentrations showed a significant treatment (p<0.002) and
time*treatment interaction (p<0.021) effect, without any time effect (p<0.971).
Thus, plasma glucose concentrations were lower at the end of 2 hours of exercise
and 4h post-exercise in the fasted state (p<0.05) compared with the glucosesupplemented state (Fig. 2c). Moreover, plasma glucose concentrations were
increased at the end of exercise (t=120) compared with baseline (t=-60) (p=0.029),
whereas plasma glucose concentrations were decreased 4h post-exercise in the
fasted state compared with baseline (p=0.003).
INTRAMYOCELLULAR LIPID CONTENT
Intramyocellular lipid content was investigated with Oil-red-O staining in muscle
tissue from m. vastus lateralis before, directly after exercise and 4h post-exercise in
8 subjects. For total intramyocellular lipid content there was a treatment (p=0.027)
and treatment*time interaction (p=0.024) effect, without a time effect (p=0.416).
Thus, the effect of acute exercise on lipid content was depended on whether
the subjects were fasted or received glucose during and after exercise. In the
fasted condition the IMCL content increased over time whereas in the glucosesupplemented condition the IMCL decreased over time, resulting in a significant
difference in total IMCL content between the two conditions directly after exercise
(p=0.026) and 4h post-exercise (p=0.007) (see Fig. 3).

Total IMCL area fraction (%)

Fasted

Glucose-supplemented

*

4
3
2

δ

*

1
0

Baseline

Directly post-ex

4h post-ex

Figure 3 Total Intramyocellular
lipid content (IMCL) in mixed
muscle before exercise,
directly post-exercise and
4h post-exercise, n=8. * P <
0.05 compared with glucosesupplemented condition. δP <
0.10 compared with glucosesupplemented condition. Data are
means ± SE.
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DISCUSSION
Here, we examined the effect of an acute bout of exercise on the intramyocellular
lipid content in healthy lean young men. The data show that the effect of an acute
bout of exercise on IMCL is depending on whether the subjects were fasted or
received glucose during exercise and during recovery from exercise. In the fasted
condition IMCL is increasing over time, whereas in the glucose-supplemented
condition IMCL is decreasing over time, resulting in a higher IMCL content directly
after exercise and 4h post-exercise in the fasted condition compared with the
glucose-supplemented condition. In the fasted condition, circulatory FFA levels
are profoundly increased during and after exercise (in contrast to the glucosesupplemented condition). The present study indicates that the strong increase in
plasma FFA levels in the fasted condition leads to FFA delivery to skeletal muscle,
and in spite of strongly elevated fat oxidation during prolonged exercise, it still leads
to increased IMCL in the active muscle post-exercise.
The finding that IMCL is increasing in muscle during exercise is surprising and
in contrast to previous findings by us [7] and others [9, 10, 18-20], where it was
reported that IMCL is decreasing during exercise, due to the oxidation of IMCL in
contracting muscle [7]. However, it has been previously shown that FFA can be reesterified also in exercising muscle [21]. When this re-esterification is stronger than
the hydrolysis of triglycerides during exercise it might result in a turnover of IMCL
with a net increase in IMCL content in exercising muscle and explain the findings
in the current study. In support, when the exercise-induced increase in plasma FFA
is blunted by glucose supplementation, we did confirm the previously reported
decrease in IMCL during exercise, further supporting the notion that the elevated
FFA is the underlying reason for net IMCL storage. The discrepancy found between
the current study and previous studies might be explained by difference in duration
and intensity of exercise, but also on diet modifications and therefore plasma FFA
levels during and prior to testing. In our previous study [7] FFA concentrations were
approximately 4-fold lower during exercise than in the fasted condition in the current
study, probably due to the fact that subjects were not fasted at the beginning of the
cycling test and furthermore, glucose-supplementation during exercise that was
given to facilitate completion of a 3-h exercise bout. Similarly lower levels of plasma
FFA (almost 2-fold lower) were found in the studies of Bucher et al. [9] and Egger
et al. [10], where a high-fat diet was given to replete IMCL levels prior to testing.
Additionally, a light meal or a breakfast was given on the day of testing, whereas in
68

the current study subjects were performing exercise after an overnight fast receiving
only water or glucose during exercise. These studies are therefore more similar to
the glucose-supplemented condition in the current study, where it is also found
that IMCL is decreasing during exercise. Thus, elevated plasma FFA levels during
exercise in the fasted condition might explain a higher re-esterification of IMCL in
the current study, resulting in an increase in IMCL after exercise. Furthermore, it is
suggested that pre-exercise IMCL levels determine the degree of IMCL depletion
after exercise [12, 22], thus giving a high-fat diet to replete IMCL levels prior to
testing might lead to a higher decrease of IMCL during exercise. In contrast to
these studies, in the study of Johnson et al. [19] and Krssak et al. [20], where
highly trained men were tested, plasma FFA levels were comparable to plasma
concentrations in the current study, but did not seem to affect the decrease in IMCL
during exercise. The reason for this discrepancy is unknown, although it could be
that the effects of exercise on IMCL metabolism may be different between trained
and untrained subjects.
Interestingly, in agreement with the current study we have previously shown that lipid
content is increased both in the heart [6] and in the liver (chapter 3 in this thesis) [13]
4h post-exercise in the fasted condition, accompanied with increased FFA levels.
Consistent with the current data set, when given glucose supplementation before,
during exercise and during recovery from exercise, the increase in ectopic lipid

content in heart and liver was not observed. These results suggest that, elevation
of FFA in a physiological manner during exercise and recovery from exercise, leads
to accumulation of ectopic lipid stores in organs like the heart, liver and muscle,
together contributing to the clearance of FFA from the plasma.
In summary, an acute bout of exercise leads to different effects on IMCL depending
on whether exercise is performed in a fasted or in a glucose-supplemented
condition. Performing exercise in a fasted condition leads to an increase in IMCL,
probably due to elevated plasma FFA levels, whereas performing exercise in a
glucose-supplemented condition leads to a decrease in IMCL in working muscle.
This suggests that the working muscle has capacity to take up and re-esterify FFA
and that it takes up FFA unrestricted when the availability is high.
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CHAPTER 5
Treatment with Acipimox fails to
improve insulin sensitivity and
may impair cardiac function in
non-insulin dependent type 2
diabetes mellitus

ABSTRACT
We tested the hypothesis that treatment with the nicotinic acid derivative Acipimox
results in a persistent reduction in free fatty acid (FFA) concentrations, which would
improve cardiac function and insulin sensitivity via a reduction in myocardial and
skeletal muscle fat accumulation. In a multi-center randomized cross-over trial,
21 patients with type 2 diabetes (age 57.7 ± 1.1 years, body mass index, BMI,
33.4 ± 0.8 kg/m2) were included. Patients received daily 3 times either 250mg
placebo or Acipimox, each for 2 weeks. We also included 10 age- and BMImatched non-diabetic subjects (56.0 ± 2.7 years, 31.4 ± 0.8 kg/m2) who did not

receive treatment, as a reference group. Insulin sensitivity was measured with a
hyperinsulinemic-euglycemic clamp and a muscle biopsy was taken to assess
ex vivo muscle mitochondrial function and lipid accumulation. In a subgroup of
participants magnetic resonance spectroscopy was used to measure cardiac lipid
content (n=10) and cardiac energy status (n=10), whereas liver fat content and
in vivo mitochondrial function was measured in all subjects. Cardiac function was
measured with echocardiography (n=10). Unexpectedly, after 2-weeks of Acipimox
treatment, plasma FFA almost doubled (759 ± 44 vs. 1135 ± 97 µmol/L, p<0.01
for placebo vs. Acipimox). This was paralleled by an increase in skeletal muscle
lipid content and a decrease in in vivo mitochondrial function and insulin sensitivity.
Hepatic lipid content remained unchanged, whereas ex vivo mitochondrial function
tended to increase. Surprisingly, despite unaltered cardiac lipid content and energy
status, cardiac function tended to decrease (Ejection Fraction (EF) 59.9 ± 2.7 vs.
56.6 ± 2.0%, p=0.08 for placebo vs. Acipimox). Treating type 2 diabetic patients
with Acipimox leads to a rebound rise in plasma FFA, which further deteriorates
insulin sensitivity and cardiac function. The decrease in insulin sensitivity is
likely to be mediated through enhanced lipid accumulation and impaired in
vivo mitochondrial function in skeletal muscle. However, Acipimox did seem to
upregulate mitochondrial function ex vivo, indicating that in the absence of elevated
plasma FFA concentrations, Acipimox might have a direct positive effect on the
mitochondria. Still, treating hyperlipidemia in insulin resistant patients with nicotinic
acid derivatives should be done with care, and further research is needed to assess
the safety and efficacy of this drug class.
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INTRODUCTION
The risk of cardiovascular diseases is markedly elevated in patients with type
2 diabetes (T2D), leading to an increased morbidity and mortality rate in T2D
patients compared to the general population [1]. Prevention and treatment of the
complications of diabetes mellitus have the potential to improve quality of life and
life expectancy [2,3]. Hence, early diagnosis and treatment of hyperlipidemia
in T2D is important to reduce morbidity and mortality rates in T2D patients. First
choice for treatment of hyperlipidemia in T2D is treatment with statins, as these are
known for their potent effect on lowering of cholesterol concentrations. However,
statins only have a minor effect on triglycerides. Here, nicotinic acid analogues
are far more potent, as these drugs form a class of lipid lowering drugs, which
inhibit adenylyl-cyclase, resulting in lowering of hormone sensitive lipase (HSL) in
adipose tissue [4,5]. Lowering of HSL results in a diminished release of free fatty
acids (FFA) from adipose tissue and increases lipoprotein lipase (LPL) activity in
adipose tissue, thereby increasing the uptake and breakdown of very-low density
lipoproteins (VLDL).
Acipimox is a nicotinic acid analogue frequently used to treat hyperlipidemia [6-8].
Besides its effects on cholesterol and triglycerides, Acipimox has been described
to reduce plasma FFA concentrations by 46-57% [9-11], which may lower ectopic
fat accumulation in T2D [9-11]. Excessive fat accumulation in skeletal muscle, liver
and heart has been linked to the development of T2D and its co-morbidities [12].
A surplus of circulating FFA, as well as increased storage in skeletal muscle, result
in the formation of toxic lipids intermediates known to impede with insulin signaling
[2, 13-15]. Moreover, lipid accumulation in skeletal muscle as well as in liver and
heart has been associated with the development of non-alcoholic fatty liver disease
[16] and the development of diabetic cardiomyopathy [17, 18]. Hence, a better
understanding of the underlying mechanisms leading to diseases associated with
ectopic fat accumulation in T2D is needed. In that context, a role for mitochondrial
oxidative capacity has been suggested. Some studies show that mitochondrial
oxidative capacity is impaired in both patients with type 2 diabetes [19-22] as well
as in pre-type 2 diabetic first-degree relatives [19, 23]. Therefore, it is tempting
to suggest that a reduction in mitochondrial oxidative capacity will contribute to
the ectopic accumulation of insulin signalling-desensitizing lipid intermediates
promoting insulin resistance. Indeed, increased skeletal muscle lipid accumulation
previously has been shown to be associated with a decreased ATP production [23,
75
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24].
However, alternatively it has been suggested that elevated plasma FFA
concentrations may also result in a deterioration of mitochondrial function (for review
see Schrauwen et al. BBA, 201025). This mechanism has not been confirmed yet,
as studies assessing the acute effects of elevated plasma FFA concentrations did
not show any effects on ATP production [26]. Therefore, a prolonged sustained
lowering of circulating FFA concentrations might be beneficial to unravel these
mechanisms. We hypothesized that Acipimox, as a lipid-lowering agent, would
exert a sustained suppression of adipose tissue lipolysis, resulting in a lower
accumulation of ectopic fat, improved mitochondrial function and increased
insulin sensitivity. As a consequence, we predict that this might improve cardiac
function, skeletal muscle mitochondrial function and hepatic steatosis and reduce
co-morbidities of type 2 diabetes. The effects of Acipimox on skeletal muscle lipid
accumulation and insulin sensitivity have been investigated before, though, these
studies investigated only short acute effects (within 1-2 hours) [27, 28]. Here, we
investigate prolonged sustained effects of Acipimox administration. Noteworthy,
studies investigating the prolonged effects of Acipimox [9, 27, 29-31], administered
the last dose shortly before the metabolic measurement of interest, and results
obtained may therefore reflect the acute effect of the last dose. Therefore, in the
present study patients with T2D were administered Acipimox 2-3 times upon each

meal daily, according to international clinical standards. We were interested in the
sustained and not the acute effects of the last dose of Acipimox administration,
and therefore administration of Acipimox directly before the test days was omitted.
Hence, in the present study we aimed to investigate whether the effects of 2 weeks
of chronic reduction of circulating FFA via administration of Acipimox, would lower
ectopic fat accumulation and improve the metabolic profile of T2D.

MATERIALS AND METHODS
STUDY DESIGN
In the present multi-centre, randomised, double-blind, placebo-controlled crossover trial, 21 patients with T2D and 10 control participants were included (10 T2D
patients and 10 control subjects in the Maastricht University Medical Center+ and
11 T2D patients in the German Diabetes Center in Düsseldorf). T2D patients were
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randomly assigned to either placebo or Acipimox (250 mg 3dd) treatment for 2
weeks. During these 2 weeks of intervention, diabetic patients were asked to stop
their oral glucose lowering medication. Patients were provided with a standardised
meal the day prior to the clamp and were advised to refrain from physical exercise
3 days before and during the entire study. At the end of the 2-weeks Acipimox
or placebo treatment, measurements were performed to assess cardiac and
mitochondrial function, ectopic lipid accumulation and insulin sensitivity. Between
interventions, a 4-week washout period was maintained. A control group with similar
BMI and age served as a reference group, but did not undergo the intervention.
SUBJECTS
Both male and post-menopausal female humans were included (see table 1).
Before inclusion, participants underwent physical examination and anthropometric
measurements and completed a medical history questionnaire, including history
of cardiovascular, renal and pulmonary disease, cancer and duration of diabetes.
Also routine medical laboratory tests including haematology, and a maximal aerobic
capacity test with concurrent ECG were performed as previously described [32].
Body composition was determined using hydrostatic weighing in Maastricht
according to Siri et al. [33]. In Dusseldorf body composition was measured with
a DEXA scan. Control participants had no family history of T2D and had normal
fasting plasma glucose concentrations. T2D patients had well-controlled diabetes
(HbA1C 7.08 ± 0.16%) and were either on monotherapy with metformin, or on
metformin combined with sulfonylurea. Patients were included when diagnosed
with T2D for at least one year. None of the participants included followed a
weight-loss dietary program and had a stable body weight for the last 6 months.
The Maastricht University Medical Ethical Committee (The Netherlands) and the
Medical Association North Rhine in Düsseldorf (Germany), approved the study, and
written informed consent was obtained from all participants prior to screening. The
study was performed according to the principles expressed in the Declaration of
Helsinki.
HYPERINSULINEMIC-EUGLYCEMIC CLAMP
All participants underwent a 2-step 6-h hyperinsulinemic-euglycemic clamp (10
and 40 mU /m2/min) [34]. After an overnight fast, participants received a primed77
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continuous infusion of {6,6-2H2} glucose (0.04 mg/kg/min) to determine rates of
endogenous glucose production (EGP) and whole body glucose disposal rates
(WGD) as previously described [35]. After 180 minutes, low insulin infusion was
started (10 mU /m2/min) with co-infusion of 0.1 µg/kg/min of somatostatin [24] for
3.5 hours until a steady state was reached, after which blood sampling and indirect
calorimetry was performed during 30 minutes. Thereafter, high insulin infusion was
started (40 mU/m2/min) with co-infusion of 0.1 µg/kg/min somatostatin for 1.5 hours,
after which steady state was reached and blood sampling and indirect calorimetry
were repeated.
INDIRECT CALORIMETRY
During the clamp, oxygen consumption and carbon dioxide production were
measured with a daily-calibrated automated respiratory gas analyzer using a
ventilated hood system (Omnical, IDEE, Maastricht, The Netherlands; Vmax Encore
29n, SensorMedix, Cardinal Health Germany, Hoechberg, Germany). Whole body
glucose and fat oxidation rates were calculated using stoichiometric equations
based on measured oxygen consumption and carbon dioxide concentrations [36]
with the assumption that protein oxidation was negligible.
MUSCLE BIOPSY
Muscle biopsies were taken from the m. vastus lateralis, prior to the clamp under
local anesthesia (2% lidocaine), according to the Bergstrom technique [37]. In the
muscle tissue obtained, lipid accumulation was assessed histochemically in crosssections using a modified Oil-red-O staining for fluorescence microscopy [38]. In
addition, ~30 mg of the muscle tissue was used for high-resolution respirometry to
determine ex vivo mitochondrial function.
PERMEABILIZATION OF MUSCLE FIBERS
A small portion of the muscle biopsy sample (~30 mg) was immediately placed in
ice-cold biopsy containing preservation medium (BIOPS; OROBOROS Instruments,
Innsbruck, Austria). Muscle fibres were permeabilized with saponin according to the
technique of Veksler et al. [39]. After completion of the permeabilization protocol,
muscle fibres were transferred into ice-cold mitochondrial respiration buffer
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(MiRO5; OROBOROS Instruments, Innsbruck, Austria). Subsequently, the muscle
fibres were transferred to the oxygraph to perform high-resolution respirometry as
previously described [40], and were corrected for wet weight.
HIGH-RESOLUTION RESPIROMETRY
Mitochondrial function ex vivo was determined by measuring oxygen consumption
polarographically using a two-chamber Oxygraph (OROBOROS Instruments).
Oxygen consumption, or oxygen flux, reflects the first derivative of the oxygen
concentration (nmol/ml) in the respiration chambers, expressed as (pmol/(s*mg)),
corrected for wet weight muscle tissue (2–5 mg). To evaluate mitochondrial oxidative
capacity, different substrate protocols were applied. In every protocol, 4.0 mmol/l
malate was added to obtain state 2 respiration followed by addition of 8.0 mmol/l
glutamate as a substrate for complex I, which was combined with or without 40.0
mmol/l palmitoyl-carnitine. In addition, an excess of 1.6 mmol/l ADP was added
to evaluate state 3 respiration of complex I (state 3 respiration reflects substrate
oxidation coupled to energy production). Then 8.0 mmol/l succinate was added to
obtain state 3 respiration from complex I and II. Finally, titrations (in steps of 0.5 µl
of 1.0 mmol/l) of the chemical uncoupler fluoro-carbonyl cyanide phenylhydrazone
(FCCP) were added to evaluate maximal respiratory capacity, state U.
MEASURES OF MITOCHONDRIAL DENSITY
Mitochondrial DNA (mtDNA) copy number was determined as a marker
for mitochondrial density using quantitative real-time PCR, based on the TaqMan
probe method. mtDNA copy number was calculated from the ratio of NADH
dehydrogenase subunit 1 (ND1) to lipoprotein lipase (LPL) (mtDNA/nuclear DNA),
as described previously [19].
HEPATIC LIPID CONTENT BY 1H-MRS
H-MRS was used to quantify IHL in all subjects on a 3T whole-body scanner
(Achieva, Philips Healthcare, Best, The Netherlands) using a two or five-element coil
as previously described [41] with a repetition time of 4000 ms, echo time of 32.5 ms,
and number of averages of 64. To minimize motion artifacts, participants were asked
to breathe in the rhythm of the measurement and to be at end-expiration during the

1
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acquisition of the spectra. To determine the intensity of the lipid peak, the water
signal was suppressed using frequency-selective pre-pulses. The unsuppressed
water resonance was used as internal reference (number of averages = 64), and
spectra were fitted with AMARES [42] in the jMRUI software [43]. Values are given
as T2-corrected ratios (according to Hamilton et al., 2011 [44]) of the CH2-peak,
relative to the unsuppressed water resonance (as percentage).
CARDIAC LIPID CONTENT BY 1H-MRS
Cardiac lipid content was determined at the Maastricht University Medical center+
(10 diabetic subjects and 10 controls) only, using in vivo 1H-MRS [45]. Respiratory
gating and tracking was performed with a pencil beam navigator placed on the
diaphragm [46]. Chemical shift selective water suppression was performed
to acquire spectra of the lipid metabolites using a series of 32 spectra (NSA=2
each), resulting in a total of 64 acquisitions. To acquire a reference spectrum of
the unsuppressed water peak in the same volume of interest, the acquisition was
repeated, with the water suppression pulse off resonance, using a series of 12
spectra (NSA=2 each), resulting in a total of 24 acquisitions. From 10 diabetic
subjects, 1 had to be excluded from the cardiac lipid content analysis due to poor
quality of spectra.
Post-processing of the spectra was performed with the jMRUI software [47].
Manual phase correction was performed, and subsequently, all spectra with water
suppression and without were averaged, resulting in one water-suppressed lipid
spectrum originating from 128 averages and a non-suppressed spectrum from 24
averages for quantification of water resonance. Myocardial lipid peaks were fitted
in the time domain by using the Advanced magnetic resonance (AMARES) fitting
algorithm [48] within the jMRUI software [43] as reported [46]. Cardiac lipid content
is given as the percentage of the CH2-peak compared to water resonance and
without correction for T1 and T2 relaxation.
CARDIAC ENERGY STATUS BY

P-MRS

31

Cardiac energy status was determined in vivo with 31P-MRS, as reported previously
[49], only in the subjects included at the Maastricht University Medical Center+.
Single voxel cardiac 31P-MRS spectra were obtained from the left ventricle with
subjects in the supine position [50]. A 10-cm coil was fixed on the chest, at the
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position of the myocardium. Manual tuning and matching of the 31P-surface coil was

performed to adjust for different coil loadings. ECG-triggered ISIS (Image-selected
in vivo spectroscopy) was used for localization to the left ventricle (TR=3.6s, n=192).
Spectroscopy and shimming volumes were planned on the transverse and sagittal
scout images to include the entire left ventricle, while avoiding chest wall muscle
and diaphragm muscle. A rest slab was placed over the chest muscle to minimize
contamination from skeletal muscle. From the 10 T2D subjects, 3 subjects had to be
excluded due to a poor quality of the spectra. Likewise, 2 out of 10 controls subjects
had to be excluded as well.
P-MRS was quantified in the time domain with the AMARES algorithm [48] in
jMRUI software. Six Gaussian peaks were fitted using prior knowledge defining
chemical shift. The ATP concentration assessed with 31P-MRS was corrected for the
ATP contribution from blood and T1-corrected [51].
31

PCR-RECOVERY BY

P-MRS

31

PCr-recovery was measured in all participants using 31P-MRS to determine in vivo
mitochondrial function as previously described [22]. The test was performed one
day prior to the clamp test. A knee-extension protocol was performed on a custombuilt magnetic resonance compatible ergometer with a pulley system in a 1.5 and 3T
whole-body MRI scanner (Intera; Philips Medical Systems, Best, the Netherlands).
The knee extension exercise was performed for 5 min with weight corresponding
to 50-60% of the subject’s pre-determined maximal knee-extension capacity. Postexercise PCr kinetics were computed as previously described [22].
PLASMA ASSAYS
Blood collected in tubes containing EDTA was immediately centrifuged and plasma
stored at -80°C until assayed. Plasma free fatty acids (FFAs) and glucose were
measured with enzymatic assays on a Cobas Fara/Mira (FFA: Wako Nefa C test kit;
Wako Chemicals, Neuss, Germany; Glucose: hexokinase method; Roche, Basel,
Switzerland). Insulin concentration was determined using a radioimmunoassay
(Linco Reseach, St. Charles, MO). Cholesterol, LDL and triglycerides were measured
colorimetrically (Roche, Vienna, Austria).
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GAS CHROMATOGRAPHY-MASS SPECTROMETRY
Determination of atom percent enrichement (APE) of 2H was done as previously
described (Stingle krssak, krebs, Diabetologia 2001:44:48-54) after deproteinization.
Briefly, 100 μl KF-EDTA plasma was diluted with an equal amount of water and
deproteinized after adding 300 μl of 0.3 N ZnSO4 solution followed by 300 μl of
0.3 N Ba(0H)2 solution. After vortexing for 20 minutes, samples were centrifugated
(21.000 g, room temperature). Then, 400 μl were evaporated under a stream of
nitrogen 5.0 at 37°C and both endogenous and infused {6,6-2H2} glucose were
dericatized with HOX (100 μl of 2% solution in pyridine, 60 min 90°C, cooling for
5 min) and acetic anhydride (200 μl, 60 min at 90°C, cooling for 5 min) to the
aldonitrile-pentaacetate. The analyses were performed on a Hewlet-Packard 6890
gas chromatograph equipped with a 25-m CPSil5CB capillary column (0.2 mm i.d.,
0.12 μm film thickness; Chrompack/Varian, Middelburg, Netherlands) and interfaced
to a Hewlett Packard 5975 mass selective detector. Selected ion monitoring was
used to determine enrichments of the fragments C3 to C6 with the average mass
units 187 for the endogenous glucose and 189 for the {6,6-2H2} glucose. Intra-and

inter assay CVs were 0.6% and 1.0.
CALCULATIONS

Steele’s single-pool non–steady-state equations were used to calculate WGD and
EGP [52]. Volume of distribution was assumed to be 0.160 l/kg for glucose. Nonoxidative glucose disposal (NOGD) was calculated as WGD minus carbohydrate
oxidation.
STATISTICS
Data are reported as means ± SE. Statistical analyses were performed using
SPSS version 16.0.2 for Mac OS X (SPSS Inc., NC, USA). Differences between
the interventions were analyzed with a 2-tailed, paired student t-test. Differences
between T2D patients and obese control subjects were tested with a 2-tailed,
unpaired student t-test. Statistical significance was set a priori at p<0.05.
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Table 1 Subjects’ characteristics
Controls

Mean ± SD

Type 2 diabetics

n=9/1

male/female
Age, yr

n=18/3

56.0 ± 2.7

57.7 ± 1.1*

Weight, kg

96.0 ± 4.4

2

31.4 ± 0.8

33.4 ± 0.8*

35.3 ± 2.4

35.1 ± 1.2

BMI, kg/m

Fat mass, %
-1

-1

VO2max/kg, ml × min × kg

Significance

100.5 ± 2.9

27.1 ± 1.5

24.0 ± 1.2

Systolic blood pressure, mmHg

144.6 ± 3.9

148.9 ± 2.6

Diastolic blood pressure, mmHg

92.8 ± 1.9

92.8 ± 1.9

Fasting plasma glucose, mmol/L

5.5 ± 0.1

7.4 ± 0.2

**
**

HbA1c, %

5.6 ± 0.1

7.1 ± 0.2

ASAT, U/L

20.1 ± 1.4

23.7 ± 1.7

ALAT, U/L

31.3 ± 3.5

35.9 ± 3.2

Gamma-GT, U/L

28.1 ± 3.3

41.6 ± 3.5

Total cholesterol, mmol/L

5.3 ± 0.4

8.4 ± 3.5

HDL, mmol/L

1.6 ± 0.5

1.2 ± 0.1

LDL, mmol/L

3.3 ± 0.3

2.6 ± 0.2

Triglycerides, mmol/L

1.1 ± 0.1

2.0 ± 0.2

773 ± 184

672 ± 70

FFA, µmol/L

*

5

*

Significance between the groups are indicated by * for p < 0.05 and ** for p < 0.01

Acipimox
1400
FFA (µmol/l)

1200
1000

*

Placebo

*

*

800
600

↑

400

⇑

200
0

0

180
420
Time point during clamp (min)

*
540

Figure 1 Plasma FFA concentrations in T2D subjects during the clamp. Acipimox treatment resulted in
elevated plasma FFA concentrations, and remained significantly elevated throughout the clamp. Indicated with the first solid arrow is the start of 10mU/m2/min infusion of insulin, and indicated with the double
lined arrow is the start of 40mU/m2/min infusion of insulin. Significant differences p<0.05 are indicated
by *.
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RESULTS
BASIC CHARACTERISTICS
An overview of the patient characteristics is given in table 1. Control subjects and
T2D patients had similar weight, BMI, fat percentage and VO2max. By design,
plasma glucose was elevated in T2D patients (5.5 ± 0.1 vs. 7.4 ± 0.2 mmol/L,
p<0.01, for controls and T2D patients). g-GT was elevated in the T2D patients
compared to controls (28.1 ± 3.3 vs. 41.6 ± 3.5 U/L, p<0.05, for controls and T2D
patients), though the other liver enzymes were similar and within normal range.
Baseline cholesterol and plasma FFA were similar between groups, but plasma
triglycerides were elevated in the T2D patients (1.12 ± 0.14 vs. 1.98 ± 0.21 mmol/L,
p<0.05, for controls and T2D patients).
EFFECT OF ACIPIMOX ON PLASMA METABOLITE CONCENTRATIONS
In contrast to our expectations, we observed that plasma FFA increased rather
than decreased upon Acipimox treatment. Fasting plasma FFA concentrations
increased from 0.77 ± 0.05 mmol/L in placebo condition, to 1.13 ± 0.10 mmol/L in
Acipimox treated condition (p<0.01, see figure 1a). This observation of elevated FFA
concentrations under basic conditions was also observed during the clamp; FFA
concentrations remained significantly elevated throughout the insulin-stimulated
period of the clamp (figure 1). While plasma FFA were elevated, cholesterol and
triglyceride concentrations tended to decrease upon Acipimox treatment, indicating
that administration of Acipimox was effective in our patients (Total cholesterol; 5.63
± 0.28 vs. 5.05 ± 0.28 mmol/L, p=0.08, and TG; 2.60 ± 0.41 vs. 1.68 ± 0.27 mmol/L,
p=0.08, for placebo vs. Acipimox).
Acipimox did not affect plasma glucose concentrations (9.0 ± 0.8 vs. 9.2 ± 0.5
mmol/L, p=0.90, for placebo vs. Acipimox). Fasting plasma insulin concentrations
increased upon Acipimox treatment (21.4 ± 2.5 vs. 26.9 ± 3.3, p<0.05, for placebo
vs. Acipimox).
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Table 2 Results of the hyperinsulinemic-euglycemic clamp
Measurement
Glucose (mmol/l)

NEFA (µmol/l)

Insulin (mU/L)

EE (kJ/min)

RQ

Glucose oxidation (µmol/kg/min)

Lipid oxidation (µmol/kg/min)

EGP (µmol/kg/min)

Condition

NOGD (µmol/kg/min)

Type 2 diabetics Significance

6.3 ± 0.4

9.1 ± 0.8

10mU Insulin

5.6 ± 0.1

6.5 ± 0.3

40mU Insulin

5.5 ± 0.1

5.3 ± 0.1

Basal

692 ± 51

759 ± 44

10mU Insulin

278 ± 35

401 ± 44

40mU Insulin

133 ± 19

179 ± 20

Basal

22.1 ± 4.5

21.4 ± 2.5

10mU Insulin

28.0 ± 1.2

27.1 ± 1.7

40mU Insulin

111.0 ± 5.3

120.6 ± 16.7

*

Basal

1.73 ± 0.11

2.05 ± 0.06

10mU Insulin

1.77 ± 0.13

1.97 ± 0.06

40mU Insulin

1.84 ± 0.09

1.99 ± 0.07

Basal

0.81 ± 0.02

0.78 ± 0.01

10mU Insulin

0.85 ± 0.02

0.82 ± 0.01

Delta Basal-10mU

0.03 ± 0.00

0.04 ± 0.00

40mU Insulin

0.91 ± 0.04

0.85 ± 0.02

#

Delta Basal-40mU

0.10 ± 0.02

0.07 ± 0.01

*

Basal

6.7 ± 1.2

5.0 ± 0.5

10mU Insulin

8.7 ± 2.0

7.3 ± 0.7

40mU Insulin

9.9 ± 2.2

9.7 ± 1.4

Basal

2.7 ± 0.4

3.5 ± 0.2

#

10mU Insulin

2.0 ± 0.2

2.6 ± 0.2

#

40mU Insulin

1.2 ± 0.4

2.1 ± 0.2

#

*

5

Basal

6.08 ± 0.75

9.78 ± 0.90

*

10mU Insulin

2.7 ± 0.9

4.9 ± 0.7

#

% supp B-10mU

−59.8 ± 12.4

40mU Insulin

1.1 ± 1.6

% supp Bl-40mU
WGD (µmol/kg/min)

Controls

Basal

−103 ± 22

−44.9 ± 9.9
1.7 ± 0.8
−80.4 ± 13.1

Basal

6.5 ± 0.8

10.2 ± 0.9

10mU Insulin

11.1 ± 1.4

7.6 ± 0.7

*
*

Stim B-10mU

4.6 ± 1.7

−2.6 ± 1.1

*

40mU Insulin

31.9 ± 5.0

20.0 ± 2.6

*

Stim B-40mU

25.4 ± 5.1

9.7 ± 2.7

*

Basal

0.1 ± 0.8

4.8 ± 1.0

*

10mU Insulin

2.6 ± 1.5

0.1 ± 0.7

*

% stim B-10mU

2.5 ± 0.6

−4.7 ± 1.2

*

40mU Insulin

14.3 ± 3.5

9.9 ± 2.6

Stim B-40mU

14.2 ± 2.6

5.1 ± 3.0

*

# = p<0.10 between type 2 diabetics and controls, * = p<0.05 between type 2 diabetics and controls
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Figure 2 (a) whole body glucose disposal rates (WGD) for placebo versus Acipimox treatment in T2D
patients. In black oxidative and in white non-oxidative glucose disposal (NOGD) rates. (b) Endogenous
glucose production for both placebo and acipimox treated T2D patients. Significant differences p<0.05
are indicated by *.

INSULIN SENSITIVITY
By design, T2D patients were insulin resistant. Both whole body glucose disposal
(WGD) and non-oxidative glucose disposal (NOGD) were higher in T2D and
suppression of endogenous glucose production (EGP) was significantly lower in
T2D patients compared to controls (see table 2). Furthermore, T2D patients were
metabolically less flexible, as the change in RQ upon insulin stimulation was
significantly lower (see table 2).
Upon Acipimox treatment, non-insulin stimulated and at low insulin concentrations,
there were no significant differences in insulin sensitivity and metabolic flexibility
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Figure 3 Lipid content measured in T2D
patients after either placebo or acipimox
treatment. (a) Lipid content of skeletal
muscle, as measured by ORO staining in
m. vastus lateralis. (b) lipid content of liver,
as measured by 1H-MRS. (c) lipid content
of heart as measured in 10 subjects with
1
H-MRS. Significant differences p<0.05 are
indicated by *.
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between the Acipimox and placebo treated condition in the T2D patients. However,
at high insulin concentrations (40mU/m2/min) WGD and NOGD were lower in the

Acipimox treated condition compared to placebo (WGD 20.0 ± 2.6 vs. 13.5 ± 2.1,
p=0.03, NOGD 9.9 ± 2.6 vs. 2.5 ± 3.1 µmol/kg/min, p=0.02, for placebo vs. Acipimox,
see figure 2a). Also EGP was less suppressed by insulin upon Acipimox treatment
(EGP 1.7 ± 0.8 vs. 3.4 ± 0.5 µmol/kg/min, p=0.05, for placebo vs. Acipimox, see
figure 2b). Neither RQ, nor glucose and fat oxidation rates were different upon
Acipimox treatment.
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ECTOPIC LIPID CONTENT
T2D patients had higher hepatic lipid content compared to control subjects (3.12 ±
0.01% vs. 8.40 ± 0.01%, p=0.03, in controls vs. T2D patients). Two out of 10 control
subjects and 13 out of 21 T2D subjects had a fatty liver. There was no difference in
cardiac lipid content between T2D patients and controls (data not shown).
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Figure 4 Cardiac function and cardiac
energy status measured in 10 T2D
subjects. (a) Systolic function expressed by Ejection fraction measured
by Ultrasound (b) diastolic function
expressed by E/A ratios as measured
by Ultrasound (c) cardiac energy status
expressed as PCr/ATP ratio, as measured by 31P-MRS. p<0.10 is indicated
by #.

Upon Acipimox treatment, skeletal muscle lipid content significantly increased from
2.8 ± 0.5% to 3.8 ± 0.8% of total fibre area, p<0.05 (figure 3a). However, Acipimox
treatment did not alter hepatic lipid accumulation (8.40 ± 0.01%, vs. 8.77 ± 0.01%,
p=0.42, in placebo vs. Acipimox, figure 3b). In a subgroup of the T2DM patients
(n=10), also cardiac lipid content was measured. Here, Acipimox did not have
an effect on cardiac lipid accumulation (0.62 ± 0.07 vs. 0.73 ± 0.12% CH2/water
resonance, p=0.38, for placebo vs. Acipimox, figure 3c).
CARDIAC FUNCTION AND ENERGY STATUS
Ejection fraction (EF), Early filling over Atrial filling phase (E/A) ratio and cardiac
energy status were not different between T2D subjects and controls. These data
indicate that T2D patients in this study had normal cardiac function. Surprisingly,
upon Acipimox treatment both systolic and diastolic function tended to decrease in
our T2D subjects (EF 59.9 ± 2.7 vs. 56.5 ± 2.0%, p=0.08 and E/A 1.08 ± 0.12 vs.
0.94 ± 0.07, p=0.08 for placebo vs. Acipimox, figure 4a and b). However, Acipimox
treatment did not affect cardiac energy status (2.20±0.18 vs. 2.50±0.27, p=0.52, in
placebo vs. Acipimox, figure 4c).
MITOCHONDRIAL CAPACITY
All data for PCr-recovery were measured at similar depletion and post-exercise pH
levels. T2D patients (n=21) tended to have a longer PCr-recovery half-time than
controls, indicating reduced in vivo mitochondrial capacity (PCr-t1/2: 22.2 ± 1.8
sec vs. 27.4 ± 2.6 sec, p=0.08), Upon Acipimox treatment, PCr-recovery half-time
increased, suggesting a reduction in in vivo mitochondrial capacity (27.4 ± 2.6 sec
vs. 30.2 ± 2.6 sec in placebo vs. Acipimox, p=0.008, figure 5a).
Mitochondrial density as determined by mtDNA copy number, was lower in T2D
patients compared to obese control subjects (3555 ± 435 AU vs. 2305 ± 218 AU,
p=0.001). However, mtDNA copy number was unaffected by Acipimox treatment
(2305 ± 218 AU vs. 2353 ± 202 AU, p=0.84, in placebo vs. Acipimox).
Ex vivo mitochondrial function measured as respiration in permeabilized muscle
fibers was lower in T2D patients, compared to controls (data not shown). After
correction of the mitochondrial respiration for mtDNA content, all differences
between T2D patients and controls disappeared (data not shown). In contrast to in
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Figure 5 (a) in vivo mitochodondrial function as PCr-recovery rate, (b) ex vivo mitochondrial function
was measured in permeabilized fibers, upon addition of complex I and II substrates uncorrected for
mtDNA, in (c) the same measurement is repeated, only after adding octanoyl-carnitine as a substrate
uncorrected for mtDNA, M=malate, G=glutamate, S=succinate, O=octanoyl-carnitin, 3=state 3 after
addition of ADP, cytC= cytochrome C FCCP=maximal respiration upon chemical uncoupling with FCCP.
Significant differences with p<0.05 are indicated by *.

vivo findings, ex vivo respiration of mitochondria increased upon Acipimox treatment
both for state 3 and for maximal uncoupled respiration on malate/succinate (see
figure 5B). Upon addition of octanoyl-carnitine only maximal uncoupled respiration
was significantly higher in the Acipimox treated condition (see figure 5C). As mtDNA
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content was not different between the interventions, after correction of mitochondrial
respiration for mtDNA content a similar trend with an increased mitochondrial
respiration upon Acipimox treatment was observed (data not shown).

DISCUSSION
The standard clinical dosage of Acipimox only gradually lowered plasma cholesterol
and triglyceride concentrations and caused a rebound effect in fasting plasma
FFA concentrations, rising up to 2-fold, after 2 weeks of treatment. This elevation
of plasma FFA concentration was paralleled by reduced insulin sensitivity, an
increase in skeletal muscle lipid accumulation and decreased in vivo, but not ex
vivo mitochondrial function. Furthermore, the elevation of plasma FFA concentration
by Acipimox tended to decrease cardiac function in T2D patients.
The observation of elevated FFA levels and impaired insulin action is in contrast
to some other studies that did show a long-term reduction of plasma FFA
concentrations by Acipimox [9, 29, 53]. There are 2 major differences between
these studies and our study. First, we administered Acipimox 3 times a day, after
every meal, according to clinical and medicinal guidelines, whereas other studies
used a 4 times daily dosing. Second, in all the previous studies, the last dose of
Acipimox was given on the test-day directly prior to blood sampling and analysis.
Of note, Acipimox treatment can lead to a rebound effect with plasma FFA rising in
the morning, even with a 4 times daily dosage [54]. Saloranta et al. [54, 55] showed
that the administration of Acipimox resulted in a sustained daytime rise in plasma
FFA, and did not change plasma FFA concentrations over a 24 hour period. It was
suggested that this compensatory free fatty acid rise may be necessary to maintain
energy production. This notion is of interest, as it is known that mainly nocturnal
concentrations of plasma fatty acids are elevated in T2D individuals [56], with insulin
resistance being more pronounced in the morning than in the afternoon [57, 58].
Hence, the increase in plasma FFA concentrations upon Acipimox administration
is most likely a reflection of a noctural rebound effect, which in our study became
apparent due to lack of Acipimox administration in the morning of the experimental
test days. Thus, it is likely that previous reports on the effect of Acipimox on plasma
FFA concentrations and insulin sensitivity actually reflect the remnant effect of the
last dose of Acipimox taken, rather than being a reflection of prolonged Acipimox
treatment.
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In addition to the absence of a FFA-lowering effect of Acipimox, our study revealed
some other interesting findings. The Acipimox-induced elevation of plasma FFA
induced lipid accumulation and insulin resistance, and tended to compromise
cardiac function in patients with type 2 diabetes. However, cardiac lipid content
was not increased, suggesting that plasma FFA concentrations may have a
direct, detrimental effect on cardiac function, which is independent of cardiac
fat accumulation. Consistently in the study of Letho et al. [30], changes in lipid
supply rather than in lipid accumulation seemed to determine cardiac function and
workload. These data suggest that the heart is more susceptible for changes in
substrate supply rather than changes in cardiac lipid content itself. Furthermore,
our data suggest that one should be cautious when treating hyperlipidemia with
Acipimox in T2D patients. Future studies should be performed to assess safety and
efficacy of Acipimox treatment in T2D patients.
The rebound rise in plasma FFA also provided a model to study the effects of elevated
plasma FFA on cardiac, liver and skeletal muscle lipid accumulation and function,
without directly altering energy balance, which is the case in lipid infusion or highfat diet models used to examine the effect of FFA elevation on insulin sensitivity and
related parameters. It is thus of interest to note that, in accordance with the lipid
infusion paradigms, Acipimox-induced elevation of plasma FFA concentrations also
resulted in accumulation of fat in skeletal muscle and insulin resistance. However,

in our study, elevated plasma FFA concentrations did not increase liver fat content
but did impair hepatic insulin sensitivity. Consistently, a study with Acipimox that
resulted in reducing plasma fatty acids found unchanged hepatic fat content,
whilst hepatic glucose output was improved [31]. These data together suggest
that circulating fatty acids may play a dominant role in regulating hepatic insulin
sensitivity independent of hepatic fat content.
We, and others, have previously shown that acute elevation of plasma FFA may
decrease mitochondrial biogenesis and function [24, 26, 59-61]. Rather interestingly,
we observed that elevated plasma FFA concentrations decreased in vivo
mitochondrial function, but increased ex vivo mitochondrial function. The reduction
in in vivo mitochondrial function is consistent with previous findings that elevation
of FFA concentrations can reduce mitochondrial metabolism [59-62]. However, it
should be noted that in vivo mitochondrial function - as determined by PCr recovery
halftime - is determined not only by intrinsic mitochondrial function, but also by
mitochondrial density and perfusion. Therefore, ex vivo mitochondrial function is
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a more direct measure of skeletal muscle mitochondrial oxidative capacity. As we
previously showed that high FFA concentrations - induced by prolonged fasting resulted in reduction (rather than an improvement) in mitochondrial function [61],
the present results are surprising. Most likely, these findings can be explained by
a direct effect of Acipimox on skeletal muscle mitochondrial function. Acipimox
is a nicotinic acid analogue, and may thereby increase intracellular NAD+
concentrations in skeletal muscle. Recent reports show that stimulation of the NAD+
biosynthesis pathway, for example by nicotinamide riboside, has beneficial effects
on mitochondrial function [63]. Thus, although Acipimox did not have beneficial
effects on in vivo mitochondrial function, probably due to negative effects of high
FFA concentrations on muscle perfusion or substrate delivery, our results suggest
that other compounds that may stimulate NAD+ metabolism without increasing
plasma FFA concentrations may be very interesting targets for the treatment of
mitochondrial dysfunction that is associated with type 2 diabetes.
In conclusion, a two-week intervention with clinical dosages of Acipimox led
to a rebound rise in plasma FFA, which negatively impacts insulin sensitivity
and cardiac function. The decrease in insulin sensitivity was probably mediated
through an increase in skeletal muscle lipid accumulation and a decreased in vivo
mitochondrial function. Future research is needed to investigate the safety and
efficacy of Acipimox treatment for hyperlipidemia in T2D patients.
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CHAPTER 6
The effect of one-legged
lowered physical activity on
insulin sensitivity and lipid and
glucose metabolism

ABSTRACT
Physical inactivity and associated decline in mitochondrial function, increased
myocellular fat deposition and reduced insulin sensitivity are common denominators
in chronic metabolic disorders like obesity and T2DM. Here we examined the direct
effect of inactivity-induced declined mitochondrial function on muscle fat content
and insulin sensitivity. Ten male subjects (age 22.4 ± 4.2 years, BMI 21.3 ± 2.0
kg/m2) underwent a 12 days unilateral lower limb suspension to investigate the
effect of one-legged physical inactivity on skeletal muscle mitochondrial function
(31P-NMRS), lipid and glucose metabolism (ex vivo 14C lipid and glucose oxidation),

intramyocellular lipid content (IMCL by 1H-NMRS and histology) and insulin
sensitivity (markers of insulin signalling upon an acute intravenous insulin bolus).
The contralateral leg served as an active internal control. In vivo mitochondrial
function was lower upon inactivity, as revealed by a significantly longer PCrrecovery half-time compared to the active leg (PCr-t1/2: 21.4 ± 2.3 sec vs. 16.7
± 1.8 sec, p=0.02). In skeletal muscle biopsies, palmitate oxidation to 14CO2 was
significantly lower in the immobilized leg compared to the active leg (0.14 ± 0.03
nmol/mg vs. 0.18 ± 0.03 nmol/mg, p=0.013) accompanied by a higher 14C-palmitate
incorporation into TAG in the immobilized leg (ex vivo assays, 0.019 ± 0.005 nmol/
mg vs. 0.010 ± 0.002 nmol/mg), p=0.075). Further, IMCL in both m. tibialis anterior
(0.312 ± 0.045% vs 0.239 ± 0.041, p=0.003) and in m. vastus lateralis (2.09 ±
0.47 % lipid fraction vs 0.91 ± 0.27% lipid fraction, p=0.008) was higher in the
immobilized leg compared with the active leg. Finally, blunting of insulin action
upon lipid infusion was more pronounced in the immobilized leg compared with
the active leg, suggesting compromised insulin sensitivity upon inactivity (p<0.05).
Inactivity blunts in vivo mitochondrial function and reduces fat oxidative capacity
while promoting incorporation of fat into intramyocellular triacylglycerol stores ex
vivo. Accordingly, IMCL content in the inactive leg was higher and blunting of insulin
signalling upon lipid infusion more pronounced than in the active leg. Thus, we
demonstrate that a physical inactivity-mediated decline in mitochondrial function
directly impacts insulin sensitivity under high lipid conditions.
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INTRODUCTION
Physical inactivity is a major determinant of the current epidemic of chronic metabolic
disorders like obesity and type 2 diabetes mellitus (T2DM) [1, 2]. The imbalance
between substrate uptake and oxidation in obesity possess to accumulation of
excessive fat in non-adipose tissues such as liver, heart and skeletal muscle (ectopic
fat accumulation). Ectopic fat accumulation in skeletal muscle of sedentary humans
is strongly associated with insulin resistance [3]. Likewise, type 2 diabetic patients
[4] as well as their first-degree relatives [5, 6] are characterized by excessive
accumulation of fat in skeletal muscle and insulin resistance.
Endurance training is a powerful way to prevent and treat type 2 diabetes. However,
intramyocellular lipid (IMCL) content is also increased in highly insulin sensitive
endurance trained subjects (known as the athlete’s paradox) [4, 7], suggesting
that IMCL per se is not causative in skeletal muscle insulin resistance. In fact, the
increased IMCL storage following endurance training serves to match the traininginduced increase in oxidative capacity and reliance on fat as a substrate during
exercise [7]. In obesogenic/diabetogenic conditions, however, the ectopic fat
accumulation is not paralleled by compromised rather than improved mitochondrial
function. These findings indicate that the dysbalance between skeletal muscle
fat accumulation and mitochondrial oxidative capacity, rather than the IMCL
content per se determines the development of insulin resistance. Likewise, we
have recently shown that a high-oxidative capacity (partly) protects against the
development of lipid-induced insulin resistance [8]. From a prevention perspective,
it is, however, also of relevance to examine if physical inactivity and associated
decline in mitochondrial function renders people sensitive to the development of
human skeletal muscle insulin resistance.
To examine this is not trivial in humans. Exercise training as well as physical
inactivity (bed rest) studies have shown that multiple systemic effects contribute
to the effect of the (in)activity on outcome parameters related to insulin sensitivity,
hence results remain associative. In the current study, we therefore used a model
in which muscle mitochondrial function was manipulated in only one leg, leaving the
other leg unaffected, thus allowing the comparison – within one individual – of the
local effect of altered mitochondrial function on muscle lipid metabolism and insulin
sensitivity. We achieved this by using the model of unilateral lower limb suspension
(ULLS), mimicking inactivity in one leg of a subject, while using the other leg of
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the same individual as an active control. The model of ULLS, originally described
by Berg et al. [9] induces deconditioning of the muscle [9, 10] and markers of
compromised mitochondrial function as a consequence of ULLS have previously
been described [11, 12].
Here we used unilateral limb suspension to determine the relationship between
mitochondrial function, IMCL content and insulin sensitivity. We hypothesized that
introducing physical inactivity unilaterally would result in compromised mitochondrial
function, increased intramyocellular lipid content and augmentation of lipid-induced
insulin resistance.

MATERIALS AND METHODS
SUBJECTS
Ten healthy lean young men participated in this study. Subjects’ characteristics are
shown in Table 1. None of the subjects participated in competitive sports. Subjects
with unstable body weight (> 3 kg change in preceding six months) were excluded.
The institutional medical ethics committee approved the study, and all participants
gave their informed written consent.

Table 1 Subjects’ characteristics
Subjects' characteristics

Mean ± SE

Age, yr

22.4 ± 4.2
2

BMI, kg/m

21.3 ± 2.0

Fat %

14.6 ± 3.9

Systolic blood pressure, mmHg

115 ± 12

Diastolic blood pressure, mmHg

74 ± 11

Plasma glucose, mmol/L

4.9 ± 0.3

Plasma triglyceride, mmol/L

1.0 ± 0.4

Plasma free fatty acids, mmol/L

0.4 ± 0.2

-1

-1

VO2max/kg, ml × min × kg

48 ± 10

Data are means ± SD. BMI Body mass index.
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Figure 2 Unilateral lower limb
suspension set up.

STUDY DESIGN
We examined the effects of one-legged lowered physical activity on skeletal muscle
mitochondrial function, ex vivo glucose and lipid metabolism, lipid content and
insulin signalling. Volunteers were subjected to 12 days of unilateral lower limb
suspension (ULLS) randomized to either their dominant or non-dominant leg. All
outcome measurements were performed in the active and the inactivated leg and
outcome parameters were compared within one individual in a paired design. See
study design in fig. 1.

	
  Figure 1 Study design. ULLS Unilateral lower limb suspension, 1H-MRS proton magnetic resonance
spectroscopy, 31P-MRS phosphorous magnetic resonance spectroscopy.

Within 1 week of the start of the experimental period, a basal blood sample was
obtained after an overnight fast. Furthermore, resting blood pressure, body
composition and maximal aerobic capacity was determined in all subjects. Subjects
were exposed to a lower limb suspension for 12 days as previously described [13].
Leg suspension was randomized to either the dominant or the non-dominant leg.
Suspension was achieved by attachment of a sling to a non-rigid ankle brace and
to a harness on the upper body, thus the suspended leg was unloaded from all
weight bearing (see fig. 2 for illustration). The knee was slightly flexed at an angle of
130°, while the hip and the ankle maintained full mobility. The sling was worn during
all locomotor activity. Subjects were provided with crutches to support daily life
mobility. During the night, the sling was taken off. Also during periods of prolonged
sitting and showering the sling was temporarily removed and subjects were
instructed to minimize activity of the suspended leg during sitting and showering.
To monitor compliance and physical activity level, subjects 1) kept a diary of their
daily activities, 2) wore temperature sensors (ibuttons) and 3) wore leg specific
accelerometers at all day times, except for when showering/bathing.
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After nine days of ULLS, subjects reported to the laboratory after an overnight fast.
Upper leg muscle volume and intramyocellular lipid content in the muscle tibialis
were determined by MRI and 1H-MRS, respectively. Thereafter a basal muscle

biopsy was taken from vastus lateralis muscle of both legs for ex vivo analysis of
lipid metabolism, determination of IMCL and incorporation of 14C labelled palmitate
into DAG and TAG. Subsequently, a five-hour lipid infusion was initiated to elevate
plasma FFA concentrations to levels previously shown to compromise insulin
sensitivity. After 4.5 hour of lipid infusion a short-term hyperinsulinemic euglycemic
clamp was performed with simultaneous infusions of insulin and glucose. A second
muscle biopsy was taken immediately after 30 minutes of insulin infusion for analysis
of insulin action. After these tests, subjects continued the ULLS for another two days
to prevent any carry-over effects of the clamp procedure on subsequent functional
assays. Hence, on day 12 of ULLS in vivo mitochondrial function (PCr recovery),
and isometric leg strength was measured in both legs using 31P MRS and Biodex
respectively.

MEASUREMENTS
MAXIMAL PERFORMANCE AND BODY COMPOSITION
A routine incremental cycling test on a stationary bike to exhaustion was used to
assess maximal exercise capacity as described previously [14] and a dual energy
x-ray absorptiometry (DEXA) scan was used to determine body composition.
COMPLIANCE
Activity monitors (CAM system developed by Maastricht Instruments, Maastricht,
the Netherlands) were attached to the upper part of suspended and unsuspended
limb, just above the knee using customized pouches. The CAM contained a
triaxial piezoresistive accelerometer and had a sample rate of 25 Hz. Matlab(c)
software and algorithms were used to calculate movement intensity [15, 16]. Next
to monitoring activity by accelerometry, skin temperature of the quadriceps and
gastrocnemius muscle was monitored by using iButtons [17] (type DS1921H; Maxim/
Dallas Semiconductor Corp., USA) throughout the whole ULLS period as a marker.
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MUSCLE VOLUME AND STRENGTH
As muscle mass is a determinant of insulin sensitivity we aimed to design the
intervention such that muscle mass did not differ between the legs as a consequence
of the immobilization. Hence, we examined the muscle volume of the upper leg
by serial T2 weighted MRI images along with measurements of knee flexion and
extension strength. Images to assess muscle volume were acquired using a body
coil (Achieva Tx, Philips Healthcare, Best, The Netherlands) and a turbo spin echo
sequence (TSE factor = 21). Twenty contiguous slices of 10 mm thickness were
acquired (FOV = 200 x 400 x 200 mm, TE = 100 ms, TR = 5351 ms, flip angle =
90 deg, scan duration = 4 min 30 sec). The most distal slice was positioned on the
patella and all slices up to the hip were used for analysis. The MR images (plane
resolution 0.78 x 0.78 mm) were segmented into muscle tissue and non-muscle
tissue upon automated grayscale based binning using a home-written script in
MATLAB. The muscle area upon segmentation was computed for every single slice
and multiplied by slice thickness to compute muscle volume.
Isometric knee extending and flexing strength at 5 different knee angles (70, 80, 90,
100, 110 degrees) was measured using a Biodex III dynamometer [18]. Subjects
seated upright in a chair and tightly fixed using straps. Subsequently, the knee was
brought into position and subjects were asked to conduct maximal knee extension
(3 seconds) followed by maximal knee flexion (3 seconds), while the force traces
were recorded on a PC. This procedure was repeated once for each evaluated joint
angle. Subjects were allowed two minutes rest between contractions.
LIPID INFUSION + CLAMP
In the morning after 9 days of immobilization participants reported to the laboratory
after an overnight fast. After taking basal muscle biopsies from both legs (m. vastus
lateralis), a teflon cannula was inserted into an antecubital vein for the heparinised (0.2
U*kg-1*min-1) infusion of long-chain triacylglycerols (1.35 ml/min intralipid;Intralipid,

Fresenius-Kabi, The Netherlands) for 5 hours. Blood was sampled from a second
cannula, inserted retrogradely into a superficial dorsal hand vein, for later analysis
of plasma glucose and FFAs. This venous blood was arterialized by placing the
hand into a hot box that emits warm air (~65 ºC). After 4.5 hours a third cannula was
inserted into an antecubital vein of the contralateral arm for simultaneous infusion
of insulin (40mU/m2/min, Actrapid, Novo Nordisk) and glucose. During a 30 min
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hyperinsulinemic-euglycemic clamp plasma glucose levels were clamped at ~5
mmol/L by variable co-infusion of 20% glucose. Thirty minutes after the start of the
insulin infusion, a second muscle biopsy was taken from the vastus lateralis of both
legs.
MAGNETIC RESONANCE SPECTROSCOPY MEASUREMENTS
In vivo mitochondrial function was determined by

P-MRS in the afternoon after
12 days of immobilization as previously described [19]. Briefly, a knee-extension
protocol was performed on a custom-built magnetic resonance compatible
ergometer with a pulley system in a 3T whole-body MRI scanner (Achieva, 3Tx;
Philips Medical Systems, Best, the Netherlands), for 5 min with weight corresponding
to 50-60% of the subject’s pre-determined maximal knee-extension capacity. A
transmit/receive surface coil (5 cm diameter) was positioned on the vastus lateralis
muscle and a time series of 31P-MR spectra (Free Induction Decays) were acquired
with a repetition time of 4 seconds. Post-exercise PCr kinetics was computed as
previously described [19].
31

In vivo IMCL content in m. tibialis was assessed by 1H-MRS on a 3.0 T whole body
MR system (Achieva 3Tx, Philips Healthcare, Best, The Netherlands). as described
previously [20]. T2-weighted images were acquired for accurate positioning of the
voxel 14 x 14 x 40 mm3 in the tibialis anterior muscle. Point Resolved Spectroscopy
(PRESS) was used with the following acquisition parameters: TR = 2000 ms, TE
= 38ms, NSA = 128 and 2048 sample points. Water suppression was performed
using a selective excitation pulse followed by dephasing gradients. A second nonwater suppressed spectrum was acquired subsequently from the same volume,
which enabled us to use the water signal as an internal reference (NSA = 8).
H MR spectra obtained, were analyzed and fitted in the time domain by using the
non-linear least-squares AMARES algorithm in the jMRUI software package [21, 22]
as described earlier [20]. IMCL is given as percentage of the CH2 peak compared
to the water resonance, based upon assumptions published before [23, 24] and
corrected for T1 and T2 relaxation time.
1
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MUSCLE BIOPSIES AND ANALYSES
Muscle biopsies were taken from the m. vastus lateralis of both legs after 9 days
of ULLS, under local anaesthesia (2% lidocaine), according to the Bergstrom
technique [25] and instantaneously processed for ex vivo 14C oxidation assays.
The remainder of the muscle tissue was stored at -80°C for later analysis of
intramyocellular lipid content by histology and markers of insulin action.
C oxidation assays were performed as previously described [26, 27]. Briefly,
palmitate oxidation was determined by measuring production of 14CO2 and acid-

14

soluble metabolites (14C-ASMs) in skeletal muscle homogenates containing 250
mmol/L sucrose, 10 mmol/L Tris-HCl, 1 mmol/L EDTA, and 2 mmol/L ATP in a modified
48-well trapping device. Reactions were initiated with a buffer containing 0.2 mmol/L
palmitate, 1μCi/ml [1-14C]-palmitate, 125 mM sucrose, 25 mM potassium phosphate,
200 mM potassium chloride, 2.5 mM magnesium chloride, 2.5 mM L-Carnitine, 0.25
mM malic acid, 20 mM Tris-HCl, 2.5 mM DTT, 0.25 mM NAD+, 4 mM ATP and 0.125
mM Coenzyme A. Reactions were terminated with 70% perchloric acid and CO2
was trapped in 1N NaOH in adjacent wells. 14C-ASMs were stored overnight at 4°C,
spun down and supernatant was analysed for ASMs. To measure lipid incorporation
into DAG and TAG lipids were extracted from the remaining pellet according to the
Folch extraction [28]. Glucose oxidation to CO2 was determined by replacing 0.2
mmol/L palmitate and 1μCi/ml [1-14C]-palmitate with 10 mmol/L glucose and 1μCi/
ml [U-14C]-glucose respectively.
Intramyocellular lipid content was assessed in muscle cross-sections using a
modified Oil-red-O staining for fluorescence microscopy [29]. Freezing artefacts
in sections of 4 subjects prevented valid histological quantification of the
intramyocellular lipid content and were hence excluded.
Insulin action. Muscle biopsies were prepared for analysis of the expression and
phosphorylation of components of the insulin signalling pathway by Western blotting
as described previously [8]. The blots were incubated with antibodies recognizing
the insulin receptor beta-subunit and pyruvate dehydrogenase 4 (PDK4) (both
from Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated insulin receptor
substrate 1 (IRS1-Ser1101), Akt-Thr308, Akt-Ser473, glycogen synthase kinase
3beta (GSK3beta-Ser9), glycogen synthase (GS-Ser641), FOXO1-Thr24/FOXO3aThr32, AMP-activated protein kinase (AMPK-Thr172), and acetyl CoA carboxylase
(ACC-Ser79) (all from Cell Signaling Technology, Beverly, MA). Bound antibodies
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were detected by incubation with the appropriate secondary HRP-conjugated
antibodies (Promega, Mannheim, Germany), and visualized by enhanced
chemiluminescence on a VersaDoc 4000 MP (Bio-Rad) workstation. Signals were
quantified using ImageLab software (version 4.0, Bio-Rad), and normalized for
abundance of beta-actin, GAPDH and alpha-tubulin.
BLOOD SAMPLE ANALYSES
Blood samples were collected in EDTA-containing tubes and immediately spun at
high speed, frozen in liquid nitrogen and stored at -80°C. Plasma free fatty acids,
triglycerides, and glucose were measured with enzymatic assays automated on a
ABX Pentra 400 (Horiba diagnostics, Montpellier, France). Glycerol was measured
with a EnzytecTM glycerol kit, R-Biopharm, Germany.
STATISTICS
Data are presented as mean ± SE. All statistics were performed using SPSS 16.0
for Mac and P<0.05 was considered statistically significant. For most parameters,
differences between the immobilized and the active leg were analyzed with a
2-tailed, paired Student’s t-test. The non-normally distributed data on insulin action
were tested for differences using a non-parametric Wilcoxon signed rank test for
related-samples. Statistical significance was set a priori at p<0.05.

RESULTS
COMPLIANCE
Compliance to the immobilization was confirmed by accelerometery data and data
on skin temperature; activity counts in the immobilized leg were lower in all subjects
than in the active leg (48826 ± 73524 counts/day vs. 65969 ± 10101 counts/day,
respectively (see fig. 3a). In line with lower activity, also skin temperature was lower
in the inactive leg than in the active leg (lower leg: 31.5 ± 0.03 °C vs. 33.0 ± 0.02
°C; upper leg: 32.2 ± 0.02 °C vs. 33.0 ± 0.04 °C for the immobilized and active leg
respectively, p<0.05, see fig. 3b).
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Figure 3 Subject’s compliance to the intervention measured with activity monitors (accelerometers) and
temperature sensors.
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MUSCLE VOLUME AND STRENGTH
There was no difference in upper leg muscle volume (2794 ± 182 cm3 in the
immobilized leg vs. 2766 ± 173 cm3 in the active leg, (p=0.33) and maximal isometric
strength of the knee extensors and flexors was 170 ± 21 Nm for the immobilized leg
vs. 178 ± 20 Nm for the active leg, (p=0.6) and 95 ± 9 Nm for the immobilized leg
vs. 95 ± 9 Nm for the active leg, (p=0.95), respectively.
EFFECT OF IMMOBILIZATION ON MITOCHONDRIAL FUNCTION, OXIDATIVE
CAPACITY AND INTRAMYOCELLULAR LIPID CONTENT
In vivo mitochondrial function was lower in the immobilized leg, as revealed by a
significant longer PCr-recovery half-time compared to the active leg after 12 days of
immobilization (PCr-t1/2: 21.4 ± 2.3 sec vs. 16.7 ± 1.8 sec in immobilized and active
leg respectively, p=0.02, fig. 4a).
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In skeletal muscle biopsies, palmitate oxidation to

CO2 (“complete oxidation”)
was significantly lower in the immobilized leg compared to the active leg after nine
days of immobilization (0.14 ± 0.03 nmol/2h/mg vs. 0.18 ± 0.03 nmol/2h/mg in the
immobilized vs active leg resp, p=0.013, n=9, fig. 4b). Acid-soluble metabolites
(ASMs; reflecting incomplete oxidation) tended to be lower in the immobilized leg
compared with the active leg (1.15 ± 0.07 nmol/2h/mg vs. 1.29 ± 0.10 nmol/2h/mg
respectively, p=0.065, n=9, fig. 4c).
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Figure 4 (a) In vivo mitochondrial function, expressed as phosphocreatine recovery half-time and
Ex vivo 14C-palmitate metabolism (n=9); (b) 14C-palmitate oxidation to CO2, (c) ex vivo 14C-palmitate
oxidation to ASMs, (d) 14C-palmitate incorporation into TAG, (e) 14C-palmitate incorporation into DAG,
in the active vs. the immobilized leg post immobilization. *P< 0.05 compared with active leg, #P< 0.10
compared with active leg. Data are means ± SE.
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Incorporation of

C-palmitate into triacylglycerol TAG tended to be higher in the
immobilized leg compared to the active leg (0.019 ± 0.005 nmol/2h/mg vs. 0.010
± 0.002 nmol/2h/mg in the immobilized vs active leg resp, p=0.075, n=9, fig. 4d)
whereas 14C-palmitate incorporation into DAG was not different between the two
legs (0.048 ± 0.008 nmol/2h/mg vs. 0.046 ± 0.006 nmol/2h/mg in the immobilized
vs the active leg respectively, p=0.822, fig. 4e), This indicates that inactivity makes
the muscle prone to storage and retaining lipids in the TAG pool.
14

In contrast to the palmitate oxidation, there were no significant differences in
complete glucose oxidation rates between the immobilized- and the active leg
(0.429 ± 0.125 nmol/2h/mg in the immobilized leg vs. 0.567 ± 0.167 nmol/2h/mg in
the active leg, p=0.461, n=9).
In vivo IMCL in m. tibialis anterior (measured with 1H-MRS) was 23.4 % higher in the
immobilized leg compared with the active leg (0.312 ± 0.045% vs 0.239 ± 0.041,
p=0.003, n=8, fig. 5a). Ex vivo IMCL in m. vastus lateralis (measured with Oil-red-O
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staining) was 52% higher in the immobilized leg compared with the active leg (1.79
± 0.48% lipid fraction vs 0.85 ± 0.24%, p=0.021, n=6, fig. 5b).
Jointly, these data indicate that adherence to the unilateral limb suspension protocol
was good. Importantly, ULLS resulted in compromised mitochondrial function,
increased muscle fat content while muscle mass and strength were maintained.
Thus, we created the required situation to examine the effect of compromised
mitochondrial function on insulin action.
PLASMA CONCENTRATIONS DURING LIPID AND INSULIN INFUSION
During the entire 5-hour lipid infusion, plasma FFA concentrations increased
compared with baseline. Plasma FFA concentrations increased from 492 ± 95
μmol/L at baseline, to 1759 ± 111 μmol/L one hour after start of lipid infusion and
remained elevated over the 5-hour lipid infusion period (p<0.0001), fig. 6a.
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Figure 6 Plasma concentrations of (a)
free fatty acids and (b) glucose during
the lipid + insulin infusion. * P<0.05
compared with baseline (t0). Data are
means ± SE.
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As targeted, plasma glucose concentrations were stable and did not change
significantly after lipid and insulin infusion (4.6 ± 0.2 μmol/L at baseline and 4.8 ±
0.2 μmol/L after 5 hours of lipid infusion, p=0.46, fig. 6b).
INSULIN SIGNALING IN SKELETAL MUSCLE BIOPSIES UPON LIPID AND
INSULIN INFUSION
Insulin-induced activation of insulin signaling was determined in muscle biopsies
of the immobilized vs. active leg upon a 5h lipid infusion. As anticipated the
expression level of insulin receptor between the immobilized and the active leg
after lipid infusion was unaffected (p=0.161, fig. 7a). It has been shown that lipidinduced insulin resistance is accompanied by phosphorylation of IRS1 at Ser1101.
Consistent with reduced insulin sensitivity in the immobilized leg, a significantly
higher phosphorylation of IRS1 at Ser1101 was found in the immobilized leg
compared with the active leg (p=0.018, fig. 7b). Ser1101 phosphorylation of IRS1
is expected to result in an inactivation of AKT via dephosphorylation at Thr308- and
Ser473 residues; indeed phosphorylation of AKT (pAKT) at Thr308 was significantly
reduced in the immobilized leg compared with in the inactive leg (fig. 7c, p=0.036).
Remarkably, however, phosphorylation of AKT at Ser473 was not significantly
different between legs but if anything was higher instead of lower in he inactive leg
(fig. 7d, p=0.263).
Insulin resistance is also associated with disturbed glucose oxidation and glycogen
storage in skeletal muscle. PDK4 is a key factor in regulating glucose oxidation,
and elevated levels are associated with reduced glucose oxidation. Consistently,
the expression of PDK4 tended to be higher in the immobilized leg upon lipid
infusion compared with the active leg (p=0.058, fig. 7e). Furthermore, a higher
phosphorylation of GS (pGS) in the immobilized leg compared with the active leg
was observed (p=0.050, fig. 7f); increased phosphorylation of glycogen synthase
(GS) would result in a deactivation of the enzyme, consequently leading to blunted
insulin-stimulated glycogen storage, thus reflecting increased insulin resistance,
Remarkably, however, phosphorylation of GSK3beta at alpha-Ser21 (pGSK3beta),
inhibiting GSK3beta activity, was significantly higher in the immobilized leg compared
to the active leg upon lipid infusion (p=0.036, fig. 7g). The downstream effect of
enhanced phosphorylation of GSK3beta is normally a lower phosphorylation of GS,
which is contradictory to what we observed in the present study.
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Finally, the phosphorylation of fork-head box class 01 (pFOXO1, p=0.889, fig. 7h),
AMPK (pAMPK) at Thr172 (p=0.208, fig. 7i) and ACC (pACC) (p=0.183, fig. 7j) were
not different across legs.

DISCUSSION
Physical inactivity has been considered as a major determinant of the current
epidemic of chronic metabolic diseases such as obesity and T2DM [1, 2]. Physical
inactivity is suggested to reduce skeletal muscle mitochondrial function, and thereby
contribute to muscle fat accumulation and skeletal muscle insulin resistance [30,
31]. However, the direct relationship between these variables is difficult to examine
in humans, since physical inactivity will have many systemic effects that may
contribute to insulin resistance as well. In the current study, we investigated the
effect of one-legged physical inactivity on mitochondrial function, lipid content and
insulin sensitivity, leaving the contralateral leg as an active control. We observed
that inactivity indeed leads to a lowering of in vivo mitochondrial function as well
as a reduced fat oxidative capacity. In parallel, inactivity lead to a marked increase
in skeletal muscle IMCL content. Most importantly, physical inactivity resulted in a
blunted decline in insulin action upon lipid infusion. Together these data demonstrate
the impact of physical inactivity on skeletal muscle insulin resistance and suggest
that a reduced mitochondrial function may underlie this effect.
To investigate the local effects of physical inactivity independent of systemic effects
we used a unique human model for inactivity; unilateral lower limb suspension
(ULLS). During the ULLS period leg skin temperature and overall activity level was
lower in the suspended leg compared with the active leg, showing good compliance
to the intervention. With such an unloading model, muscle mass can be lost at a rate
of 0.4% per day [32]. However, in the current study we observed no changes in leg
muscle volume after ULLS, which indicates that no atrophy occurred in the thigh of
neither the active nor the immobilize leg during ULLS. Furthermore, previous studies
have shown that the greatest rate of unloading occurs during the first seven days of
intervention and that one week of unloading leads to a loss of 70% of the isometric
strength detected with two weeks of unloading [28]. Again, in the current study,
we did not observe any difference in strength between the immobilized and active
leg. The absence of an effect of ULLS on muscle volume and strength indicate
that muscle mass was unaffected by the intervention. This is of importance in the
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present study as muscle mass is an important determinant of glucose disposal.
Moreover, the lack of an effect on muscle volume and strength indicate that the level
of physical inactivity in our model was relatively mild, especially when compared to
previously used models like bed rest and hence most likely better mimics the real life
situation in which a modest drop in physical activity may result in the development
of chronic metabolic diseases in the long run.
Interestingly, despite the lack of reduction in muscle volume and strength, in vivo
mitochondrial function and skeletal muscle fat oxidative capacity were both ~20
percentage lower in the immobilized leg than in the active leg. This result indicates
that despite the relatively mild inactivity induced by ULLS, mitochondrial function
and fat oxidative capacity are reduced to an extent that is also observed in type
2 diabetic patients, illustrating the importance of physical activity in maintaining
skeletal muscle mitochondrial function. In addition to lower fat oxidation in the
immobilized leg there was also a tendency to higher 14C-palmitate incorporation
into TAG. In line with this, we observed that intramyocellular lipid content was higher
in the immobilized leg than in the active leg after the intervention period. Several
bed-rest studies have shown similar effects with reduction in fat oxidation favouring
incorporation of dietary saturated FA (palmitate) into intramyocellular lipids [33].
Since intramyocellular triglycerides are considered to be relatively harmless when
compared to the more toxic intermediates like diacylglycerol (DAG) and ceramides
[34-38], such increased incorporation into TG may be a protective mechanism to
prevent insulin resistance when mitochondrial function is reduced like for example
by physical inactivity. Indeed, in the current study we do not see any difference in
14
C-palmitate incorporation into DAG, suggesting that indeed the inactive muscle
may try to efficiently store excessive fatty acids into inert TG. Unfortunately, we have
not yet been able to determine the level of other lipid intermediates.

A high-fat diet and low physical activity often coexist in individuals at risk for obesity
and insulin resistance. Although the immobilized leg showed an increased basal
capacity to incorporate fatty acids into inert TG, we hypothesized that during a
lipid challenge test, with high circulating FFA, the reduced mitochondrial function
might even more so results in differences in insulin sensitivity. Indeed, we found
significantly higher p-IRS1-Ser1101, lower pAKT-308 and pGS in the immobilized leg,
all indicative of a more pronounced compromised insulin action in the immobilized
leg than in the active leg. Phosphorylation of IRS1-Ser1101 inhibits AKT, leading to
reduced cellular glucose uptake. Phosphorylation of GS inactivates GS and results
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in lower glycogen production, which is suggesting lower insulin sensitivity in the
immobilized leg. Also an increase in PDK4 would be consistent with reduced insulin
sensitivity in the inactive leg. Overall these data are supportive that the immobilized
leg is more insulin resistant than the active leg when challenged by lipids, suggesting
a protective effect of physical activity on lipid-induced insulin resistance. This finding
is consistent with a previous study in which we showed that endurance trained
athletes are (partly) protected against lipid-induced insulin resistance [8]. However,
not all insulin-signalling data was consistent with decreased insulin sensitivity in the
immobilized leg; thus, phosphorylation of AKT-SER473 was in fact not decreased,
and if anything higher, in the inactive leg, as was the phosphorylation of GKS3beta.
Phosphorylation of GSK3 normally activates GS by dephosphorylating it, but in
the current study the effects are contradictory. An discordant phosphorylation of
AKT at serine473 and tyrosine-308 was recently reported by Yung et al. [39], who
showed that ER stress increases serine phosphorylation of AKT, while decreasing
tyrosine phosphorylation, and that the ratio Ser/Thr phosphorylation of AKT was
positively related to the severity of ER stress. In that context it is interesting to note
that a previous study, in which whole-body bed rest was used to introduce physical
inactivity, also revealed that ER stress might be involved in the inactivity-induced
insulin resistance [40]. Further studies are needed to investigate if ER stress is
indeed involved in the induction of insulin resistance in inactivity-induced insulin
resistance.
In summary, inactivity compromises in vivo mitochondrial function along with reduced
fat oxidative capacity. This reduction in fatty acid oxidation was accompanied by
a higher incorporation of fatty acids into inert TAG, which translated into a higher
content of IMCL and a blunted decline in insulin action upon lipid-induced insulin
resistance. Together these data demonstrate the impact of physical inactivity
on skeletal muscle insulin resistance and suggest that a reduced mitochondrial
function may underlie this effect.
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CHAPTER 7
The novel biomarker for
insulin resistance
alpha-hydroxybutyrate
is not responsive to lifestyle
changes affecting liver fat
or insulin sensitivity

ABSTRACT
Recently, alpha-hydroxybutyrate has been positioned as a novel biomarker
for progressive insulin resistance and glucose intolerance. However, its
responsiveness to changes in insulin sensitivity is currently unknown. We measured
alpha-hydroxybutyrate in groups with progressive insulin resistance (ranging
from insulin sensitive lean subjects to patients with overt type 2 diabetes (T2D))
and examined the correlation with peripheral and hepatic insulin resistance. To
examine if alpha-hydroxybutyrate could be a useful marker to detect early changes
in insulin sensitivity, we measured alpha-hydroxybutyrate levels before and after
lifestyle interventions modulating liver fat or insulin sensitivity. As anticipated, alphahydroxybutyrate levels progressively increased in groups with increased insulin
resistance (lean 4.7 ± 0.3 μg/ml, obese 6.0 ± 1.5 μg/ml, T2D 8.5 ± 0.4 μg/ml).
Furthermore, alpha-hydroxybutyrate correlated negatively with basal- (R2=0.146,

p=0.002) and insulin-stimulated (R2=0.235, p=<0.0001) whole body glucose
disposal (WGD) and, although weakly, positively with basal endogenous glucose
production (EGP) (R2=0.091, p=0.04). However, alpha-hydroxybutyrate did not
respond to a 3-week high fat diet in obese subjects (5.2 ± 0.3 μg/ml vs. 5.8 ± 0.4
μg/ml, p=0.13) and was unaffected by a 12-weeks exercise training intervention in
insulin resistant obese subjects (6.5 ± 0.35 vs. 6.3 ± 0.38 μg/ml, p=0.551). Stepwise linear regression analysis showed that although alpha-hydroxybutyrate is a
significant predictor for basal- and insulin-stimulated WGD and delta EPG, alphahydroxybutyrate was not a very powerful predictor (beta of- 0.294 for basal WGD,
-0.275 for insulin stimulated WGD and -0.279 for delta WGD) compared with other
predictors. alpha-hydroxybutyrate is a marker of insulin resistance, even in subjects
with normoglycemia. However, alleviation of insulin resistance by exercise training
does not necessitate a decline in alpha-hydroxybutyrate and we observed little
added value of using alpha-hydroxybutyrate as a predictive marker for insulin
resistance relative to conventional markers like fasting insulin and glucose levels.
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INTRODUCTION
Clinically overt type 2 diabetes is preceded by a prolonged period of insulin
resistance during which glucose homeostasis starts to derail. Impaired glucose
tolerance and fasting glycaemia and modest hyperinsulinaemia are a reflection of
attenuated peripheral insulin sensitivity and could be considered predictive for the
development of type 2 diabetes. Overt type 2 diabetes is diagnosed by increased
fasting glucose levels, while disturbed glycaemic control is classically monitored
by the percentage of glycosylated haemoglobin (HbA1c). These well-established
markers have proven diagnostic value; however, they only poorly reflect changes in
glycaemic control upon lifestyle or drug interventions. Therefore, there is need for
identification of novel biomarkers, which not only indicate a state of insulin resistance
and identifies subjects at risk of developing full-blown type 2 diabetes, but ideally
also are responsive to interventions modulating (risk factors for) insulin resistance.
Recently, alpha-hydroxybutyrate has been positioned as a novel biomarker of
insulin resistance and glucose intolerance [1]. alpha-hydroxybutyrate is an organic
acid derived from alpha-ketobutyrate, which in turn is produced by amino acid
catabolism (from threonine and methionine) or glutathione anabolism (via cysteine
formation). Alpha-hydroxybutyrate is progressively higher across quartiles of insulin
resistance and in individuals with impaired glucose tolerance or type 2 diabetes [2].
Moreover, it has been shown that glucose tolerance in those with the higher levels
of alpha-hydroxybutyrate deteriorates over a 3-year follow-up period, whereas in
subjects with low alpha-hydroxybutyrate levels glucose tolerance remained stable
[2].
To examine if alpha-hydroxybutyrate is an early marker of insulin resistance,
we studied alpha-hydroxybutyrate levels in normoglycemic lean subjects, in
normoglycemic obese subjects and in obese patients with type 2 diabetes of
similar age and BMI compared with normoglycemic obese subjects. Moreover, we
examined if alpha-hydroxybutyrate correlates with recognised markers of insulin
sensitivity over a wide range of insulin resistance in normoglycemic subjects.
Increased liver fat content associates with insulin resistance [3, 4] and it has been
suggested that elevated liver fat contributes to elevations in the liver metabolite alphahydroxybutyrate. We hence also examined the response of alpha-hydroxybutyrate
in an experimental setting designed to augment liver fat content by consumption of
a high-fat diet. Finally, we examined if alpha-hydroxybutyrate is a useful and early
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marker for improved insulin sensitivity by examining its response to 12-week insulin
sensitizing training intervention.
Here we show that alpha-hydroxybutyrate increases progressively in groups with
decreased insulin sensitivity. Even in normoglycemic subjects, insulin sensitivity
measured under hyperinsulinemic euglycemic clamp conditions scaled negatively
with plasma levels of alpha-hydroxybutyrate, indicating that indeed alphahydroxybutyrate could be used as an early marker for insulin resistance. Alphahydroxybutyrate was not increased upon a high-fat diet-mediated increase in liver
fat content neither did alpha-hydroxybutyrate drop when insulin sensitivity improved
after a 12-week exercise training intervention. Hence, alpha-hydroxybutyrate
appears not to be a useful marker to monitor changes in insulin sensitivity.

MATERIALS AND METHODS
SUBJECTS
In the present study we used samples obtained from a variety of studies in well
phenotyped subjects who all underwent a hyperinsulinemic-euglycemic clamp
to measure insulin sensitivity [5-8]. The subjects were grouped in a group lean,
young normoglycemic subjects (BMI 21.9 ± 1.8 kg/m2; age 22.6 ± 2.8 years; fasting
glucose 5.1 ± 0.3 mmol/l), a group obese, middle aged normoglycemic subjects
(BMI 29.6 ± 3.1 kg/m2; age 58.3± 5.3 years; fasting glucose 5.8 ± 0.5 mmol/l) and
a group obese, middle-aged patients with type 2 diabetes (BMI 30.0 ± 3.5 kg/m2;
59.4 ± 4.6 years; fasting glucose 9.0 ± 1.7 mmol/l). These groups will be referred to
as Lean (L), Obese (Ob) and type 2 diabetes patients (T2D). A 2-hour oral glucose
tolerance test was performed in obese normoglycemic subjects according to the
WHO criteria to dissect between obese insulin resistant subjects and patients with
type 2 diabetes. Patients with type 2 diabetes had well-controlled type 2 diabetes
and were on oral medication (metformin or metformin and sulfonylureas, none of the
type 2 diabetes patients were on insulin). Blood glucose lowering medication was
withdrawn 3-5 days prior to the clamp. Subject data are presented in Table 1. Fat
free mass was obtained via hydrostatic weighing [9], VO2max was measured using
open circuit spirometry during a graded exercise test on a stationary bike until
exhaustion [10]. Subjects reported to the lab on the day of the hyperinsulinemic
euglycemic clamp after an over-night fast and a fasting blood sample was drawn
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from an indwelling catheter in an antecubital vein. The institutional medical ethical
committee of Maastricht University Medical Center+ approved the studies and
written informed consent was obtained from all participants.
Table 1 Subjects’ characteristics
Mean ± SD

L (n=10)

Age, yr

22.6 ± 2.8

58.3 ± 5.3*

59.4 ± 4.6*

21.9 ± 1.8

29.6 ± 3.1*

30.0 ± 3.5*

FM, kg

11.5 ± 5.1

30.1 ± 6.1*

31.1 ± 5.8*

FFM, kg

60.1 ± 6.8

65.2 ± 7.5*

64.3 ± 6.9δ

51.4 ± 10.3

31.1 ± 6.0*

27.5 ± 5.2*#

Alpha-hydroksybutyrate, µl/ml

4.7 ± 1.4

6.0 ± 1.5*

8.5 ± 1.7*#

FFA, µmol/l

407 ± 86

427 ± 140

519 ± 107*#

Glucose, mmol/l

5.1 ± 0.3

5.8 ± 0.5*

9.0 ± 1.7*#

Insulin, mmol/l

10.0 ± 3.7

16.1 ± 7.2*

Φ

-

5.8 ± 0.3

2

BMI, kg/m

-1

-1

VO2max/kg, ml × min × kg

HbA1c

Ob (n=48)

T2D (n=18)

1 4.6 ± 3.2*
7.2 ± 0.8#

Data are means ± SD. L, Lean; Ob, Obese; T2D, type 2 diabetics; BMI, Body Mass Index; SBP, Systolic
Blood Pressure; DBP, Diastolic Blood Pressure. * P < 0.05 compared with lean, # P<0.05 compared with
obese. δ P<0.10 compared with lean. Φ HbA1c was not measured in the lean group and only in n=18 in
the obese group.

HIGH-FAT DIET INTERVENTION
Of the obese group, 10 overweight men were subjected to a dietary intervention.
All subjects followed a 3-week low fat run-in diet matched to their daily life energy
expenditure (15% energy (En%) as protein, 65 En% as carbohydrates, 20 En% as
fat). After this run-in diet basal measurements of plasma parameters and insulin
sensitivity (hyperinsulinemic euglycemic clamp) and liver fat content (1H-NMR

spectroscopy) were performed. Subsequently, subjects switched towards an
isocaloric high-fat diet (15 En% protein, 30 En% carbohydrates, 55 En% fat) for
another three weeks, followed again by measurements of intrahepatic liver fat
content and insulin sensitivity [6].
EXERCISE TRAINING PROTOCOL
All patients with type 2 diabetes (n=18) and 20 BMI and age matched normoglycemic
controls, none of whom had participated in the dietary intervention study, were
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subjected to a tightly controlled progressive exercise training program for 12
weeks. The training program comprised a combination of aerobic and resistance
exercise. Aerobic exercise was carried out on a cycling ergometer twice a week
for 30 minutes at 55% of a previously determined maximal workload. Resistance
exercise was performed once a week and comprised one series of 8 repetitions at
55% of their previously determined maximal voluntary contraction and two series
of 8 repetitions at 75% MVC, focussing on large muscle groups. Basal subject
characteristics and plasma parameters were assessed after an overnight fast at the
day of the hyperinsulinemic euglycemic clamp. Insulin sensitivity was measured by
a hyperinsulinemic euglycemic clamp before and after the training period within
48-72 hours after the final exercise session [5].
HYPERINSULINEMIC EUGLYCEMIC CLAMP
In all subjects a 3-h hyperinsulinemic euglycemic (40 mU/m2/min) clamp was
performed according to De Fronzo [11]. After an overnight fast, subjects were
primed with an infusion of [6,6-2H2] glucose (0.04 mg/kg/min) to determine rates of
glucose appearance (Ra, or endogenous glucose production, EGP) and disposal
(Rd, or whole body glucose disposal, WGD) [12]. Steele’s single-pool non-steady
state equations were used to calculate glucose, endogenous glucose production
(EGP) and whole body glucose disposal (WGD) [13]. Volume of distribution was
assumed to be 0.160 l/kg for glucose. Basal and insulin-stimulated measurements
were performed (see table 2 for clamp data).
Table 2 Hyperinsulinemic-euglycemic clamp
Mean ± SE

L (n=10)

Ob (n=48)

T2D (n=18)

Basal

15.3 ± 2.8

9.6 ± 2.3*

10.3 ± 2.6*

Insulin stimulated

-0.7 ± 3.0

1.6 ± 3.2*

2.9 ± 2.1*

Basal

15.6 ± 2.8

9.8 ± 2.9*

11.6 ± 2.7*#

Insulin stimulated

55.9 ± 9.0

27.5 ± 9.1*

18.4 ± 5.3*#

EGP (µmol/kg/min)

WGP (µmol/kg/min)

Data are means ± SE. L, Lean; Ob, Obese; T2D, type 2 diabetics. * P < 0.05 compared with L and # P <
0.05 compared with Ob.
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BLOOD SAMPLE ANALYSES
Blood samples were collected in EDTA-containing tubes and immediately spun at
high speed and frozen in liquid nitrogen and subsequently stored at -80°C until
assayed. Plasma fatty acids and glucose were measured with enzymatic assays
automated on a CobasFara/Mira (FA: Wako Nefa C test kit; Wako Chemicals, Neuss,
Germany) (glucose: hexokinase method; Roche, Basel, Switzerland) (triglycerides:
ABX Pentra CP reagens, Horiba ABX Diagnostics, Montpellier, France) (glycerol:
EnzytecTM glycerol kit, R-Biopharm, Germany). Alpha-hydroxybutyrate was
measured by liquid chromatography electrospray ionization tandem mass
spectrometry. Briefly 30µl sample was mixed with 30 µl d3-2-hydroxy-butyric acid
and extracted with 600 µl 0.5%-TFA/ethylacetate. The supernatant was evaporated
to dryness and the residue dissolved in 0.05% formic acid. 2-HBA was separated
using a 0.05% formic acid – 50% acetonitrile gradient. 2-HBA was quantified using
negative electrospray ionization, MRM transition m/z 103 → 57 for 2-HBA and m/z

106 → 59 for d3-2-HBA respectively. Reference values: 8 – 80 µmol/l.
STATISTICS

Data are presented as mean ± SE. Statistical analyses were performed using SPSS
version 16.0.2 for Mac OS X (SPSS Inc., NC, USA). Differences between groups
were analysed by one-way ANOVA. Since all variables were normally distributed,
correlations were performed in a pair-wise fashion using the Pearson product moment
statistics. To investigate the relationship among alpha-hydroxybutyrate and insulin
sensitivity with other related parameters, we performed stepwise linear regression
analyses. Dependent variables were selected based on simple regression analyses
and biological importance in the linear regression analysis. Statistical significance
was set a priori at p<0.05.

RESULTS
GROUP COMPARISONS
Comparing type 2 diabetic patients with BMI- and age-matched normoglycemic
controls revealed that alpha-hydroxybutyrate levels progressively increased
in groups with increased insulin resistance (see figure 1). The lowest alpha131
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alpha-hydroksybutyrate (µg/ml)

hydroxybutyrate levels were observed in L (4.7 ± 0.3 μg/ml), with intermediate levels
in Ob 6.0 ± 1.5 μg/ml and highest levels in T2D (8.5 ± 0.4 μg/ml). All differences
between groups were statistically significant (see figure 1).

#

10

*

8

*

6
4

Figure 1 Plasma alpha-hydroxybutyrate
in lean (L), Obese (Ob) and type 2
diabetic patients (T2D). * P < 0.05
compared with lean. # P < 0.05 compared
with obese. Data are means ± SE.

2
0

L

Ob

T2D

As alpha-hydroxybutyrate is considered an early biomarker for insulin resistance,
we performed simple bivariate correlation analysis between alpha-hydroxybutyrate
and markers of peripheral insulin sensitivity in normoglycemic (not type 2 diabetic)
subjects under basal non-insulin stimulated conditions (basal whole body glucose
disposal, basal WGD) as well as under insulin stimulated conditions (insulin stimulated
WGD). Moreover, we examined if a correlation exists between alpha-hydroxybutyrate
and insulin mediated suppression of endogenous glucose production (EGP), a
reflection of liver insulin sensitivity. In line with previous observations, we observed
a negative correlation between alpha-hydroxybutyrate levels and both basal (see
figure 2a, R2=0.146, p=0.002) as well as insulin stimulated (see figure 2b R2=0.235,
p<0.0001) whole body glucose disposal. Interestingly, we also observed a weak,
but significant positive correlation between alpha-hydroxybutyrate levels and
hepatic insulin resistance (as measured as insulin mediated suppression of EGP,
hence a small negative delta indicates hepatic insulin resistance, see figure 2c, EGP
R2=0.091, p=0.04). These correlations indeed suggest that alpha-hydroxybutyrate
is a marker of peripheral as well as hepatic insulin resistance.
HEPATIC FAT CONTENT AND ALPHA-HYDROXYBUTYRATE
As alpha-hydroxybutyrate correlates with hepatic insulin resistance and hepatic fat
content is an early marker of peripheral insulin resistance we hypothesised that
augmenting hepatic fat content would go along with increases in plasma alphahydroxybutyrate. As previously reported, hepatic fat content increased significantly
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Figure 2 Correlations between alphahydroxybutyrate and (a) basal whole
body glucose disposal (WGD), (b)
insulin stimulated WGD and (c) delta
endogenous glucose production
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by 17% upon a 3-week high fat diet [6]. The increase in liver fat, however, was not
parallelled by a significant change in alpha-hydroxybutyrate (5.2 ± 0.3 μg/ml after
the run in diet and 5.8 ± 0.4 μg/ml after consumption of the high fat diet, p=0.13, see
figure 3a). In this dietary intervention, however, hepatic insulin sensitivity (measured
as suppression of hepatic glucose output) was not affected [6]. Thus, while we can
conclude that a diet-induced increase in liver fat does not result in increased alphahydroxybutyrate levels, we cannot conclude if alpha-hydroxybutyrate is a useful
biomarker to reflect changes in insulin sensitivity.
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EXERCISE TRAINING AND ALPHA-HYDROXYBUTYRATE
To further explore the usefulness of alpha-hydroxybutyrate as a biomarker for
changes in insulin sensitivity, we examined alpha-hydroxybutyrate before and
after exercise training in obese insulin resistant normoglycemic and in BMI- and
age-matched type 2 diabetic patients. As anticipated, exercise training improved
markers of insulin sensitivity [5]. In insulin resistant obese subjects, fasting insulin
dropped from 18.1 ± 2.4 to 16.1 ± 2.1 mU/l, insulin stimulated whole body glucose
disposal increased from 25.8 ± 2.3 to 26.7 ± 2.3 µmol/kg/min and endogenous
glucose production under insulin stimulated conditions dropped from 2.8 ± 0.8 to
1.0 ± 1.0 µmol/kg/min, before and after training respectively. In patients with type 2
diabetes fasting insulin dropped from 16.4 ± 1.2 to 14.6 ± 0.8 mU/l, insulin stimulated
whole body glucose disposal increased from 18.4 ± 1.4 to 21.0 ± 1.4 µmol/kg/min
and endogenous glucose production under insulin stimulated conditions dropped
from 2.9 ± 0.5 to 1.4 ± 0.3 µmol/kg/min, before and after training respectively [5].
In contrast to what was anticipated based upon the observed improvement in
markers of insulin sensitivity, alpha-hydroxybutyrate was unaffected in the insulin
resistant obese group (6.5 ± 0.35 vs. 6.3 ± 0.38 μg/ml, p=0.551) and if anything
tended to increase rather than decrease (8.1 ± 0.33 vs. 8.9 ± 0.55 μg/ml, p=0.068)
after exercise training (see figure 3b). This has led us to conclude that alphahydroxybutyrate is not a useful marker to monitor changes in insulin sensitivity
following a relatively short-term intervention (12 weeks of exercise training).
ALPHA-HYDROXYBUTYRATE AS PREDICTOR OF INSULIN RESISTANCE
The lack of response of alpha-hydroxybutyrate to insulin sensitizing interventions
debates the usefulness of alpha-hydroxybutyrate as a biomarker of early changes
in insulin sensitivity. Despite the absence of a clear intervention effect on alphahydroxybutyrate, we did observe that measuring plasma alpha-hydroxybutyrate

clearly identifies groups with progressive levels of insulin resistance. This is in line
with previous papers [1, 2]. Moreover, we and others, report positive correlations
between alpha-hydroxybutyrate levels and markers of insulin resistance. Thus the
question arises if measuring alpha-hydroxybutyrate is of added (predictive) value
to measuring more conventional predictors of insulin resistance like plasma free
fatty acids, glucose, insulin or maximal exercise capacity (VO2max). This was

investigated by performing step-wise linear regression analyses (see table 3) with
basal glucose disposal, insulin stimulated glucose disposal and delta endogenous
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Figure 3 Comparison of plasma alpha-hydroxybutyrate concentrations (a) before and after a high fat
diet-induced increase in hepatic lipid content and (b) before and after 12 weeks of exercise training.
alpha-hydroxybutyrate tended to increase in type 2 diabetics upon 12 weeks of exercise training. Data
are means ± SE.

Table 3 Stepwise Linear regression analysis
Dependent variable

Basal WGD

Parameters

Significant predictors

Beta

R2

P-value

Plasma alpha-HB

Plasma insulin

-0.423

0.318

p<0.05

Plasma FFA

alpha-HB

-0.294

Plasma alpha-HB

Plasma glucose

-0.259

0.585

p<0.05

Plasma FFA

Plasma insulin

-0.373

Plasma glucose

alpha-HB

-0.275

Plasma insulin

VO2max/kg

0.274

Plasma alpha-HB

Plasma glucose

-0.235

Plasma glucose
Plasma insulin
VO2max/kg

Insulin stimulated
WGD

7

VO2max/kg

Delta EGP

Plasma FFA

Plasma insulin

-0.277

Plasma glucose

alpha-HB

-0.279

Plasma insulin

VO2max/kg

0.322

0.51

p<0.05

VO2max/kg

Results of the stepwise regression analyses. Indicated in the ’Parameters’ column are all variables
included in the model, and in the ’Significant predictors’ column are all variables that were significant
after stepwise regression. In the ’Beta’ column, the beta value for each (significant) predictor in the
model is given and in ’R2’ column are the values for the entire model. P<0.05 was considered statistically
significant. alpha-HB, alpha-hydroksybutyrate.
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glucose production as dependent variables. For all these dependent variables,
alpha-hydroxybutyrate significantly (p<0.001) contributed to the prediction model
(R2=0.318, R2=0.585 and R2=0.510, respectively, table 3). For basal WGD alphahydroxybutyrate contributed with explaining an additional 8% of the variation
(R2=0.318) on top of the 24% already predicted for by plasma insulin alone as the
strongest predictor (R2=0.235). For insulin stimulated WGD plasma glucose and
insulin were the strongest predictors, explaining 49% of the variation (R2=0.486).
Alpha-hydroxybutyrate contributed with another 4% (R2=0.529). Also the beta
-derived from stepwise regression analyses-, show that alpha-hydroxybutyrate was,
however, not a very powerful predictor (beta of -0.294 for basal WGD, -0.275 for
insulin stimulated WGD and -0.279 for delta WGD, table 3). Compared to the more
conventional marker fasting plasma insulin levels (beta of -0.423 for basal WGD,
-0.373 for insulin stimulated WGD and -0.277 for delta WGD, table 3) the added
value of alpha-hydroxybutyrate as a biomarker for insulin resistance was limited.

DISCUSSION
Using unbiased metabolomics approaches alpha-hydroxybutyrate has recently
been suggested as a novel biomarker of progressive insulin resistance [1, 2].
Here, we investigated alpha-hydroxybutyrate levels in groups with progressive
insulin resistance (ranging from insulin sensitive lean subjects to patients with overt
type 2 diabetes) and examined the correlation with peripheral and hepatic insulin
resistance. To examine if alpha-hydroxybutyrate could be a useful marker to detect
early changes in insulin sensitivity, we measured alpha-hydroxybutyrate levels
before and after lifestyle interventions modulating liver fat or insulin sensitivity.
The main finding of the present paper is that despite a stepwise increase in alphahydroxybutyrate in groups with progressive insulin resistance and its negative
correlation with markers of insulin sensitivity, alpha-hydroxybutyrate did not respond
to changes in interventions that affect hepatic fat content and/or insulin sensitivity.
The observation that alpha-hydroxybutyrate increases in a stepwise manner when
comparing lean normoglycemic subjects with obese normoglycemic subjects and
patients with type 2 diabetes is in line with previous reports [1, 2, 14]. Interestingly, we
observed that even within normoglycemic groups, alpha-hydroxybutyrate correlated
with insulin sensitivity. Both whole body glucose disposal under basal, non-insulin
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stimulated, as well as whole body glucose uptake under insulin stimulated conditions
scaled negatively with increasing levels of alpha-hydroxybutyrate, indicating that
alpha-hydroxybutyrate is a reflection of insulin mediated glucose uptake in skeletal
muscle. This is an interesting observation as compromised skeletal muscle glucose
uptake is one of the earliest hallmarks in the pathogenesis of type 2 diabetes [15].
These data are therefore in line with the observation that progression towards overt
type 2 diabetes occurred at higher rates in subjects at the higher quartile of alphahydroxybutyrate than those in the lower quartiles [2]. Using tracer methodology in
the clamps studies we were able to discern liver insulin resistance from peripheral
insulin resistance. The prevailing notion is that hepatic insulin resistance (blunted
inhibitory effect of insulin on endogenous glucose production by the liver) is the
cause of elevated fasting plasma glucose levels in patients with type 2 diabetes.
In that respect it is of relevance to note that we not only observed correlations
of alpha-hydroxybutyrate with peripheral insulin resistance, but also with hepatic
insulin resistance.
Most of the conventional biomarkers for insulin resistance (elevated fasting glucose
and insulin levels and HbA1c) respond poorly or slowly to interventions modulating
markers of insulin resistance. Thus, we examined if alpha-hydroxybutyrate
responded to interventions that are associated with the development or prevention
of diabetes (increasing hepatic fat content upon a high-fat diet vs physical exercise
training). As alpha-hydroxybutyrate is a liver derived organic acid [16] and alphahydroxybutyrate scaled negatively with hepatic insulin sensitivity, and hepatic
fat content is a strong predictor of insulin resistance, we hypothesized alphahydroxybutyrate to increase upon a high-fat diet mediated increase in liver fat. In
contrast to this hypothesis we observed no change in alpha-hydroxybutyrate despite
a significant increase in liver fat. Thus, while a three-week dietary intervention
suffices to augment liver fat content, it failed to significantly increase circulatory
levels of alpha-hydroxybutyrate.
Based upon the reported correlation between alpha-hydroxybutyrate and whole
body glucose disposal, we hypothesised alpha-hydroxybutyrate levels to drop
following a twelve-week exercise training intervention. In this training study, both
peripheral as hepatic insulin resistance was significantly alleviated. However, we
failed to detect a significant drop in alpha-hydroxybutyrate within the duration of
the study. Jointly, these intervention study based data do not indicate that alphahydroxybutyrate is biomarker, which is sensitive to lifestyle mediates changes in
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insulin sensitivity.
Despite the notion that alpha-hydroxybutyrate appears to be a useful marker of
peripheral and hepatic insulin resistance, in normoglycemic as well as in type 2
diabetic conditions, it does not respond more rapidly to relatively short-term insulin
sensitivity modulating interventions than any of the more conventional markers
tested. Although the present study was not designed to elucidate why alphahydroxybutyrate is elevated in insulin resistant conditions, the poor responsiveness
of alpha-hydroxybutyrate to insulin sensitizing may indicate that the correlation
between alpha-hydroxybutyrate and insulin resistance is unlikely to be direct.
A recent paper showed that alpha-hydroxybutyrate could predict elevations
in 1-hr glucose levels and early phase beta-cell dysfunction following an oral

glucose tolerance test [17] and positioned alpha-hydroxybutyrate as tool to detect
subclinical stages of hyperglycaemia, insulin resistance and beta-cell dysfunction.
To explore the usefulness and added value of alpha-hydroxybutyrate as a biomarker
for insulin resistance we performed stepwise regression analysis on our data set.
This revealed that alpha-hydroxybutyrate (next to fasting glucose and insulin levels)
is one of the significant predictors of basal whole body glucose uptake as well as
insulin stimulated glucose uptake. The contribution of alpha-hydroxybutyrate as a
marker however was modest and did not, or only barely, exceeded the predictive
value of more conventional (and cheaper) plasma markers of disturbed insulin
sensitivity like fasting glucose or insulin levels.
Thus, we conclude that alpha-hydroxybutyrate is a marker of insulin resistance,
even in subjects with normoglycemia. Although alpha-hydroxybutyrate scales with
insulin resistance, alleviation of insulin resistance by exercise training does not
necessitate a decline in alpha-hydroxybutyrate. While stepwise regression analysis
identified alpha-hydroxybutyrate as a significant predictor for insulin resistance, it
is of little added value to the conventionally used and rather cheap markers like
fasting glucose and insulin.
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CHAPTER 8
General discussion

Worldwide there is an obesity epidemic [1, 2], which in turn is linked to an epidemic
of chronic disorders such as type 2 diabetes and cardiovascular disease. Ectopic
fat accumulation is suggested to be the link between obesity and such chronic
metabolic disorders [3]. Why in obesity fat accumulates in ectopic tissues is not
completely understood. Increased flux of fatty acids into ectopic tissue has been
suggested to lead to disturbances in tissue function, a phenomenon known as
lipotoxicity [4-7]. In this thesis, we investigated the role of plasma free fatty acids
(FFA) in lipid accumulation in skeletal muscle, liver and heart and how such ectopic
fat accumulation is linked to lipotoxic effects in these tissues.

LIPID ACCUMULATION IN NON-ADIPOSE TISSUES
WHY LIPIDS ACCUMULATE IN NON-ADIPOSE TISSUES
The ability to store energy, mainly in the form of triglycerides (TG) in adipose tissue,
is a biological adaptation with great evolutionary advantage [8]. Adipose tissue
can expand either by increasing the number (hyperplasia) or size (hypertrophy) of
individual adipocytes [9]. This basic life function was present already in unicellular
organisms in order to provide energy during periods when energy demands exceed
caloric intake [10]. Further, it is postulated that the adipose tissue acts to “buffer” the
influx of dietary fat into the circulation [11, 12]. Thus, by storing excessive dietary
fat it prevents “overflow” to other organs. However, in obesity there is an excessive
growth of adipose tissue depots arising from a long-term mismatch between
energy intake and energy expenditure. As a result the adipose tissue eventually
fails to expand, [13] impairing its storage capacity, and consequently redirects
the increased flux of fatty acids away from rather than into adipose tissues. This
results in an inappropriate storage of lipids in non-adipose tissues, such as skeletal
muscle, liver and heart (also called ectopic lipid accumulation) [3, 14, 15].
There are three ways in which ectopic lipid accumulation can occur; 1) increased
uptake of fatty acids (FA) into peripheral tissues, such as skeletal muscle, liver
and heart, 2) increased de novo lipogenesis- or 3) reduced FA oxidation within the
tissue involved [16]. Each of these factors contributes differently to ectopic lipid
accumulation depending on the type of tissue and its physiological state.
In skeletal muscle, lipid droplets are localized close to the mitochondria, suggesting
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that lipids inside the muscle are used as fuel for muscular activity [6]. Indeed, the
physiological role of intramyocellular lipids (IMCL) as substrate during physical
activity is well established and the increase of IMCL with training, seen in highly
trained athletes [17], is a healthy physiological response [6]. Interestingly, while
endurance training increases IMCL due to an increased demand of intramyocellular
substrate, physical inactivity seems to result in a high IMCL content due to
decreased oxidative capacity of lipids within the muscle tissue (chapter 6). This
fit with the generally accepted athlete’s paradox, which describes that endurance
trained athletes have increased insulin sensitivity [18, 19] despite having high
IMCL, whereas high IMCL in obesity is associated with insulin resistance and type
2 diabetes [17]. It is therefore suggested that muscle oxidative capacity is an
important mediator of the association between excess muscle lipid accumulation
and insulin resistance [17]. The results of chapter 6, in which a lower oxidative
capacity of fat in the immobilized leg lead to elevated IMCL, suggests that the
excessive accumulation of IMCL in obesity may also be caused by physical
inactivity (and thereby reduced demand of IMCL for oxidation). However, not only
increased or decreased intracellular demand, but also high availability of plasma
FFAs can result in high IMCL content (chapters 4 and 5). Elevated levels of plasma
FFA are typically observed in people at risk for type 2 diabetes [20], in whom IMCL
correlates with insulin resistance [20, 21], and is considered to be a risk factor for
disease development. Interestingly, also acute elevations of plasma FFA can result
in increased IMCL [22]. Indeed, in chapter 4 we show that in spite of an increased
cellular demand of FA during exercise, fat accumulates in skeletal muscle when
plasma FFAs are high. Likewise, in type 2 diabetic patients, increased plasma FFAs,
due to a rebound effect of Acipimox, also led to increased IMCL (chapter 5). This
suggests that plasma FFAs are important determinants of IMCL and that skeletal
muscle takes up plasma FFA unrestricted when the availability is high, independent
of cellular needs.
Together these findings suggest that a tight balance between FA availability, uptake
into skeletal muscle and subsequent oxidation (lipid turnover) is important to
maintain an appropriate level of IMCL [23].
In contrast to what has been observed in skeletal muscle, the liver does not
accumulate fat as an energy store under conditions of high cellular demand such
as exercise training. However, with the current obesity epidemic up to one third
of all people with overweight and obesity have elevated lipid content in the liver
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(intrahepatic lipid (IHL) content) [24, 25]. Fatty acids entering the liver originate
from several different sources; dietary fat, FA released from adipose tissue and from
de novo hepatic lipogenesis [6]. An increased lipid accumulation in the liver reflects
an imbalance between hepatic TG synthesis and utilization [26]. In this thesis we
found that exercise-induced elevations of plasma FFAs triggered uptake into the
liver resulting in increased intrahepatic lipid accumulation (chapter 3). In the liver,
TG may accumulate either as small or large lipid deposits, histologically classified
as micro- or macrovesicular steatosis [27], respectively. Non-alcoholic fatty liver
disease (NAFLD) is one of the main causes for macrovesicular steatosis, with its
prevalence increasing with increasing obesity [26].
As with skeletal muscle and liver, we managed to detect TGs in the myocardium
of lean healthy humans (chapter 2). Myocardial fat has been found to be higher in
obese than in lean subjects, correlating with plasma FFA levels [28]. In line with this,
we also found myocardial fat to increase when plasma FFA levels were elevated by
means of exercise (chapter 2).
Together, these results suggest that plasma FFAs are important determinants of
ectopic fat accumulation, but the exact role will be discussed in more detail below.
THE ROLE OF FFAS IN ECTOPIC LIPID ACCUMULATION
Already in the 1950s Robert Gordon demonstrated the origin of plasma FFAs from
adipose tissue and their use by other tissues [29, 30]. FFAs circulate in the plasma
bound to plasma albumin. In a normal situation FFAs are one of the most important
nutrients involved in the regulation of energy metabolism [31] and as oxidative
fuel for skeletal muscle, liver and heart [32]. Plasma FFAs arises from two main
sources; in the fasted state hydrolysis of TG in adipose tissue contributes most
to the plasma FFA pool, whereas in the postprandial state “spillover” of dietary
fat contributes up to 40-50% of the plasma FFA pool [33]. In healthy humans, the
dynamic amount of FA storage and its release into the blood circulation is tightly
coordinated based on metabolic demands [31]. Until recently, it was believed
that obese people had a higher fasting and postprandial FFA concentration [34,
35] due to an expanded fat mass [36], however new data show that plasma FFA

concentrations do not necessary increase in proportion to fat mass; instead as
adipose tissue expands, FFA release per kilogram adipose tissue is downregulated, which in many individuals can even lead to normalization of plasma
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FFA concentrations [37]. Indeed, recent studies show little difference in systemic
FFA concentrations between obese and lean [33, 37]. Interestingly, however,
independent of BMI, people with type 2 diabetes [38, 39] and fatty liver [40] are
characterized by increased plasma FFA concentrations. As already pointed out
in chapter 1, these elevated circulating plasma FFAs have been suggested to be
responsible for the ectopic lipid accumulation seen in these patients. Therefore, in
this thesis we manipulated plasma FFA concentrations both physiologically with
exercise (chapters 2, 3 and 4) and pharmacologically with Acipimox (in chapter
5) to investigate the role of plasma FFA on ectopic fat accumulation in heart, liver
and skeletal muscle. In all three tissues, exercise-induced elevation of plasma
FFA concentrations resulted in an increased accumulation of ectopic fat (chapters
2-4). Our data therefore suggests that plasma FFA concentrations are important
determinants of ectopic fat accumulation, which in turn suggests that the uptake
of FFAs into the ectopic tissues largely depends on FFA availability. By taking up
excessive FFA from the circulation, the heart (chapter 2), the liver (chapter 3) and
skeletal muscle (chapter 4) together act as a buffer contributing to the clearance
of FFA from the plasma. In line with this, it has previously been shown that there
is a net accumulation of IMCL content in non-exercising muscle during exercise
in the fasted state, due to increased plasma FFA availability [41]. However, in the
same study, intramyocellular lipid content was reduced in the exercising muscles
of the leg, suggesting that in this active muscle, FFA delivery was customized to FA
oxidation. In that respect, it is surprising that in cardiac muscle, which heavily relies
on FA for oxidation during exercise, the elevation of plasma FA lead to an increase
rather than a decrease in cardiac lipid content. This suggests that the uptake of FA
in cardiac muscle is less well-tuned to the oxidative needs compared to skeletal
muscle and that even under conditions of increased cardiac work, FA entering the
heart are shuttled towards storage rather than to oxidation. In the liver, a high flux of
plasma FFAs into the tissue may exceed the capacity of the tissue to oxidize and/or
export FFAs and therefore subsequently results in an accumulation of triglycerides.
The plasma FFA-induced elevation of ectopic lipid accumulation seen in this
thesis is in agreement with other studies pointing at the importance of high FA
concentrations as determinants of ectopic fat accumulation [42, 43]. Fasting for
more than 48 hours [28] or very low caloric diet for more than three days [44],
which both are characterized by elevated plasma FA concentrations, also resulted
in increased cardiac lipid content. Likewise, lipid infusion increases both plasma
TG and IMCL content in lean young men [22].
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Given that plasma FFA levels are an important determinant of ectopic fat
accumulation, we attempted to lower ectopic fat stores in type 2 diabetic patients,
by lowering plasma FFA concentrations with the anti-lipolytic agent Acipimox.
However, as described in chapter 5, instead of lowering plasma FFA concentrations,
a 2 weeks administration of Acipimox induced a rebound effect, causing a raise
in circulating plasma FFAs. Consistent with a role for FFA in fat accumulation in
muscle, also in this study elevated plasma FFA levels lead to increased IMCL.
Interestingly, however, the acipimox-induced elevation of plasma FFAs did not lead
to the same alterations in the lipid content of the heart and the liver as observed
with exercise-induced elevation of plasma FFAs. The discrepancy between these
results might be explained by the magnitude of elevation of plasma FFA, and by the
difference in energy demand in these two study designs. Exercise increases fatty
acid oxidation rates, while administration of Acipimox does not lead to changes
in energy demand. This may suggest that changes in plasma FFA concentrations
alone might not be able to alter fat accumulation in the heart and the liver, but that
also an increased demand of FA for subsequent oxidation is an important trigger
for uptake of FA in liver and heart and thereby ectopic fat accumulation in the heart
and the liver.
EXERCISE AND ECTOPIC LIPID ACCUMULATION
As discussed above, increased ectopic lipid accumulation can be both beneficial
and harmful, depending on the physiological state of the tissue. In the obesogenic/
diabetogenic state harmful effects of excessive lipid accumulation are seen in
ectopic tissues, such as skeletal muscle, liver and heart. Exercise training has been
shown to have a lowering effect on lipid content in both heart [45] and liver [46-49],
suggested to contribute to the beneficial effects of exercise training on metabolic risk
[46-49]. In contrast, however, in skeletal muscle, increased lipid content is observed
upon exercise training, also in obese and diabetic patients, and this increase is
suggested to be a beneficial adaptation to increased energy demand [50]. Like with
exercise training, acute bouts of exercise also appear to have beneficial effects,
e.g. by improving insulin sensitivity [51-53]. However, in this thesis we show that an
acute bout of exercise does not result in a lowering of ectopic fat accumulation in
neither the heart (chapter 2) nor in the liver (chapter 3). Instead, the cardiac- and
hepatic lipid content increased rather than decreased post-exercise when exercise
was performed in the fasting state. As already discussed, circulatory FA levels are
profoundly increased during and after exercise in the fasted state (in contrast to the
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glucose-supplemented state), and this increase in plasma FA levels in the fasted
state may deliver fatty acids to the heart and the liver, with increased cardiac- and
hepatic lipid accumulation as a consequence. This indicates that in spite of strongly
stimulated whole body fat oxidation during exercise, an acute bout of exercise is
not enough to decrease cardiac- and hepatic lipid content. However, in skeletal
muscle fat accumulation is reported to serve as important fuel during exercise [45],
resulting in a decrease in IMCL during exercise [54] [55-59], due to the oxidation
of IMCL in contracting muscle [54]. Surprisingly, and in contrast to these previous
findings, our studies revealed that IMCL does not necessarily decrease with acute
exercise (chapter 4). Thus, when exercise was performed in the fasted state, IMCL
was increasing over time, whereas in the glucose-supplemented condition IMCL
was decreasing over time. This suggests that during exercise in the fasted state the
re-esterification of FFA is stronger than the hydrolysis of triglycerides resulting in a
turnover of IMCL with a net increase in IMCL in exercising muscle.
Taken together, acute exercise might be able to decrease ectopic fat accumulation.
However, this exercise-induced lowering effect is dependent on the individual’s
nutritional status during exercise. The exercise-induced elevation of plasma FFAs,
blunts the potential exercise-lowering effect on ectopic fat accumulation, even
leading to an increased storage of fat in non-adipose tissue post-exercise.

LIPOTOXIC EFFECTS
Lipotoxicity, which is defined as the accumulation of excess lipids in non-adipose
tissues leading to cell dysfunction and cell death, may play an important role in the
pathogenesis of diabetes and heart failure in humans [5]. The toxic consequences
of lipid overload and ectopic fat accumulation vary between different tissues and
depend on the degree and the duration of the imbalance between fatty acid influx
and oxidation in these tissues. As will be discussed in more detail below, lipotoxicity
may display as insulin resistance, hepatic steatosis [60] and cardiac dysfunction
[61] in skeletal muscle, liver and heart respectively.
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CARDIAC LIPID ACCUMULATION AND CARDIAC DYSFUNCTION
In type 2 diabetes elevated levels of cardiac lipids have been linked to cardiac
dysfunction [5, 62-64] and lowered cardiac energy status [65, 66]. The latter is
suggested to result from impaired mitochondrial function due to elevated cardiac
lipid content or an increased fatty acid supply [5]. In support of this view, we
observed that cardiac energy status, expressed as PCr/ATP ratio, was decreased
in parallel with increased cardiac lipid content upon exercise in the fasted state
(chapter 2). Surprisingly, however, systolic cardiac function improved rather than
decreased upon exercise-induced changes in cardiac lipid content in the same
study. This indicates that fat accumulation per se is not necessarily detrimental to
organ function, at least not on the short term. Furthermore, it shows that at least in
this population, PCr/ATP ratio is not a good marker of cardiac function under acute
conditions of elevated plasma FFAs. Another explanation might be that, despite
being decreased, the observed PCr/ATP ratio is well within a normal physiological
range and therefore does not have consequences for cardiac function. In agreement
with this it has previously been shown that only a PCr/ATP ratio lower than 1.6 is
associated with poor prognosis in patients with heart failure [67]. Thus, even though
the lower PCr/ATP ratio is in line with a lipotoxic action of cardiac lipids, it might
not be low enough to affect cardiac function. Likewise, in chapter 5, where plasma
FFAs were increased due to a rebound-effect of Acipimox-administration, cardiac
lipid content and cardiac energy status were unchanged, despite a tendency to
decreased cardiac function. Also other recent studies indicate that interventions
that would potentially improve lipotoxic conditions, such as weight loss in patients
undergoing bariatric surgery, can improve cardiac function without changes in
cardiac lipid content. [68, 69]. Furthermore, Acipimox-lowering of plasma FFA in
young healthy volunteers did not affect cardiac lipid content, but still resulted in a
decrease in cardiac function [70]. Taken together, these data reveal that cardiac
lipid content is not causally related to cardiac function and that changes in plasma
FFA and cardiac lipid content not always predict changes in cardiac function.
HEPATIC LIPID CONTENT AND ENERGY STATUS
Excessive fat accumulation in the liver exceeding 5.56%, measured by proton
magnetic resonance spectroscopy (1H-MRS) is considered as pathological [71]
and is referred to as Non- Alcoholic Fatty Liver Disease (NAFLD). NAFLD has
frequently been observed in obese individuals and compromises a spectrum of
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conditions extending from simple hepatic steatosis to end-stage liver disease
[72-74]. Furthermore, NAFLD is also linked to insulin resistance [75-77] and
type 2 diabetes. Interestingly, it has been suggested that hepatic ATP levels are
decreased in conditions such as insulin resistance and type 2 diabetes [78, 79],
and that hepatocellular ATP correlates negatively with liver fat in human subjects,
indicative of lipotoxicity. In chapter 3 we therefore investigated the relationship
between hepatic ATP and hepatic lipid content in overweight and obese subjects
with a wide variety of hepatic lipid content. We observed that an exercise-induced
elevation of plasma FFAs resulted in an increase in hepatic lipid content, and a
trend towards decreased ATP levels. It could be argued that the decrease in ATP is
a consequence of exercise. Indeed, a recent study investigating the energy charge
in the liver of mice after one single bout of exercise found a clear increase of AMP
and a strong decrease of ATP in the liver [80], suggesting that the reduction in ATP
levels after exercise is a direct consequence of exercise. In contrast we did not
observe a decrease in ATP after exercise in the glucose-supplemented condition.
This suggests that an elevation of IHL upon exercise interventions instead of
exercise per se – might be responsible for the reduced hepatic energy status seen
in the fasted condition. Thus, this may suggest a role of hepatic lipid accumulation
in impairing hepatic energy status. However, in a study comparing hepatic energy
status in metabolic well-controlled type 2 diabetics with BMI- and age matched
controls and lean young subjects, ATP and Pi concentrations were reduced in type
2 diabetics even when correcting for hepatocellular lipid volume. This indicates that
reduced energy status is independent of liver fat content and that impaired hepatic
energy status and hepatic insulin resistance could precede the development of
steatosis in patients with type 2 diabetes [81].
Together, hepatic lipid accumulation and decreased levels of hepatic ATP are both
associated with insulin resistance, however to what extent the decrease in ATP is
related to the increase in hepatic lipid content still needs to be determined.
ALTERATIONS IN INTRAMYOCELLULAR LIPID CONTENT AND ITS EFFECTS ON
INSULIN SENSITIVITY
Although the presence of intramyocellular triglycerides was already described in
1967 [82], its association with insulin resistance was not demonstrated in humans
before the early 1990s [83]. In the years following, it was shown that intramyocellular
lipid (IMCL) content was increased in obesity and type 2 diabetes [84-86], and
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studies using fasting [87], lipid infusion [88-90] or high fat diets [91-93] confirmed a
relationship between IMCL content and insulin resistance. In agreement, in chapter
5 the acipimox-induced increase in fatty acid supply was paralleled by increased
skeletal muscle lipid content and insulin resistance. Thus, fatty acid overload and
lipid accumulation in skeletal muscle in combination with unadjusted fat oxidation
rates can induce insulin resistance. Nowadays, however, it is well known that lipid
accumulation in skeletal muscle not necessarily causes insulin resistance; IMCL
is also found to be elevated in highly insulin-sensitive athletes, a phenomenon
refereed to as the athletes’ paradox [17]. Likewise, exercise training has been
shown to improve insulin sensitivity and fat oxidative capacity, despite an increase
in skeletal muscle fat content, also in obese and type 2 diabetics [50]. Increased
IMCL storage following endurance training serves to match the training-induced
increase in oxidative capacity and reliance on fat as substrate during exercise [94],
whereas obesity- and diabetes-induced accumulation of IMCL is not matched by
improved oxidative capacity. Because physical inactivity has been considered as a
major determinant of the current epidemic of chronic disease, such as obesity and
type 2 diabetes [95, 96], it is suggested to reduce skeletal muscle mitochondrial
function, and thereby contribute to muscle fat accumulation and skeletal muscle
insulin resistance [97, 98]. In chapter 6 we therefore used a model in which muscle
mitochondrial function was manipulated in one leg, leaving the other leg unaffected,
thus allowing the comparison – within one individual - of the local effect of altered
mitochondrial function on muscle lipid metabolism and insulin sensitivity [97, 98].
We observed that inactivity indeed leads to a lowering of in vivo mitochondrial
function as well as a reduced fat oxidative capacity. In parallel, inactivity markedly
increased skeletal muscle IMCL content. Interestingly, the immobilized leg was
more insulin resistant than the active leg upon the infusion of lipids. These data
suggest that physical inactivity renders skeletal muscle more prone to lipid-induced
insulin resistance. This finding is consistent with a previous study in which it was
shown that endurance trained athletes are (partly) protected against lipid-induced
insulin resistance [89]. These studies suggest that both physical inactivity and
physical activity (exercise training) increase IMCL content, but that the reduced
mitochondrial function observed upon physical inactivity – and not the IMCL per se
- may underlie the compromised insulin action. In line, it is generally accepted that
it are not the intramyocellular triglycerides that induce cellular insulin resistance,
but rather lipid intermediates, such as diacylglycerol (DAG) and ceramide, which in
high concentrations can affect cellular insulin signaling. These intermediates of fatty
acid metabolism may indeed accumulate if a dysbalance between lipid supply and
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lipid oxidation exists. Taken together, the results of the present thesis do not rule
out a role for lipid accumulation in the development of insulin resistance. However,
the balance between IMCL and fat oxidative capacity may be a more important
determinant for the observed associations between muscle fat content and insulin
resistance than IMCL content per se.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The studies described in this thesis provide insight into the role of plasma free
fatty acids (FFA) in lipid accumulation in skeletal muscle, liver and heart and how
ectopic fat accumulation is linked to lipotoxic effects in these tissues. We have
shown that plasma FFA concentrations are important determinants of ectopic fat
accumulation and that the uptake of FFAs into the ectopic tissue largely depends
on FFA availability. By taking up excessive FFA from the circulation, the heart, the
liver and the skeletal muscle together act as a buffer contributing to the clearance
of FFA from the plasma.
Furthermore, excessive cardiac lipid accumulation is not causally related to cardiac
function and changes in plasma FFA and cardiac lipid content do not consistently
predict changes in cardiac function. However, increased lipid content in heart and
liver were paralleled with a decreased energy status of these tissues; the clinical
consequences of this need to be studied in future studies. For the skeletal muscle
we show that not only elevated plasma FFA, but also decreased physical activity
(induced by unilateral lower limb suspension is this thesis) goes along with increased
intramyocellular lipid content together with decreased in vivo mitochondrial function
and oxidative capacity. However, the interrelationship between these parameters is
still unknown and should be explored in more detail in the future. If the sequence
of events leading to organ dysfunction and insulin resistance could be revealed,
specific therapeutic and preventive strategies could be applied in people at risk for
developing type 2 diabetes.
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CHAPTER 9
Appendices

SUMMARY
An obesity epidemic exists worldwide, which in turn is linked to an epidemic of
chronic disorders such as type 2 diabetes and cardiovascular disease. Obesity
occurs as a result of an imbalance between calories consumed and calories
expended resulting in an energy imbalance. This energy imbalance is further
caused by overnutrition and physical inactivity. While obesity is characterized by
an excessive accumulation of fat in the body, it is specifically the accumulation
of fat within peripheral tissues, such as skeletal muscle, liver and heart (steatosis
or ectopic fat accumulation) that is associated with the development of insulin
resistance, making ectopic fat accumulation a possible link between obesity and
chronic metabolic disorders. However, why fat accumulates in ectopic tissues is
not completely understood. Increased flux of fatty acids into ectopic tissues has
been suggested to lead to disturbances in tissue function, a phenomenon known
as lipotoxicity. In this thesis, we investigated the role of plasma free fatty acids (FFA)
in lipid accumulation in skeletal muscle, liver and heart.
In chapters 2-5 we manipulated plasma FFA levels physiologically with exercise
or pharmacologically with the anti-lipolytic drug Acipimox. We demonstrated
that an acute bout of exercise leads to different effects on IMCL depending on
whether exercise is performed in a fasted or in a glucose-supplemented condition
(chapter 4). In spite of an increased cellular demand of fatty acids during exercise,
fat accumulates in skeletal muscle when plasma FFAs are high, whereas when
performing exercise in a glucose-supplemented condition IMCL is decreasing in
exercising muscle. Likewise, in type 2 diabetic patients, increased plasma FFAs,
due to a rebound effect of Acipimox, also led to increased IMCL (chapter 5). This
suggests that plasma FFAs are important determinants of IMCL and that skeletal
muscle takes up plasma FFA unrestricted when the availability is high, independent
of cellular needs.
In contrast to the skeletal muscle, the liver does not accumulate fat as an energy
store under conditions of high cellular demand such as exercise training. However,
with the current obesity epidemic up to one third of all people with overweight and
obesity have elevated lipid content in the liver. In contrast to what is seen with
exercise training, one acute bout of exercise was not able to lower hepatic lipid
content in men with overweigh or NAFLD with the current protocol (chapter 3).
Instead, similar to the skeletal muscle, exercise-induced elevations of plasma FFAs
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triggered uptake into the liver resulting in increased intrahepatic lipid accumulation
four hours post-exercise. Furthermore, we also found a tendency to a lower energy
status of the liver four hours post-exercise.
Previous studies have found that also cardiac lipid content correlates with plasma
FFA levels, and in line with this, we also found myocardial fat to increase when
plasma FFA levels were elevated by means of exercise in this thesis (chapter 2).
In type 2 diabetes elevated levels of cardiac lipids have been linked to cardiac
dysfunction and lowered cardiac energy status. In support of this, we observed
that cardiac energy status, expressed as PCr/ATP ratio, was decreased in parallel
with increased cardiac lipid content upon exercise in the fasted state. Surprisingly,
however, systolic cardiac function improved rather than decreased upon exerciseinduced changes in cardiac lipid content in the same study. This indicates that
fat accumulation per se is not necessarily detrimental to organ function, at least
not on short term. Likewise, in chapter 5, where plasma FFAs were increased due
to a rebound-effect of Acipimox-administration, cardiac lipid content and cardiac
energy status were unchanged, despite a tendency to decreased cardiac function.
Although plasma FFA levels, as pointed out above, play an important role in ectopic
lipid accumulation and the development of insulin resistance, mitochondrial
dysfunction is also suggested to be an important determinant of ectopic lipid
accumulation. Therefore, in chapter 6, we tried to unravel the relationship between
mitochondrial function, ectopic lipid accumulation and insulin resistance. We
applied the model of unilateral lower limb suspension, mimicking inactivity in one
leg of a subject, while using the other leg of the same individual as an active control.
We revealed that inactivity blunts in vivo mitochondrial function and reduces fat
oxidative capacity while promoting incorporation of fat into intramyocellular
triglyceride stores ex vivo. Accordingly, intramyocellular lipid content in the inactive
leg was higher and blunting of insulin signalling upon lipid infusion more pronounced
than in the active leg. Thus, we demonstrated that a physical inactivity-mediated
decline in mitochondrial function directly impacts insulin sensitivity under high lipid
conditions.

Alpha-hydroxybutyrate has been recognized as a novel biomarker for progressive
insulin resistance. In chapter 7 we used samples obtained from a variety of studies
in well phenotyped subjects to examine if alpha-hydroxybutyrate could also be a
useful marker to detect early changes in insulin sensitivity in future studies. We
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demonstrated that indeed alpha-hydroxybutyrate is a marker of insulin resistance.
However, alleviation of insulin resistance by exercise training does not necessitate
a decline in alpha-hydroxybutyrate and we observed little added value of using
alpha-hydroxybutyrate as a predictive marker for insulin resistance relative to
conventional markers like fasting insulin and glucose levels.
In conclusion, from the results obtained in this thesis we conclude that plasma
FFA concentrations are important determinants of ectopic fat accumulation and
that the uptake of FFAs into the ectopic tissue largely depends on FFA availability.
By taking up excessive FFA from the circulation, the heart, the liver and the skeletal
muscle together act as a buffer contributing to the clearance of FFA from the
plasma. Furthermore, excessive cardiac lipid accumulation is not causally related
to cardiac function, and changes in plasma FFA and cardiac lipid content do not
consistently predict changes in cardiac function. However, increased lipid content
in heart and liver were paralleled with a decreased energy status of these tissues;
the clinical consequences of this need to be investigated in future studies. For the
skeletal muscle, we show that not only elevated plasma FFA, but also decreased
physical activity (induced by unilateral lower limb suspension is this thesis), goes
along with increased intramyocellular lipid content together with decreased in
vivo mitochondrial function and oxidative capacity. However, the interrelationship
between these parameters is still unknown and should be explored in more detail
in the future.
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VALORIZATION ADDENDUM
SOCIAL RELEVANCE
Obesity is today’s most obvious visible health problem. Obesity is escalating and
has become a global epidemic. The prevalence of obesity has more than doubled
between 1980 and 2015, and without proper interventions, the prevalence of
obesity-related conditions is likely to increase as obesity continues to rise in the
next few decades. At present, at least 2.8 million people die prematurely each year
as a result of being overweight or obese (WHO report March 2013). The health
consequences of obesity are related to metabolic diseases, such as type 2 diabetes,
cardiovascular disease, hypertension, stroke and certain types of cancer. Next to
the metabolic complications, obesity also has social and psychological dimensions
affecting essentially all ages and socioeconomic groups. Taken together, obesity
and its complications can dramatically impair quality of life and have a big impact
on health care costs. Therefore, it is important with immediate action to slow down
or stop the global obesity epidemic and its complications. In this context a better
understanding of the underlying cause of obesity related complications is needed
and could result in the development of more specific therapeutic or preventive
strategies for people at risk.
TARGET GROUPS
The obesity epidemic is a result of people consuming high caloric diets and being
physically inactive. This results in an imbalance between calories consumed and
calories expended, and hence a positive energy balance. This positive energy
imbalance leads to an excessive accumulation of fat not only in adipose tissue, but
also in non-adipose tissues (ectopic fat accumulation), such as skeletal muscle, liver
and heart. In contrast to the fat stored in adipose tissues, the fat stored in the nonadipose tissue is associated with the development of insulin resistance and type 2
diabetes. Therefore, to slow down the development of obesity related complications,
such as type 2 diabetes, it is essential to gain a better understanding of why lipids
store in these tissues and what the consequences of ectopic fat storage are.
Because obesity affects millions of people worldwide and leads to exploding
healthcare costs, the search for novel strategies to counteract obesity and its
complications is important for the general public, and especially for those at risk
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of developing overweight- and obesity related complications. In this context,
discovery of novel therapies and treatments might lead to an improvement of quality
of life and long-term health, but also to saving health care costs by e.g. reduced
hospitalization. Therefore it is important for obesity and diabetes management
that the communication between researchers and health institutions, health care
professionals and the general population, is good, so that knowledge can be shared.
ACTIVITIES AND PRODUCTS
The studies described in this thesis have been conducted at the department of
Human Biology of Maastricht University Medical Center+. In order to investigate
the causes and consequences of ectopic fat accumulation, some studies were
done in collaboration with the department of Radiology of the University Hospital of
Maastricht. This collaboration was essentially, as the current technique to measure
ectopic fat in skeletal muscle, liver and heart non-invasively with Magnetic Resonance
Spectroscopy (MRS) was only available in the hospital. All studies outlined in this
thesis were conducted in human volunteers and different interventions were applied
to manipulate e.g. plasma free fatty acid levels. Both in vivo and ex vivo state-ofthe-art techniques, such as MRS and high-resolution respirometry, were applied to
unravel why fat is stored in non-adipose tissues and what the consequences are.
The results described in this thesis have been implemented in original research
articles that have been published or submitted to scientific journals in the field of
obesity and diabetes. These articles are to be found online and are accessible
to other scientists. The present results have also been presented on international
conferences and can be used for future studies.
INNOVATION
In obesity there is a failure in the capacity of appropriate adipose tissue expansion,
which leads to an increased flux of free fatty acids away from rather than into adipose
tissue resulting in an increased storage of fat in non-adipose tissues. This increased
influx of free fatty acids is believed to be harmful to the tissues, contributing to insulin
resistance and type 2 diabetes, a process referred to as lipotoxicity. Alternatively,
impaired oxidative capacity of the mitochondria could also be an underlying factor
for ectopic fat accumulation, interestingly, a low mitochondrial function has also been
linked to insulin resistance. In this thesis, we mainly focused on the role of FFA in this
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ectopic fat accumulation and how this is linked to lipotoxicity, but also investigate
mitochondrial function as a factor in lipotoxicity. We recruited human volunteers
who underwent a combination of intervention studies, including manipulations of
plasma FFA by acute exercise or administration of the antilipolytic-drug acipimox
and manipulations of mitochondrial function and oxidative capacity by inactivity.
Earlier, the heart and the liver were both inaccessible for human studies. However,
due to a development of the non-invasive MRS technique and the implementation
on clinical MRI scanners in recent years, we were able to intensively study the
ectopic fat accumulation (with proton (1H) MRS) in skeletal muscle, liver and heart

in both healthy volunteers and in people with type 2 diabetes. Additionally, applying
phosphorous (31P) MRS enabled us to investigate the energy status of the heart and
the liver and the in vivo mitochondrial function of skeletal muscle. Another strength
of this thesis therefore is that we were able to measure ectopic fat accumulation
in more tissues enabling a comparison between tissues. The excellent facilities of
our lab also enabled us to investigate subjects’ substrate metabolism and insulin
sensitivity in vivo by means of a ventilated hood and a 2-step hyperinsulinemic
euglycemic clamp, respectively. Next to performing in vivo measurements, muscle
biopsies were also withdrawn for ex vivo measurements of oxidative capacity, fatand glucose metabolism and insulin signalling analysis. Oxidative capacity was
measured with high-resolution respirometry (Oroboros oxygraph), fat- and glucose
metabolism by 14C oxidation assays and insulin signaling by western blotting.
The results provided us with valuable information on the role of FFA on ectopic
fat accumulation and organ function. With the mentioned techniques we were
able to show that plasma FFA levels are an important determinant for ectopic fat
accumulation and that non-adipose tissues seem to take up plasma FFA from the
circulation when the availability is high, independent of oxidative needs. However,
we could not show that ectopic fat accumulation always leads to organ dysfunction
and more research is necessary to answer this. The results of this thesis can be
used for future studies focusing on the relevance of fat accumulation and lipotoxicity
for the etiology of type 2 diabetes in humans.

9

PLANNING AND REALIZATION
In this thesis, human intervention studies have been used to study the role of free fatty
acids in ectopic lipid accumulation. We demonstrated that plasma concentration of
free fatty acids indeed is an important determinant for ectopic fat accumulation,
but that an acute increase in ectopic fat depots did not necessarily lead to harmful
171

effects disturbing organ function. Thus, more research is warranted to unravel the
relationship between elevated ectopic fat accumulation and tissue dysfunction. In
“The Diabetes and Metabolism Research Group” of Prof. dr. P. Schrauwen and Prof.
dr. M. Hesselink, this relationship will further be explored by performing translational
research. To this end high-end molecular and cellular biology tools and non-invasive
and microscopically imaging and spectroscopy will be combined with state-of-theart metabolic phenotyping in a predominantly experimental human research setting.
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